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Abstract

Solid Oxide Fuel Cells (SOFCs) are considered to be a promising power
generation system because they offer advantages of high energy conversion efficiency,
fuel flexibility and low pollutant. SOFCs are expected to show higher durability
compared to the other fuel cells because their component materials are solid state with
lower corrosive materials. However, several challenges such as improved long-term
durability, higher start up, lower material costs and fabrication costs are remained to be
solved to expand SOFC products in the market. Metal-supported SOFC (MSC) is the
best candidate to solve the above challenges. Durability of MSC can be significantly
improved because of high mechanical strength, high thermal conductivity, high
electrical conductivity of the metal support. Therefore, this study is related to MSC and
deals with a metal support material which will be the core technology of the future
SOFC. We investigated the property of a new material of Fe-Cr-Al alloy for a porous
alloy substrate of MSC. The Fe-Cr-Al alloy generally shows high oxidation resistance
in air because of the formation of mainly alumina-based oxide layer on the surface as a
protective layer. This layer can prevent the chromium diffusion from the alloy to the
electrode materials. Understanding the relationship among microstructure (crystal
structure and elemental composition) of the oxide layer, electrical conductivity and heat
resistance is important to improve the performance and long-term durability of MSCs.

The dissertation starts with the general introductory of fuel cells and describes
how to expand SOFC products in the market. In Chapter 2, MSC is overviewed with
key issues for commercialization, which lead to the objectives of this study.
Experimental method of porous alloy fabrication, electrical resistance measurement, and
analysis of the surface oxide layer are presented in Chapter 3.

In Chapter 4, we succeeded in decreasing electrical resistance of the surface
oxide layer of the Fe-Cr-Al alloy. A relatively low electrical resistance was obtained
when the porous alloy substrate was coated with Lag Sro4C0o2FeosO3 (LSCF) and heat-
treated at 700-800 °C in air. The morphology of the surface oxide layer observed by
high-resolution transmission electron microscopy was columnar structure of y-Al,Os3
polycrystal and Sr;Al,Og growing outward in the same direction. We hypothesized that
the electronic conduction path was generated at thin interface of y-Al,O3/ Sr3Al,O¢. The
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columnar structure arranged perpendicular to the surface may also contribute to the
enhancement of the electronic conductivity. In contrast, the surface oxide layer of the
alloy showed a high electrical resistance when the uncoated porous alloy substrate was
heat-treated. The morphology of the surface oxide layer in that case was a columnar
structure consisting of only y-Al,O3 growing outward in various directions.

In Chapter 5, we obtained the similar results with the case of LSCF using
LagsSro2Mn0O3; (LSM), LaNiggFeo403 (LNF), ProgSro,MnOsz (PrSM) for the coating
materials. In the surface oxide layer, small amount of La, Ni, Pr or Sr were observed. It
is expected that the same microstructure, as discussed in Chapter 4, consisting of vy-
Al,O3 columnar crystal growing outward in the same direction, and small amount of
aluminum compound with La, Ni, Pr or Sr was formed for each material. In the case of
LNF, the interfacial resistance and activation energy of the electrical conduction were
slightly lower than the other cases. Possibility of formation of y-Al,O3/NiAl,O4, with
higher electronic conductivity than y-Al,O3/SrsAl,O6, between y-Al,0; columnar
crystals was suggested.

In Chapter 6, we confirmed long-term durability of the oxidation resistance of
the LSCF-coated Fe-Cr-Al alloy at 700 °C by measuring the mass gain, surface oxide
thickness, and electrical resistance at different temperatures from 700 to 900 °C. The
mass gain of the alloy at 700 and 900 °C followed a parabolic law. By extrapolation of
the data, we estimated the mass gain after 17,000 h at 700 °C to be equal to that after
230 h at 900 °C. We thus estimated that the interfacial resistance of the porous alloy
substrate at 700 °C will increase from 20 mQcm? to 53 mQcm? after 17,000 h of
operation based on the results at 900 °C after 230 h in air. Therefore, we regarded this
alloy as a candidate material for commercialization.

In Chapter 7, we concluded this study. We have clarified that the Fe-Cr-Al alloy
can be applied for the porous alloy substrate of MSCs. We can expect high durability of
MSCs using this material because of not only its stability but also less chromium

evaporation.
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BRI REIE A Oi@A%Z BB L t- Fe-Cr-Al 2 D REEIL
Vo HMEE L ERENCRE YT 38R
MYXABTDOEE

BB RRNED (SOFC) . SHETI V=2 HENAETH .
BRR GMBECRERE (BEHFANSCKREREEIT) CHLEATZ S129.
LCEAY ERMIFINhTVS, ZOMOMBEME LB L T, SOFC 448
BMBHLHEETH VBEBEMMBEE Ty, BOMAMLERT C & L HE
Ihbd, UNUVERKOEM TR, REOERBEMNTH StV OMEBHWEZEMLEN
T TEL. SREFHBCLVINENIZORENH 5., FEBENSHEET
ZNZCAVONATOMBIR M HREN D S, RifisHEERND TS
27U 2MEIFEICHA VS X 2V HK—bF SOFC (. ZEFEDE ViR
ECMIM. SVWAEREYH. SVEFEEHCLD. ChoDREEMBRTE
AEELEREREMEMEBERN T oNTWVWS, KD X 2% K—F SOFC FEF
Tl. ZHEC Fe-Cr a2 MAVSNTERN., REILCERT 3 Cr,0; [EDEF
B EEREMC & AEAEM. KENSKRILT 52 0 LEELH ( CrOx(9)E )
WEIEECITEROEES (V0 LHE ) OBENSE -2, BIOELETH S
Fe-Cr-Al €. RECERT 5 ALO; EN. SRETHEVEEMERTIILIFT
<70 LEDEEEFEVWRARNHSN. ChET AL BOESENRNT L
BIENH >fcfc®. SOFCADMELE L TREFTEN TERE M o1,

KPR IE. x 2% K—F SOFC BROILHRLEBELXFAMBIE L T,
ChETHRIFISNATEEN -1z Fe-Cr-Al 52 ICEBL. RELCERT S AlLO;
BOELENEEB T AMNELEELIL, COMEBIC LD, RE ALO; B
WMED SKALOsEEAL. T/ 4 ZDFERY-ALO RN E—HME ICEE L T
SR LMMAEECET{T AL ERASNIC L, EFEEURTOME L L T.
B—HE IS U iHRE R O8> TER L 12y-AlLOsSALOs N T O REHE
FIEEERIMBEHB LI, F1o. STEALCE NiX® Pr THLEBROENE
shalezBoniCliz, SCRELFC LAMRAHBEEEA L. 700
°C T2hEEREOREMINBFINS L HHRLUIL. ChoDERIC &N,
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Mt A CEN 1z Fe-Cr-Al €% SOFC ICEAT A C & WAJREICZ . SOFC O
BN ZMAMEELEICEMKTE 3.

KB IELLTD7TETHERIN S,

FLIETIE. RRSEHO—MFwN 5 SOFC DIRIE. BFOBFE. BFHHREIME.
REZEm AL,

E2ETIE. RERBHTE LTHEFINS X 2L KR—F SOFC DEAREHE
RREERTFTOREELRAL, B, IBECAVIEEMBOBILET .
BERENSHERT A7 0 LHANEIEECTEBESNEETHY. Chs
DIRRZEBIET CENKAROEETH 5 C L &2k,

EIETHR. AARICE T AIEBFELTHAZAED X 2 K—b DER
FiE. BRENROBER:. MBRAEMOFESE. S0 HBESFRMERE
( FIB, TEM, STEM,EDS ) & & Uit BBERBITF EE M,

% 4ETIE. Fe-CrrAl B£DKRMEICERT 5 ALO;[EZ. EFEEICEL

FERCHHABECEI A EICEKH L. AFENCRE. ERELCTY
LagSro4Coo2FensOs (LSCR)&E 1—7 4 » 7' L. ZBS % 700-800 °C THMIET 3
CEIRLEN. KA ALO; BOESEMMET VRENCLLRE L E 12, &80
’iﬁéf%ﬁﬁ%sto FURBBEBRITC L > T, F /%4 TDy-ALO; h 5 % B4R
FRMNEERIBLroAICEAN > TE—FELCESIL. ZOFICHWEED
SriALOs WEEL LIt BEANEEILT A EEBE S NI LI, y-ALO; X
SrALOs I EEMMBITEH S, R—FH@EICES L I ERKERICE> TER
U f2y-AlLOs/Sr:ALOs N T O RENEBEFZEAR L. EFEEE% 1000 FLL L
Mg iEE#ER LI, —H. CONEEHESEVEEDBR{LIRE TE.
EEMEOTH VBN ARE Zy-ALO:; ikA2 ZFEICKRL T DERER NS H
ofc., BL5ETHEH. AARTERLLABACHLT. B401—74>7
¥ LaggSro2MnOz (LSM), LaNiggFeg403 (LNF), ProgSro.MnOsz (PrSM)&ER L. &
HEYMEFCEBRIEIANRBOFEERT LI, Z0HER. LSCF Z2A 0V
ILZE CEKIC. E2XREALCRRA—FEACH > ERERD - %5 5BILYE
ALO)NEERL. ChsDBIMBRSVWETFEEREETRT L E2HAL I,
BILYMBECEETNAMETLEE. LSM DTS Sr. LNF DB 4E Ni. PrsSM 054
PrThl). B—ABCHI>fcF /4 ZOIKY-ALO; R LB > TERKT By-
Al,O3/Sr3A1LOs.  Y-AlLOs/NIALO,s. y-AlLOs/PrAIO; D A 7 O RE N B ER
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B AMBERBL Iz, FICy-ALOINIALO, BE. BFEEDFEMILT &
F—hhad, BHEEUNESCHLET 2TAERERE L K,

FOETEH. BELRECLAMEHBEEZEAL T MBI OMA M %5
L. 700°C T 2 FRRBEREEDLXEM &AL -, LSCF 23—+ LTz Fe-Cr-Al
EEEAV. 700 °Ch 5 900 CORE TCEEEM. BIEWEES. EXEN%E
BELI.. BLWERE S CESEMABMIRACH . 700 °C TDOT—2 D
B LD, 900°CICHFAMLERE L. 700°C L H T AMILEEDH 70/ZT H
AERBELN. ZDHER 700 °C THIEHI 20 mQem*F2E TH A 3EH N, 17,000 B
B&ICIE 50 mQem* BEFTERTALDEHELL, & 553 FAERECER
EMMEDREREILDOD. FERELLEMBTHSC L &2EAL I,

FTETEHARBLERIEL. FeCr-Al &h 7 0 L BSOMEELEBTE S
BEE24MB LT SOFC CEAAR THAS C e zRHEBEBILRL I,
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1.1 Fuel cell

1.1.1 Basic principles

Fuel cell is a device that converts chemical energy directly into electrical energy.
Its operation can be explained using electrochemical concepts that are now well
understood. Fuel cell was originally invented by Sir William Robert Grove in 1839 [1].
Grove’s fuel cell is one of the simplest examples, for which the reactions are described
in Table 1.1.

Table 1-1. Electrode reactions for Grove’s fuel cell

Half-reaction at the anode: H, <>2H" +2e E°=0V (1.1)

Half-reaction at the cathode: 1/20,+2H" +2e <> H,0 E°=123V (1.2

Net reaction (the combustion reaction): H, +1/20, <> H,0O E°=123V (1.3

He made several important improvements to the design of batteries and found
that the combination of hydrogen and oxygen can be used to produce electricity. Fuel
cell can run continuously as long as it has fuel and oxygen fed from outside, in contrast
to the secondary batteries that store limited energy inside via active materials. The
hydrogen needed for the fuel cell reaction can be extracted from hydrocarbon such as
natural gas, LPG, alcohol and gasoline. They are fed to the anode (negative electrode),
one of two electrodes of the cell.

Theoretical efficiency of fuel cells can be described as the following equation:

B AG _1_T><AS
He = AR AH

(1.4)

where, AH is the change of enthalpy, AG is the change in Gibbs free energy, and AS is
the change in entropy of the fuel cell reaction. In the case of combustion, the energy
corresponding to AH is converted to heat generation. In the case of the fuel cell
reaction, the energy corresponding to AG can be converted to electrical energy by the

following equations:
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AG°® = —nFE° (1.5)

and

AG =-nFE (1.6)

E:E°—ﬂInCD (1.7)
nF

E is the theoretical voltage, 7 is the absolute temperature, R is the gas constant, n
is the number of electrons involved in the reaction, F is the Faraday’s constant, @ is the

chemical activity.

1.1.2 Fuel cell types

Many types of fuel cells have been developed. The types of fuel cells are usually

distinguished by the electrolyte materials as shown in Table 1-2.

Table 1-2. Different types of fuel cells.

System Temperature  Power Density in  Electrolyte Application
Stack (kw/m?)
AFC-Alkaline 60-90 °C 2 KOH 30%  Space mobile
Fuel Cell
PEFC or PEM 60-80 °C 3 Nafion Mobile and
Stationary
PAFC- 160-220 °C 1.3 H3PO4 Stationary up to
Phosphoric Acid conc. 11MW
MCFC Molten 620-660 °C 1.4 Li,COs/  Stationary up to
Carbonate Na,COs3 MW
SOFC-Solid 500-1000 °C 6 YSZ/ScSZ  Stationary, 2kW
Oxide to multi-MW
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1.1.3 Advantages and applications

There are a lot of advantages of fuel cell. Fuel cells are generally more efficient
than combustion engines or turbines. Fuel cells can generate electricity efficiently
regardless of the system size and even a small system can show high efficiency. Fuel
cells are very simple, with few moving parts, leading to highly reliable and long-lasting
systems. Fuel cells are silent and easy to set-up. This is very important both for portable
mobile applications and for stationary application. Each type of fuel cell has advantages
depending on the electrolyte material and operating temperature and has been
investigated for different applications.

Alkaline fuel cell (AFC) uses a solution of potassium hydroxide as an alkaline
electrolyte. AFCs are operated at temperature around 70-250 °C. The primary
advantages of the AFCs are the lower cost of materials and higher efficiency. AFCs
were developed as an auxiliary power unit (APU) for space applications by the Soviet
Union and US in the 1950s and served on the spaceship Apollo as well as the Space
Shuttle orbiter.

Polymer electrolyte fuel cell (PEFC) has also been referred to as solid polymer
electrolyte (SPE) fuel cell or proton exchange membrane (PEM) fuel cell. PEFCs are
operated at low temperature around 60-80 °C. The advantages of low operating
temperature allow lower cost, simple stack design and rapid start-up of the system. Thus,
they can be alternative to automobile engines. Currently, PEFCs are developed for
automotive and stationary (residential) applications in Japan.

Direct methanol fuel cell (DMFC) basically has the same component materials
as PEFCs, but it utilizes liquid methanol directly as a fuel to generate electricity. In
2000s, DMFCs were investigated for mobile, portable applications such as cell phone or
laptop PC, because energy density of methanol theoretically is much higher than lithium
ion batteries.

Molten carbonate fuel cell (MCFC) operates at high temperature around 600—
700 °C with a molten mixture of alkali metal carbonates such as lithium and sodium
carbonates as electrolyte materials retained in a porous ceramic. MCFCs are suitable for
larger scale power plant, and several companies commercialize MCFCs including a
250kW unit in US.



W K

KYUSHU UNIVERSITY

PHAM Hung-Cuong

Phosphoric acid fuel cell (PAFC) uses highly concentrated phosphoric acid
(H3POy) solution, retained in a Teflon-bonded SiC matrix as the electrolyte. PAFCs are
operated at around 160-220 °C, allowing PAFC operation with 1-2% CO in fuel. PAFC
was developed for commercial application in 1960s, for example, over 200 kW
commercial PAFC units were developed and sold by United Technologies Corporation.
Durability up to several ten thousand hours was confirmed for PAFC systems.

Solid Oxide Fuel Cell (SOFC) is normally operated at around 600-900°C using
solid oxide electrolyte. The primary advantages of SOFC are higher electrical
conversion efficiency and fuel flexibility compared to the other fuel cell because of
higher operation compared to the other fuel cell systems. SOFCs also have advantages
such as higher durability because component materials are solid state with no corrosive

materials.

1.2 Solid oxide fuel cells

1.2.1 Brief history of solid oxide fuel cells

Solid oxide fuel cell was recognized following the discovery of solid oxide
electrolytes by Nernst [2] in 1899. He compared the behavior of liquid electrolytes
including aqueous salt solutions, and discovered that the aqueous salt solution is highly
conductive, whereas the conductivities of pure water and pure common salt are very low.
Many kinds of mixed oxides were also identified which show high conductivity at
elevated temperatures. One of the conductive mixed oxides was yttria doped stabilized
zirconia (ZrO, 85%, Y,03; 15%). In this patent, Nernst proposed that the yttria doped
stabilized zirconia could be used as an electrolyte material.

Haber invented solid electrolyte materials consisting of glass and porcelain for
fuel cells in 1905 [3], in which platinum and gold were used for the electrode materials.
Baur and Treadwell invented metal oxide electrode materials for fuel cells, in which
ceramic solids with salt melts were used for the electrolyte in 1916 [4].

Baur and Preis used yttria doped stabilized zirconia as the electrolyte for solid
oxide fuel cell in 1937 [5]. Yttria doped stabilized zirconia was tested at 1050 and
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1100 °C in a ceramic tube made of brickyard clay and two types of unglazed porcelain,

but the resistance of the electrolyte was high because of thickness.

Weissbart and Ruka at the Westinghouse Electric Corporation designed a SOFC
that used 85% Zr0,-15% CaO as the electrolyte and porous platinum as the electrodes
in 1962 [6]. The cell had an area of 2.5 cm? and thickness of 0.15 cm and located at the

bottom of a closed tube made of the same material as the electrolyte as shown in Figure

1-1.

O, out
Fuel- =
Water -
Mixture in
Alumina Tube _ I

(ZrO,) 4 (Ca0) ,; Tube —|

Furnace

(ZrOy) 45 (CaO)
Electrolyte

.002" Teflon

Oy in Gasket Seal

Cell Leads to
Potentiometer
and Milliammeter

Water-Cooled
Metal Flange

Kovar to Glass
to Ceramic Seal

N

N\

x\ Pt Wire
D Leads to
\ Electrodes

\ N\
.&\\' Platinum

Electrodes

Thermocouple

Figure 1-1. The SOFC developed by Westinghouse Electric Corporation using

(Zr0,),g (Ca0), , as the electrolyte [6].

In 1970s, many fabrication methods have been investigated to form thinner
electrolytes; however, the performance was still low due to high resistance inside of the

cell. In the last three decades, numerous designs including various tubular and planar

designs and materials have been developed.

1.2.2 Operating principle of solid oxide fuel cell

Figure 1-2 shows the configuration and operating principle of SOFC. A single
cell of SOFC consists of porous anode layer, porous cathode layer and dense electrolyte

6
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layer. Fuels such as H, and CH, oxidized at the anode by the oxygen ions (O%*) coming
through the electrolyte layer from the cathode side. Oxidant such as air is fed to the
cathode, where oxygen ions are generated electrochemically at the cathode/electrolyte
interface. The electrolyte layer conducts these oxygen ions from the cathode to the
anode, maintaining overall electrical charge balance. The electrons flow from the anode

to the cathode through the external circuit, providing electric power to the external load.

External Electric Load

Fuelin — {==  Airin
Excess Fuel i Unused
and Water &= Gases

Out
Anode Electrolyte Cathode

Figure 1-2. Operating principle of solid oxide fuel cell.

In SOFC, the difference in chemical potential AG of oxygen between the cathode

and the anode is the driving force of the transport of oxygen ions in the electrolyte:
AG = —2EF = 11(0,,a) - 4(0,,c) (1.8)
where E is the theoretical voltage. Chemical potential of oxygen is described as follows:

1(0,) = 1°(0,) +RTInp(0,) (1.9)

Where 1°(0,) is the standard chemical potential.
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E =ﬂln(MJ (1.10)
2F p(0,,a)

p(H,0,a)
p(H,.a)

2
p(0,,a)= Kl [ ] ,AG{ =-RT InK, (1.12)
H

where K|, is the equilibrium constant of the reaction below,
H, +1/20, <> H,0 (1.12)

AG? is the standard Gibbs free energy of H,O formation.

Therefore, the correlation between the partial pressure and the theoretical voltage

is given by the following equation:

AG?
Ez__f_ﬂ.n(w,a] RT

—InP(O,,c 1.13
2F F P(H,,a) t o MPO:.0) (1.13)

Open circuit voltage (OCV) is equal to the theoretical voltage (E) calculated
above when the electrolyte is a pure ionic conductor (with no electronic conduction). In
the operation, cell voltage becomes lower than the OCV because of voltage losses due
to internal resistances of the cell.

The electrochemical reactions and energy generated in SOFC utilizing hydrogen

as a fuel at 900 °C are shown in Table 1.3.

Table 1-3. Electrode reactions and energy generated in SOFC at 900 °C

Anode: H,+0* -H,0+2 E°=0V (1.14)
Cathode:  1/20, +2e — 0% E°=0.89V (1.15)
Overall: H, +1/20, - H,0 E° =0.89V, AH =-248.8 KI/mol  (L.16)
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1.2.3 Components of solid oxide fuel cell

1.2.3.1 Cathode materials

General perovskite type oxide
Cathode is the place where oxygen is reduced to oxygen ions by the following

equation.
0,+2e <0 (1.17)

Cathode of SOFC should possess not only high electronic conductivity for
current collection, high ionic conductivity for oxygen transfer, and catalytic activity for
oxygen reduction but also a suitable porosity for diffusion of gas reactants. Moreover,
the cathode should be mechanically and chemically compatible with the other
components such as electrolyte under fabrication and operation conditions. In addition
to the high activity and stability, enough tolerance against poisoning toward
contaminants is required, for example, chromium contaminations from alloy-based
metal support or interconnector.

Perovskite oxides are the most commonly used cathode materials of SOFCs.
Perovskite oxides have the general formula ABO3, with the unit cell shown in Figure 1-
3. The ideal unit of perovskite is a cubic structure. Usually, some distortions, such as
cation displacements within the octahedral and tilting of the octahedral, appear in the
perovskite lattice, which are caused by substitution of A or B site by other elements [7].

Distortion degree of perovskite can be described by the Goldschmidt tolerance factor t,

rA‘H‘o:t\/i(ra +ro) (1.18)

where r,, r;, and ryrepresent for the atomic size of A, B, and O sites, respectively.

Because a wide range of tolerance factor (0.7 <t < 1.1) on the ion radius can be
accepted, modification of a perovskite oxide with different doping ions and different
concentrations is possible to create material with designed properties [8]. For the A site,
rare earth element such as lanthanum is used with dopants of alkaline earth elements
such as Ca and Sr. For the B site, transition metals such as Mn, Fe, Co, Ni etc. are used.

Conventionally, several kinds of perovskite materials such as La;-xSrkMnQO3.5 (LSM)
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and La;.xSrxCo03.5, (LSC) and Laj«SrCoiyFeyOs;5 (LSCF) were used for SOFC

cathodes.

Figure 1-3. Unit cell of ABO;3 perovkite structure.

Lanthanum strontium cobaltite (LSC)

La;-xSrkCo03.5 (LSC) was one of the first perovskite oxides investigated for
cathode material of SOFC [9]. LSC shows high electrochemical activity, and has been
used as a cathode material for SOFCs. LSC shows a complex behavior with regard to
oxygen nonstoichiometry, crystal structure, electrical conductivity, and catalytic activity

depending on the strontium content, temperature, and oxygen partial pressure. The

model of LSC which describes the defect structure is given by Petrov [10]. Cog, and

V,"are formed in the lattice to maintain electrical neutrality, which is caused by the

substitution of Sr ions on La sites. The overall electrical neutrality condition is shown as

follows equations,

SrX +Cog, +2V5 <> Sr,, +Cop, (1.19)
2Cog, + 0% <> 2Co%, + VI +1/20, (1.20)
[VS'1[Cog, I* > K. [Cog, °[O5 1P, *? (1.21)

10
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where Cog,and Coy, represent for the Co*" and Co®" ions at B site, respectively, and

Kv; Is the defect equilibrium constant.

Lanthanum strontium manganite (LSM)

LSM has oxygen excess nonstoichiometries unlike the other cathode materials
which has oxygen deficiency. To describe the nonstoichiometry of LSM by oxygen
partial pressure, a model has been given by Van Roosmalen and Cordfunke as the
following equations [11,12].

Oxygen excess:

3/20, +6Mn} <>305 +6Mn;, +V. +V,, (1.22)
Oxygen deficient:

2Mn3, + 0% <> 2MnY + VS +1/20, (1.23)
2Mn% +0% <> 2Mn,, + V5 +1/20, (1.24)

where Mn;, ,Mn% . and Mn,, are Mn*, Mn*, and Mn®* ions, respectively. The

electrical conductivity of LSM is expressed by the following equation [13].

5T = (3T)° exp(~ =30) = AV Yoy exp(” Bop) (1.25)

where (6T)° is the preexponential constant, E, is the activation energy, and ¢ represents

the ratio of carrier occupancy.

1.2.3.2 Anode materials

Anode is the place where oxygen ion meets hydrogen to produce water vapor,
releasing electron to the external circuit. The state-of-the-art anode materials are based
on Ni/YSZ cermets. Nickel is an excellent electrocatalyst for electrochemical oxidation
of hydrogen and it also acts as an excellent reforming catalyst. It also provides
electronic conduction path for the anode. The function of the oxide component (YSZ) is
primarily to prevent sintering of the Ni particles maintaining the porosity in the anode of

more than 30% by volume, facilitating transport of the reactant gases [14]. The

11
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framework of the YSZ can offer an ionic conduction path, effectively broadening the

triple phase boundary (TPB) as shown in figure 1-4.

Electrode

Ni/YSZ-composite

Electrolyte

Figure 1-4. Schematic of the electrode reaction sites (TPB) in Ni/YSZ anode [7].

Electrical conductivity of Ni/YSZ strongly depends on the nickel content. Its
conductivity a function of nickel content shows the curve predicted by percolation

theory as shown in Figure 1-5 [15-17].

10000 ¢
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Figure 1-5. Electrical conductivities of Ni/YSZ as a function of Ni concentration for
different temperatures [17].
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Gadolinia doped ceria (GDC) and scandia doped zirconia (ScSZ) have also been
investigated for the oxide material other than YSZ, because characteristic features

against carbon deposition or sulfur poisoning can be improved.

1.2.3.3 Electrolyte materials

lonic conductivity of electrolytes is the most important factor to determine the
operating temperature. Relationship between the ionic conductivity and temperature is

given by the following equation,
. -1
oT = A e[~ L)y (1.26)

where ¢ is the conductivity, T is the temperature, k is the Boltzmann constant, A, is the

pre-exponential constant, « and /8 are positive constants.

The oxide ion conductivity determines the area specific resistance contributed by
the electrolyte. For electron and hole conductivities, the oxygen potential dependence is

given by the following equation [18]:

o =0, (P, )+ 00 (P, ") (1.27)

electrolye

where o?°

o, On e are the normalized contribution of electrons and holes at 1 atm oxygen
partial pressure, respectively.

ZrO, doped with divalent or trivalent cations of appropriate size is an oxygen-
ion conductor. Cubic structure of ZrO, is stabilized by substitution of host lattice cation
of Zr*" by Y*. This substitution creates oxygen vacancies by charge compensation

according to following equation.
Y,0, = 2Y, + VS +30} (1.28)

The high oxygen vacancy concentration gives rise to high oxygen-ion mobility.
Oxygen-ion conduction takes place in YSZ by movement of oxygen ions via vacancies.
The ionic conductivity of electrolyte material is influenced by several factors such as
dopant and dopant concentration, temperature, atmosphere, and nature of grain

boundaries.

13
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Among various electrolyte materials, YSZ is the most commonly used because
of its stability and cost. YSZ is the oxygen ionic conductor and is generally used for the
electrolyte of SOFCs in the temperature range of 700-900 -C. GDC has been intensively
studied in recent years [19,20]. The electrolyte offer the possibility of lower temperature
operation of SOFCs at around 500 -C. ScSZ has been investigated as an alternative
electrolyte to YSZ, which shows higher ionic conductivities but has a problem of
material cost compared to YSZ. Figure 1-6 shows a plot of ionic conductivities of

various electrolyte materials.

Figure 1-6. lonic conductivities of different electrolyte materials [21].

14
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1.2.3.4 Interconnector

Interconnector is one of the main components of SOFC. It locates between each
individual cell, electrically connecting each cell in series and separating fuel and air in

the stack as shown in Figurel-7 [22].

Electrode

Figure 1-7. Schematic of planar SOFC using interconnector [22].

Interconnector also distributes the fuel/air to anode/cathode and supports the
cells under assembling pressure helping to maintain the structural integrity of the SOFC
stack. Accordingly, interconnector has to satisfy the requirements of high electrical
conductivity, oxidation and reduction resistivity, gas impermeability [22-24]. Ceramic
interconnector materials based on lanthanum chromite (LaCrO;) have been considered
as proper candidates for interconnector [25,26]. However, it was not applied for planar
type interconnector because volume expansion under reduction atmosphere was a severe
problem.

Recently, metallic interconnector based on such as stainless steel is widely used
because of its high thermal conductivity, high electrical conductivity, high mechanical

stability, easy fabrication and low cost.

15
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1.2.3.5 Cell and stack design

The components of SOFCs consist of ceramic materials which are rigid and
brittle. Accordingly, there are many types of cell structures depending on the support
materials and shapes, in which electrolyte-supported, cathode-supported, anode-

supported, ceramic-supported and metal-supported are typical cell designs. The key

features of these SOFC configurations are summarized in Table 1-4.

Table 1-4. Five types of cell design and their features.

Cell design

Advantages

Disadvantages

Electrolyte

supported-cell

Cathode

supported-cell

Anode

supported-cell

Ceramic
supported-cell
(segmented in
series type)
Metal

supported-cell

- High mechanical strength
because of dense electrolyte

- High tolerance to failure such as
anode re-oxidation or cathode
reduction

- High tolerance to anode re-

oxidation

- Low operating temperature
- Easy fabrication

- Gas seal and current collector are
integrated in one cell-stack

- Easy to scale up the systems

- Low operating temperature
- High mechanical strength

- Low cost

- High resistance due to the
thickness of the electrolyte
- High operating

temperatures

- Not easy to fabricate
electrolyte due to high
reactivity

- Low mechanical stability
- Low tolerance to anode re-

oxidation

- Not easy to fabricate the

cell-stack

- Not easy to fabricate

Two types of cell designs are investigated for SOFC: planar cell as shown in

Figure 1-8 and tubular cell as shown in Figure 1-9. The cells are integrated into stack or

16
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module to increase the output power up to the required scale. For example, tubular
SOFC cells developed by Mitsubishi Hitachi Power Systems Ltd., shown Figure 1-10,
have been scaled-up and integrated into a system with capacity of 250 kW. Planar
SOFC cells have been deployed in California for many companies such as Google with
capacity of 100 kW developed by Bloom Energy.

- Top plate

Ni-mesh

s Frame
e Cell

.— Interconnector

__ _— Baseplate

Figure 1-8. Design of planar SOFC stack [27].

Current flow

Interconnect
Cathode

Current flow

Figure 1-9. Design of cathode supported tubular SOFC stack developed by
Westinghouse.
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Total length: 1500 mm
Cell tube Outer diameter: 28 mm

Interconnector

Electrolyte

Figure 1-10. Design of tubular SOFC cell and stack developed by Misubishi Hitachi
Power Systems [28].
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1.3 How to expand SOFC products in the market

SOFC have the potential to replace existing power sources for many applications,
such as portable (0 —500 W), stationary (1 —25 kW), and transportation (10 -100 kW)
applications with very high efficiency. In the conventional technologies, however,
SOFC cell-stack which meets all the requirements has not been realized yet. To develop
such SOFCs which can be widely used in many applications, we should solve the issues

as follows.

- Rapid start-up is difficult because thermal shock causes crack of the cell-stack.

- Shortage of fuel causes oxidation of nickel in the anode and leads to damage of
cell, especially in the case of anode-supported cell.

- Material costs of cell components are high.

- Fabrication costs of cell-stack are high due to the limitation about fabrication

methods of ceramic materials.

Metal-supported SOFC (MSC) is the best way to solve the above mentioned
issues because metal support materials show high mechanical strength, high thermal
conductivity, high electrical conductivity, and have low cost. In this study, we focus on
MSC and deal with surface oxide layer of the metal support, which is the most

important factor to develop completely new metal support material with high stability.
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Chapter 2
Overview of Metal-Supported SOFC (MSC)
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2.1 Merit of metal-supported solid oxide fuel cell

Metal-supported SOFC (MSC) provides many potential advantages such as
improving durability against RedOx and thermal shock [1], reducing material costs
compared to the conventional ceramic-based ones. Metal supports allow the use of
inexpensive metal joining technique and decrease significantly the manufacturing cost
of SOFC stacks. High ductility, rigidity and thermal conductivity of the metal support
can improve the structural stability as well as prevent the stack failure. Thus, MSC can
be fabricated into much more robust SOFC stacks with higher performance with thinner

electrolyte. In general, MSCs are regarded as the third generation technologies as shown

in Figure 2-1.
15t gen. 2nd gen, 31 gen.
Electrolyte-supported cells Anode-supported cells Metal-supported cells
Electrolyte Electrolyte
Electrolyte 20, 0.7 "f“ Y
Anode ubst
A
Anode

Figure 2-1. Schematic representation of electrolyte-supported cell, anode supported cell,
and metal supported cell.

2.2. Summary of literature reviews

2.2.1 Brief history of MSC

MSC was first fabricated by Williams et al. in the 1960s [2]. He deposited
zirconia-based electrolyte (Zros2Yo.16 O208) onto NiAl alloy as a porous alloy substrate
by using flame spray. The porous alloy substrate also had a function as the fuel
electrode. The cell was operated in the range of 700-800 °C with power density of about
115 mWcem 2 at 750 °C. In the 1990s, MSCs were fabricated by using tubular NiCrAlY
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[3] alloy and planar CrFesY,O03 [4] alloy, which were coated with zirconia-based

electrolyte by plasma spray. Power densities of the cells were about 1 Wem 2 at 900 °C.

LSCF-CGO
composite cathode

/

I

Ni-CGO cermet
anode

Dense CGO

electrolyte \

Ferritic stainless
steel substrate

Holes in active area
of substrate

Figure 2-2. Schematic diagram of a metal-supported IT-SOFC developed
by Ceres Power Ltd. [5].

After that, Ceres Power Ltd. developed SOFC concept based on a porous
stainless steel substrate, using gadolinia doped ceria (GDC or CGO) as the electrolyte
material as shown in Figure 2-2. The cell was operated at 500- 600 -C with power
density of 250-350 mWcm™ [5].

2.2.2 Materials and fabrication processes for MSCs

2.2.2.1 Cathode Layer

(La,Sr)Co03 (LSC), (La,Sr)(Co,Fe)O3 (LSCF), (Ba,Sr)(Co,Fe)O3; (BSCF) can
be used as cathode materials for MSCs [6-13]. These are conventional cathode
materials. When we use these materials for the conventional cells (other than MSCs),
high temperature sintering (> 900 °C) in air is required to obtain good adhesion with the
electrolyte [8,9,12,13]. The cathode particles grow with increasing sintering temperature,

resulting in decrease in active electrode reaction site as shown in Figure 2-3 in the case
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of LSC [8]. Moreover, with increasing the sintering temperature, Sr tends to segregate
from cathode materials to the electrolyte resulting in formation of SrZrO3; which shows
low conductivity as shown in Figure 2-4.

In the case of MSCs, we want to apply vacuum process to avoid oxidation of
metal support materials. However, high temperature sintering process in a vacuum may
damage these conventional cathode materials because they are not stable under low
oxygen partial pressure. Therefore, low temperature fabrication process or completely
new cathode materials are required for the cathode of MSCs.

10.0um

Figure 2-3. Cross-sectional SEM image of LSC cathode/GDC interlayer/YSZ
electrolyte. The LSC cathode was sintered at 950 °C [8].
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YSZ
electrolyte

Figure 2-4. (a) SrZrO3 formation at the interface between CGO-PLD barrier layer and
YSZ after heat treatment at 1050 °C. (b) Small SrZrO; grains found at the CGO/YSZ
interface [6].

As one possible solution for the above mentioned issues, infiltration method
has been proposed as shown in Figure 2-5 [14], in which LSM nanoparticles was
infiltrated into a porous YSZ backbone. Triple phase boundary was increased by
network of LSM, maintaining match of thermal efficiency coefficient (TEC) between
the cathode materials and theYSZ backbone.

Py
L

Figure 2-5. SEM micrograph of a fracture surface of a cathode consisting of porous
YSZ and infiltrated LSM [14].
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2.2.1.2 Anode Layer

Most of the MSC developers have used porous alloy substrates for the anode
side to avoid oxidation of metal support during operation. Conventional anode consists
of Ni/YSZ and is generally fabricated at high temperature (~ 1300 °C) in air. In the case
of MSCs, however, oxidation of the metal support will be a problem. Thus, vacuum
processing for the fabrication of MSCs is widely investigated. When we apply high
temperature sintering for the anode, interdiffusion of Ni and the metal support materials
may occur, which causes formation of insulating oxides such as NiCr,04 with lower
oxidation resistance and increase in TEC in the metal support [15-19]. Although
diffusion barrier layers between the anode layer and the metal support have been
investigated [15,20], the additional barrier layer will increase the total resistance of
MSC. Therefore, applying relatively low temperature for the sintering of the anode is
one possible solution. However, the performance of the anode prepared at lower
temperature is not so stable because Ni grain easily agglomerate and cause decrease in
the triple phase boundaries as well as decrease in electrical conduction path consisting
of Ni grains. We need to solve the above mentioned issues to obtain high performance

and high durability when we develop anodes for MSCs.

2.2.1.3 Electrolyte Layer

Electrolyte layer must be dense and continuous with no crack in order to
prevent gas leakage. Furthermore, interface with the electrodes must be well bonded to
provide electrode reaction sites, in which oxygen ions can move smoothly and react
with gases coming through or moving away the porous electrodes. MSCs have been
fabricated with thinner electrolyte to decrease ohmic losses and decrease operating
temperature. In the conventional cells, high temperature sintering in air was generally
applied. In the case of MSCs, however, there is a problem of oxidation of the metal
support. Thus, fabrication of dense electrolyte films on the metal support is one of the
most important issues. Several methods were proposed to fabricate dense electrolyte
layers, such as atmospheric plasma spray processing, vacuum plasma spraying, pulsed

laser deposition, flame-spray, or high temperature sintering in reducing atmosphere.
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YSZ is the conventional electrolyte which is commonly used for MSC even its
conductivity is not high compared to the other electrolyte materials such as ScSZ, GDC,
LSGM as shown in Figure 2-6 [21-23]. YSZ is stable in the operating atmosphere of
SOFC and shows pure ionic conductivity which is one of the most important
requirements to obtain high efficiency, while GDC exhibits electronic conductivity
[21,24-28].

T[*C]
BOO 700 600 500 400 300
T T T T T T

BiLO, |

_— Lﬂn '}ST{! \Gan E Mf:’\' :-OJ.,.

a2 “n‘__‘ . B]VWCuOIO
S e, Gd O

(F S =AY

log (5/Scm™)

T(210,),(8¢,0),,

Z,rOz }ul;( Y:O_-.}u 1

10000 /T [K™]

Figure 2-6. Conductivity of various electrolyte materials [21].

2.2.1.4 Porous alloy substrate

There are two ways to fabricate the porous alloy substrate. (i) Sheets made of the
alloys are wire cut to form flow channels or laser drilled to create pores. Laser drilling
of a preformed sheet provides a smooth, well-defined surface, which facilitates the
deposition of thin layers of cell components. On the other hand, this kind of
prefabricated sheet does not shrink and is not suitable for sintering process during MSC
fabrication [5]. (ii) The other method is extrusion of the alloy powder with binder and
other additives [29,30], sometimes with a pore former, and sintering at high temperature
in a vacuum. The pore size of the porous alloy substrate can be adjusted by the ratio of

binder and alloy powder as shown in Figure 2-7.
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Figure 2-7. SEM of cross-sections of samples, (a) acrylic/PEG = 13/87 wt.%, (b)
polymer/alloy = 23/100 wt.%, after sintering at 1573K [29].

There are several types of materials which have been used for MSCs such as
pure Ni, Ni-Fe alloy, Ni-Cr based alloys and Fe-Cr based alloys.

Pure Ni metal has been applied for MSCs as a metal support. Cho et al.
fabricated a cell using this material, coating Ni/YSZ and YSZ electrolyte, sintering at
1400 °C in a vacuum. The power density was 470 mWcm 2 at 800 °C [31]. Ni-Fe alloy
was applied for MSCs with various kinds of electrolytes such as LSGM/SDC [32-35]
and GDC [36,37] electrolyte. This material is cheaper and lower mismatch TEC from
other cell components than pure Ni metal because of additional Fe. However, when we
apply this material for MSCs, the main issues are low RedOx tolerance.

Ni-Cr based alloys generally show higher heat resistance than Fe-Cr based
alloys. The typical chemical compositions of Ni-Cr based alloys are shown in Table 2.1
[38]. For example, Wang et al. fabricated a cell using this type of materials (Hastelloy
X). The anode layer and electrolyte layer were deposited on the alloy by suspension
plasma spray, while the cathode layer was deposited on electrolyte layer by screen
printing method. The cell exhibited the power density of 216 mWcm ™2 at 650 °C [39].
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Table 2-1. Chemical compositions of Ni-Cr based alloys [38].

Concentration/ Wt pct

Alloy

Ni Cr Fe Co Mn Mo Nb Ti Si Al
Inconel 600 Bal. 14-16  6-9 0.4-1 0.2-04 02-05 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 15
Inconel 718 Bal. 22 18 1 0.4 1.9
Haynes 230 Bal. 22-26 3 5 05-0.7 1-2 0.3
Hastelloy X Bal. 24 19 15 10 5.3
Inconel 625 Bal. 25 5.4 10 06 5.7
Nicrofer 6025 HT Bal. 25 9.5 0.1 0.5 0.5 0.15
Hastelloy G-30 Bal. 30 15 5 15 55 15 18 1

Fe-Cr based alloys are body-centered cubic, ferromagnetic alloys containing
mainly iron and chromium. The typical chemical compositions of the alloys are shown
in Table 2.-2. The alloys have widely been used for furnace, automotive exhaust
manifolds and mufflers. The alloys are inexpensive, show high heat resistance and show
electrical conductivity at the surface oxide layer of Cr,O3 at high temperature as shown
in Figure 2-8 [40]. When we apply this type of alloy, the main issues are (i) corrosion
resistance in a long-term operation, (ii) chromium diffusion (contamination) to the
electrodes, (iii) interdiffusion of Ni from the anode and Cr from the metal support. The
chromium diffusion (ii) to the anode may cause the formation of chromium oxide scale
on nickel catalyst surface as shown in Figure 2-9. This leads to the degradation of cell
performance. The interdiffusion of Ni and Cr (iii) causes decrease of oxidation
resistance and change in TEC [18,19], which are detrimental to cell performance and
durability [15,20]. In order to suppress the interdiffusion, SrTiO3; [16] or Ni-GDC [20]

was infiltrated into porous alloy substrate as shown in Figure 2-10.
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Table 2-2. Chemical compositions of Fe-Cr based alloys [38].

Concentration/ Wt pct

Alloy
Fe Cr Mn Mo W Si Al Ti Y Zr La
Fe-10Cr Bal. 10 <0.02 <0.01
14724 Bal. 13 1
SUS 430 Bal. 16-17 0.2-1 0.4-1 <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
Fe-18Cr-9wW Bal. 18 9
Fe-18Cr-7W Bal. 20 7 0.3 0.6 0.3
Fe-20Cr Bal. 20 <0.02 <0.01 0.2 0.04
AL 453 Bal. 22 0.3 0.3 0.6 0.02 0.01
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-2.5Ti Bal. 25 25 0.1
Fe-25Cr-0.2Y-1.6Mn Bal. 25 16 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 0.3 0.4
Fe26CrTiNbY Bal. 26 Composition not provided, but presumably same as Fe26CrTiY with Nb
Fe26CrMoTiY Bal. 26 0.1 2 <0.05 <0.05 0.3 0.3
E-Brite Bal. 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
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Figure 2-8. Electrical conductivity of chromium oxide as a function of the partial

pressure of oxygen at temperatures from 550 to 1300 °C [40].
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Figure 2-9. Quantitative diffusion profiles of chromium in nickel with and without a
diffusion barrier between the CroFer22 APU substrate and the nickel [19].
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Figure. 2-10. (a) STEM-EDS of GDC-Ni on FeCr alloy, (b) BF-STEM micrograph of
the box in (a) illustrating the position of line scan EDS, and (c) the resulting

concentration profile [20].

Formation of barrier layers is another solution to prevent the interdiffusion
while allowing electron and gas transport, having similar TEC to the other cell
components. They should be stable and maintain high performance during cell operation.
The properties of possible barrier layer materials are listed in Table 2.3.

Table 2-3. Electronic conductivity of barrier layer.

Electronic conductivity [S/cm]

Material References
700 °C 800 °C 900 °C

Cr,Mn0, 2.4 x 10™ 23 x 107 6.2 x 107 [41]

CepsGdp 2019 0.047 [42]

CeO, 0.89 2.3 [43]
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2.3 Fabrication of MSCs

There are three critical issues concerning fabrication of MSCs which affect the
performance and durability as shown in Table 2-4. (i) In order to avoid oxidation or
melting of the porous alloy substrate during fabrication process of the electrolyte layer,
annealing in a vacuum at lower temperature than the conventional technologies is
required. (i) Shrinkage of the porous alloy substrate during fabrication process should
be matched to the other layers of the cell. (iii) Good adhesion and mechanical strength
should be maintained among the porous alloy substrate, electrodes and electrolyte.

Many fabrication processes of MSCs have been developed, such as
atmospheric vacuum plasma spraying [44,45], pulsed laser deposition [46], plasma
spray processing [47,48], however these processes are very expensive compared to the

conventional process (sintering at high temperature in air).
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Table 2-4. Example of performance of MSCs integrating porous alloy substrate

measures at 0. 7 V in air/H,.

Porous alloy Anode Electrolyte Cathode Other layer Power density at Remark and
substrate 0.7V in Wicm? References
Fe-Cr Ni/YSZ YSz LSM/YSzZ 0.21 at 800 °C [1]
Fe-Cr Fe22Cr-YSZ  ScYSZ LSCF-CGO - 0.4 at 650 °C Infiltration of NiO-
CGO, Second
cathode layer LSC
[49]
Ti-Nb (Fe-17Cr NiO-GDC  GDC EPD  Doped LaFeOs/ - 0.22 at 600 °C In situ sintering of
Sheet GDC cathode [50]
Hastelloy X Sheet ~ NiO-SDC SDC SSCo-SDC - 0.11 at 600 °C In situ sintering of
SPS SPS cathode [51]
Hastelloy X Sheet ~ NiO-SDC SDC SSCo-SDC - 0.11 at 650 °C In situ sintering of
0.08 at 600 °C cathode [52]
Hastelloy X Sheet ~ NiO-SDC SDC SSCo-SDC - 0.53 at 650 °C In situ sintering of
0.35at 600 °C cathode [53]
ITM Sheet NiO/YSzZ YSz LSMm/ Lag6Sro.2Ca0203 0.36at 800 °C [54]
LSCF
Fe-Cr YSz ScYSsz LSCF/CGO 0.1 at 650 °C Infiltrated with CGO
and Ni [21]
NiFe NiO-YSZ YSz LSCF 0.9 at 800 °C [55]

2.4 Key issues associated with commercialization of MSCs

MSCs are expected to significantly decrease material costs, improve durability
against RedOx and thermal shock. Despite these potential advantages, durability of
metal support such as corrosion, oxidation behavior has been major issues for
commercialization of MSCs. Volatility of Cr from the metal support and diffusion to the
electrode is also a serious problem. The advantages and the key issues of MSCs are

summarized in Table 2-5.
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Table 2-5. Advantages and key issues of MSCs.

Advantages Issues to be solved

- High durability against RedOx and - Corrosion and oxidation of metal support

thermal shock (--> Higher fuel - Cr poisoning to electrode materials

utilization and rapid start-up)
- Fabrication processes should be developed

- Low material costs

2.5 Our study

Our objective and contents is illustrated in Figure 2-11. We selected a material
of Fe-Cr-Al alloy for the cathode side of MSC, which generally shows high oxidation
resistance in air because of the formation of mainly alumina-based oxide layer on the
surface as a protective layer. This layer can prevent chromium poisoning to electrode
materials because alumina layer can suppress chromium diffusion. This type of alloy
has not been considered as a candidate material for MSC because of the high electrical
resistance of the alumina layers.

We have fabricated a porous alloy substrate using the alloy and investigated the
conditions to decrease electrical resistance between the porous alloy substrate and the
cathode materials at high temperature in air. We analyzed the elemental composition,
crystal structure, and microstructure of the surface oxide layer which shows high
oxidation resistance and high electrical conductivity and investigated mechanism of
growth of such an oxide layer in Chapter 4. We investigated the optimum chemical
composition and crystal structure to obtain the lowest electrical resistance in Chapter 5.
We also evaluated the durability of the alloy by accelerating the growth of the surface

oxide layer (interfacial layer) in Chapter 6.
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New metal support material for the cathode side

High oxidation resistance Low electrical resistance

Low Cr evaporation

Cathode

» Chapter 4. Clarification of the microstructure,
growth mechanism and electrical conduction
mechanism.

» Chapter 5. Effect of the coating material.
» Chapter 6. Evaluation of long-term durability

Fe-Cr-Al alloy

Modification of the surface oxide layer of Fe-Cr-Al alloy by coating and heat-
treatment

Figure 2-11. The objective and contents of this study.
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Chapter 3

Experimentation
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3.1 Fabrication of porous alloy substrate for the measurement of heat

resistance and contact resistance

Porous alloy substrates were fabricated using a powder of commercially
available Fe-Cr-Al alloy (HRE5, Hitachi Metals Ltd.). The chemical composition of the
alloy is given in Table 3-1.

Table 3-1. Chemical composition of the Fe-Cr-Al alloy used in this study.

Cr Al Ti Si Mn Ni Fe

wt.% 23 5.0 0.2 0.4 0.01 0.2 Balance

The particle sizes in the alloy powder ranged from 38 to 125 um. The porous
alloy substrate was fabricated as shown in Figure 3-1 by mixing the alloy powder with
ethanol (as a solvent), ethylcellulose (as a binder) and other additives, pressing under a
pressure of 55 MPa, and annealing at 1280 °C for 4 h under a reducing pressure. This
condition was determined to control the sintering process and obtain a porous alloy
substrate with a good mechanical strength, a high electrical conductivity, and gas
permeability. In this study, we selected cylindrical shape just for material
characterization, although various shapes (planar, tubular) should be considered when
we evaluate practical performance of the metal supported cell. Cross-sectional

microstructure of the porous alloy substrate is shown in Figure 3-2.
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Porous alloy substrate

Figure 3-1. Fabrication procedure and appearance of the porous alloy substrate for the

measurement of heat resistance and contact resistance.

Figure 3-2. Cross-sectional SEM images of the porous alloy substrate at different

magnifications.

We also used non-porous rod (8 mm ¢) made of the same Fe-Cr-Al alloy to

evaluate area specific resistance and weight increase by oxidation.
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3.2 Measurement of the electrical resistance in the surface oxide layer

In this study, electrical resistance in the surface oxide layer of the alloy is
defined as "interfacial resistance™ and it is measured in the configuration shown in
Figure 3-3, because it dominates the resistance in the circuit. The interfacial resistance
of porous alloy substrate and non-porous alloy substrate were measured using cathode
materials as the electrodes, and platinum mesh and wire for the current collector in a
furnace as shown in Figure 3-4. The interfacial resistance was calculated by using an
apparent electrode area. A cylindrical shape was selected to avoid detachment of the

current collector during the measurement.

porous alloy substrate

Pt wire

Pt mesh

()
il
O

Non-porous alloy substrate

|

Pt wire

LSCF

Figure 3-3. Setup for the measurement of the interfacial resistance of
the alloy-coated LSCF.
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/ Apply current

Measure voltage

Electric furnace Air

)

Figure 3-4. Measurement of the interfacial resistance of

the sample in an electric furnace.

3.3 Evaluation of oxidation resistance

We evaluated oxidation resistance of the alloy by the weight gain of the alloy in
air. The weight gain of the sample was measured after the sample was exposed in an

electrical furnace. Figure 3-5 shows an example of the weight gain of the alloy at 700

°Cinair.

4
| ]
./
NE 3_ ./
[3)
g I/
= 2 - ./
e e
£
S 14
=
0 T T T T T
0 200 400 600 800 1000 1200

Oxidation time/ h

Figure 3-5. Weight gain at 700°C in air as a function of time.
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3.4 Material characterization by microscopic analysis

3.4.1 Sample preparation for micromachining by focused ion beam
(FIB)

We prepared the sample for FIB micromachining as shown in Figure 3-5. The
samples after the measurement of heat resistance and contact resistance were embedded
in an epoxy resin. Two types of chemical precursor (liquids) of epoxy resin were mixed
and filled in a cup with the sample. The sample in the liquid was evacuated in a
desiccator for a few minutes to remove the air from the epoxy resin and left for about 12
h before hardening. Then, the sample was cut by a low-speed cutting machine, and the
cross-section of the sample was polished to obtain a smooth surface by polishing
machine. Finally, the sample was cut into a smaller one (4 mm x 4 mm x 1 mm) by

cutting machine for FIB micromachining.
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Sample after measurement.

& =% —l-_.(r- e |
L=
1 .
y 3 -

Embedding of samples in epoxy resin.

@ Polishing the surface of the sample
smooth enough for microscopy.

Cutting the sample to make the size
suitable (4 mm X4 mm) for FIB micromachining.

U m

Sample after cutting
(4 mm x4 mm x Imm)

Figure 3-5. Procedure of preparation of the sample for FIB micromachining.
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3.4.2 Micromachining by focused ion beam (FIB)

The focused ion beam (FIB) micromachining has been widely used for high
resolution microscopy as shown in Figure 3-6. In most commercially available systems,
Ga ions are used, and their sputtering action enables precise machining of the samples.
In this study, FIB micromachining system (Hitachi High-Tech FB-2100) was utilized to
pick up a micrometer-size area (~5 um x 5 um) and machine the sample to a thickness
(<100 nm) suitable for STEM and TEM analysis. Figure 3-7 shows the sample prepared

by the FIB micromachining.

Figure 3-7. STEM sample prepared by FIB.
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After the FIB micromachining, the sample should be kept in a vacuum using a
desiccator (shown in Figure 3-8) to prevent contamination before high resolution

transmission electron microscope (HRTEM) analysis.

€

Figure 3-8. Desiccator for keeping samples in a vacuum.

3.4.3 Observation by SEM and STEM

Scanning electron microscope (SEM) images the sample surface by scanning it
with a high-energy beam of electrons in a raster scan pattern. The electron interacts with
the atoms that make up the sample producing signals that containing information about
the sample’s surface topograph, composition, and other properties. SEM with field
emission gun (FE-SEM) exhibits significantly improved signal-to-noise ratio and spatial
resolution than the normal SEM (tungsten type), and greatly increased emitter life and
reliability compared with thermionic devices have been achieved. In this study, the
surface oxide layer of the alloy was analyzed using FE-SEM (JEOL JSM-7001F) as

shown in Figure 3-9.
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Figure 3-9. Field emission scanning electron microscope (FE-SEM).

A scanning transmission electron microscope (STEM) is focusing the electron
beam into a narrow spot which is scanned over the sample in a raster. The rastering of
the beam across the sample makes these microscopes suitable as analysis techniques for
mapping by energy dispersive X-ray (EDX) spectroscopy. These signals can be
obtained simultaneously, allowing direct correlation of image and quantitative data. By
using a STEM and a high-angle detector, it is possible to form atomic resolution images
where the contrast is directly related to the atomic number (Z-contrast image). In this
study, the surface oxide layer of the alloy was analyzed by STEM-EDX (Hitachi 200-
kV dedicated STEM HD-2300A equipped with an EDAX Si(Li) EDX detector as
shown in Figure 3-10) and transmission electron microscopy (TEM; JEOL JEM-
ARM200F located at Next-Generation Fuel Cell Research Center and The

Ultramicroscopy Research Center ).
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Figure 3-10. Scanning transmission electron microscope (STEM).

3.4.4 Analysis of crystal structure by electron beam diffraction

Electron beam diffraction is used to study crystal structure of a small and thin
sample, usually prepared by FIB in combination, with transmission electron microscopy.
The principle of electron beam diffraction is similar to that of X-ray diffraction (XRD),

which is the standard method for crystal structure analysis.

3.2.4.1 Information obtained by electron beam diffraction

In this study, we used electron beam diffraction to analyze the crystal structure
of the surface oxide layer of porous alloy substrate. Figure 3-11 shows the crystal
structure of y-Al,O3 and the diffraction pattern which we can obtain from the crystal
structure.

We can measure the d-spacing for each plane (hkl) in the diffraction pattern as
the following equation in the case of cubic structure,

a
(h? + k> +1%)

d —spacing =

where a is the lattice parameter (a = 7.9 A in the case of y-Al,03.) We also can
theoretically simulate the d-spacing for each plane (hkl) if we assume a specific crystal
structure using database and software. In our study we used CS manager and
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CrystalMaker®. If the deviation of all “d-spacing for each plane (hkl)” is smaller than

10%, we can consider that the crystal structure is well identified.

Unit cell of
y-aluminais
build from
database in
CS manager
software

N

No. h k | d-Spacing d ] Intensity
1 1 1 573 | 19.3706 1.93503+002
9 2 2 2.80%8 318917 5519544001
3 1 1 2.39098 37.5857 2.08747e4001
4 2 2 2 2.28919 3.3242 5.95899%-+000
: 5 0 0 4 1.98250 45,7255 1.121874001
[ d-spacing by HRTEM ] 6 1 3 3 181927 50,0969 1.43820e-002
7 2 2 4 161870 56.8286 2.28744¢+000
8 3 3 3 152613 60,629 4,30549¢ 4000
9 1 1 5

d-spacing and (hkl) plane from
database by CS manager

] 1.52613 60.6240 7.25210e+000

Figure 3-11. Crystal structure and diffraction pattern of y-Al,Os.

3.2.4.2 Fast fourier transformation (FFT) analysis

When we observe high resolution TEM (HRTEM) images, we can obtain a
similar information as electron beam diffraction by using fast fourier transformation
(FFT). FFT is the software transformation which is applied to the HRTEM image data.
FFT image indicates the reciprocal space of the crystal. The advantage of FFT method

is that we can analyze a very small area using HRTEM images.
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Chapter 4

Decrease in Electrical Resistance of Surface Oxide of Porous
Al-Cr-Fe Alloy by LageSry4CogoFeyg0; Coating and Heat-
Treatment for the Application of Metal-Supported SOFCs

Abstract !

We have investigated the property of a Fe-Cr-Al-type stainless steel as a
porous alloy substrate for metal-supported solid oxide fuel cells (MSCs)
especially on the cathode side. We found that the microstructure and
electrical resistance of the surface oxide layer of the alloy changes
depending on the heat-treatment conditions. A relatively low electrical
resistance was obtained when the porous alloy substrate was coated with
LapsSro.4C0p2Fep 03 (LSCF) and heat-treated at 700-800 °C in air. The
morphology of the surface oxide layer observed by high-resolution
transmission electron microscopy was columnar structure of y-Al,O3
polycrystal and Sr3Al,O¢ growing outward in the same direction. In
contrast, the surface oxide layer of the alloy showed a high electrical
resistance when the uncoated porous alloy substrate was heat-treated.
The morphology of the surface oxide layer in that case was a columnar
structure consisting of only y-Al,O3 growing outward in various

directions.

! published in Hung-Cuong Pham, Shunsuke Taniguchi, Yuko Inoue, Jyh-Tyng Chou,
Toru lzumi, Koji Matsuoka, and Kazunari Sasaki, J. Power Sources, 297 (2015) 181-
187.
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4.1 Introduction

There are few reports of application of metal support to the cathode side. This is
because vaporization of chromium species such as CrO3(g) or CrO2(OH),(g) from the
alloy surface can cause degradation of the cathode [1-7], and the electrical resistance
may increase after long-term operation owing to the growth of less-conductive Cr,03 on
the surface of the alloy.

Fe-Cr-Al alloy has been widely used for high-temperature applications such as
heating furnaces and fire grids [8]. The excellent oxidation resistance of Fe-Cr-Al alloy
originates from alumina layers formed on the surface at high temperatures [9]. However,
Fe-Cr-Al alloy has not been considered as a candidate material for metal-supported
SOFCs (MSCs) because of the high electrical resistance of the alumina layers [10]. It
was reported that the microstructure of the alumina layers on the surface of Fe-Cr-Al
alloy differs depending on the temperature, specifically long alumina whiskers appear at
900 °C [11] while equiaxed grains on the outer surface of and a columnar structure
inside the alumina layer appear at 1000-1300 °C [12-14].

We have fabricated a porous Fe-Cr-Al alloy substrate and investigated its
property as a support material on the cathode side of MSCs. We found that the electrical
resistance between the porous alloy substrate and the LageSrp4Coo2FeosOs (LSCF)
coating layer was relatively low and stable at 700 °C in air [15].

In Chapter 4, the objective is to clarify the elemental composition, crystal
structure, and microstructure of the surface oxide layer of the Fe-Cr-Al alloy, which
contributes to the electrical conduction by allowing the alloy to maintain a high
oxidation resistance. Porous Fe-Cr-Al alloy substrates were heat-treated under different
conditions with or without the LSCF coating, the interfacial resistance was measured,

and the oxide layers were analyzed using high-resolution microscopy.
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Commercially available LSCF powder (>99.9%, Praxair, CT, US), terpineol,

and ethylcellulose were mixed to make a LSCF coating material. We prepared several

samples under different conditions as shown in Table 4-1 to clarify the effect of the

LSCF coating on the oxidation process of the alloy.

Table 4-1. Experimental conditions for the investigation of the LSCF coating and heat-

treatment effects.

Condition 1 Condition 2 Condition 3 Condition 4
800 °C, 60 h 800 °C, 60 h
Heat-treatment e e
in air in air
Coating  --—-- LSCF LSCF LSCF
700 °C, 230 h 800 °C, 230 h
Electrical A S
700 °C, 90 h in air in air
resistance
------ in air T T
measurement emperature emperature
dependence dependence
STEM-EDS, STEM-EDS,
SEM, TEM-selected TEM-selected
Analysis e
STEM-EDS area electron area electron

diffraction

diffraction

Two samples were firstly heat-treated at 800 °C in air for 60 h. One of these was

then coated with LSCF, and the electrical resistance was measured at 700 °C in air for

90 h. Two other samples were firstly coated with LSCF and then heat-treated at 700 °C

or 800 °C in air for 230 h while the electrical resistance was simultaneously measured.
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The interfacial resistance was measured using the LSCF as the electrode with a
platinum mesh and wire for the current collector as shown in Figure 3-3. The resistance
obtained in this configuration reflects the electrical resistance of the surface oxide layer,
which dominates the resistance in the circuit. The interfacial resistance was calculated
by using an apparent electrode area. A cylindrical shape was selected to avoid

detachment of the current collector during the measurement.

4.3 Results and discussion

4.3.1 Oxidation state of the alloy after heat treatment

The porous alloy substrate has a porosity of 45%, which seems to be sufficient for
gas permeation as required for components of SOFC electrodes. A cross-sectional SEM
image and STEM-EDS mappings of the substrate after the heat-treatment at 800 °C for
60 h (Condition 1) are shown in Figure 4-1and 4-2.

Aluminum-rich oxide layer

Figure 4-1. Cross-sectional SEM image of the porous alloy substrate after the heat-
treatment at 800 °C for 60 h in air (Condition 1).

An aluminum-rich oxide layer with a thickness of 200-400 nm was observed over

the whole surface of the alloy.
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Alloy Oxide layer
| |

STEM

Figure 4-2. STEM image and EDS mappings (raw count maps of O, Al, Cr, and Fe) of
the surface oxide layer of the porous alloy substrate after the heat-treatment at 800 °C
for 60 h in air (Condition 1).

4.3.2 Decrease in electrical resistance of the surface oxide layer of the

alloy by the LSCF coating

Figure 4-3(a) and 4-3(b) show the difference in the interfacial resistance caused
by different heat-treatment conditions. Figure 4-3(a) shows the interfacial resistance of
the porous alloy substrate heat-treated at 800 °C for 60 h and then coated with LSCF
(Condition 2). The initial resistance was about 50 mQcm?, and after 90 h, the resistance
increased to 470 mQcm?. This high electrical resistance comes from the oxide layer that
covers the surface of the alloy. It seemed that some defects in the oxide layer, which
may be generated by a reduction in temperature, caused the relatively low initial
electrical resistance because LSCF grains may come into direct contact with the alloy.
The increase in the electrical resistance with time may correspond to the oxide growth
filling these defects.

In contrast, the interfacial resistance was stable at a relatively low value of
around 20 mQcm? in the case of samples prepared and measured under Conditions 3

and 4. The difference in the time dependence of Condition 3 and 4 seemed to be caused
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by the resistance of the LSCF coating. Because the heat-treatment temperature of
700 °C is not enough for sintering of the LSCF grains, the electrical resistance of
Condition 3 may include the resistance of the LSCF coating. The electrical resistance of
Condition 4 must have decreased over time because of sintering of the LSCF grains at
800 °C. Because the contact area between the porous alloy substrate and the LSCF
coating was larger than in the case of a flat sample, it was estimated to be roughly 10
times larger than the apparent electrode area considering the pore size of the substrate
and the penetration depth of the LSCF coating. The interfacial resistance shown in
Figure 4-4 includes the effect of the increased contact area. Figure 4-3(c) shows the
temperature dependence of the interfacial resistance of samples in Conditions 3 and 4
measured by decreasing the temperature after completing the measurement of the data
in Figure 4-3 (b). Semi-conducting behavior was confirmed by the temperature
dependence; therefore, the interfacial resistance was dominated by electron conduction
through the surface oxide layer and not through direct contact with the LSCF coating

with the metallic state of the alloy.
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Figure 4-3. Interfacial resistance between the porous alloy substrate and the LSCF

coating for samples (a) heat-treated at 800 °C for 60 h in air, coated with LSCF, and
then measured at 700 °C for 90 h (condition 2), and (b) coated with LSCF, heat-treated

at 700 °C or 800 °C for 230 h in air, and simultaneously measured (Conditions 3 and 4).

(c) Temperature dependence of the interfacial resistance and (d) electrical conductivity

after the measurements shown in (b). The literature data for Sr3Al,O¢ [17] is also shown

for comparison.

Figure 4-3(d) shows electrical conductivity of the surface oxide layer under

Conditions 3 and 4,which was estimated using the data in Figure 4-3(c), assuming that

the contact area was 10 times larger than the apparent electrode area and the thicknesses

of the oxide layers were 130 nm and 600 nm under Conditions 3 and 4, respectively.
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4.3.3 Change in crystal structure of the surface oxide layer by the
LSCF coating

Figure 4-4 shows an STEM image and EDS mappings of the surface oxide layer
of the porous alloy substrate after the experiment conducted under Condition 2. The O,
Al, and Sr concentrations in the oxide layer were 63.4, 34.9, and 0.7 at.%, respectively.
The Cr concentration in the oxide layer obtained by the EDS analysis was 0.3 at.%,
which is considered to be below the background level. Figure 4-5 shows a TEM image
of this surface oxide layer; columnar oxide crystals growing in different directions are
represented by arrows. The crystal structure in the circled area in Figure 4-5(a) was

identified as y-Al,O3 by the electron diffraction pattern shown in Figure 4-5(b).

Alloy Okxide layer LSCF
S| |

Figure 4-4. STEM image and EDS mappings (raw count maps of O, Al, Sr, and Cr) of
the surface oxide layer of the porous alloy substrate after the experiment conducted

under Condition 2.
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Figure 4-5. (a) TEM image of the surface oxide layer of the porous alloy substrate after
the experiment conducted under Condition 2. (b) Electron diffraction pattern obtained

from the selected-area shown in (a).

Figure 4-6 shows a STEM image and EDS mappings at the interface of the
porous alloy substrate and the LSCF coating before heat-treatment. We clearly

distinguish the alloy and LSCF, and there was no surface oxide layer formed on the
alloy.
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Figure 4-6. STEM image and EDS mappings (raw count maps of O, Al, Fe, Cr, Sr, La,
and Co) at the interface of the porous alloy substrate and LSCF coating before any heat-

treatment.

Figure 4-7 shows a STEM image and EDS mappings of the surface oxide layer of
the porous alloy substrate after the experiment conducted under Condition 4. The O, Al,
and Sr concentrations in the oxide layer were 58.6, 36.4, and 3.8 at.%, respectively. The
Cr concentration in the oxide layer obtained by the EDS analysis was 0.3 at.% (below
the background level), which means that the surface oxide layer prevented Cr diffusion
outward from the alloy. It is, therefore, suggested that the porous alloy substrate may

suppress vaporization of chromium species in comparison with the case of Fe-Cr alloy.
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Figure 4-7. STEM image and EDS mappings (raw count maps of O, Al, Sr, and Cr) of
the surface oxide layer of the porous alloy substrate after the experiment conducted

under Condition 4.

The microstructure of the surface oxide layer after the experiment conducted
under Condition 4 was observed using TEM as shown in Figure 4-8. A columnar oxide
grew outward in the direction indicated by the arrows in the figure. The electron
diffraction pattern obtained from area 1 in Figure 4-8(a) is shown in Figure 4-8(b) and
indicates a polycrystal of y-Al,O3; the rings were attributed to y-Al,O3 (311), (400), and
(440). The electron diffraction pattern obtained from area 2 in Figure 4-8(a) is shown in
Figure 4-8(c), and the rings were attributed to cubic Sr3;Al,O¢ (511), (250), and (761)
[16]. These electron diffraction patterns suggest a complex structure consisting of y-
Al,O3 polycrystal and Sr3Al,Og crystal. As shown in Figure 4-3(d), the electrical
conductivity of the surface oxide layer was roughly 10°-10* higher than that of Sr3Al,Og
at 800 °C [17]. The activation energies of the electrical conduction for Conditions 3 and
4 were 32 kJ/mol and 31 kJ/mol, respectively, in contrast to that of 188 kJ/mol for
Sr3AlL0e.
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Figure 4-8. (a) TEM image of the surface oxide layer of the porous alloy substrate after
the experiment conducted under Condition 4 and electron diffraction patterns obtained

(b) from area 1 and (c) from area 2.

4.3.4 Mechanism of the growth of the surface oxide layer

Considering the above results, the differences in the surface oxide layers
generated under these experimental conditions are summarized in Figure 4-9. In the
case of Condition 2, Al ions diffuse outward during the heat-treatment to react with
oxygen and result in a columnar structure consisting of y-Al,O3 with different
orientations as shown in Figure 4-9(a). The columnar structure of y-Al,O3 was also
observed by Liu et al. [18] on a FeCrAIRE alloy at 900 °C. This columnar structure is
stable and does not allow any other cations to diffuse, and so the LSCF coating and
further heat-treatment do not change the elemental composition and crystal structure. As
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a result, the interfacial resistance remains high because of the electrical property of y-
Al,O3 and the random direction of the columnar structure.

In the case of Condition 4, some of the Al ions diffusing outward during
oxidation of the alloy react with Sr segregated from LSCF to form Sr3Al,Os. Although
the Sr content in the surface oxide layer is less than 4 at.%, the formation of Sr3Al,O¢
along with y-Al,O3 results in a complex structure consisting of y-Al,O3 polycrystal and
Sr;AlL,Og crystal growing outward in the same direction as a columnar structure as
shown in Figure 4-9(b). The electronic conductivity of the oxide layer was 10°-10*
times higher than that of Sr3Al,Og as shown in Figure 4-9. We hypothesize that the
electronic conduction path was generated at a thin interface of y-Al,O3/Sr3Al,O¢ by a
similar mechanism to that at the hetero-interface of LaAlOs/SrTiO; [19-20] or vy-
Al,O3/SrTiO5[21], in which the polarity discontinuities lead to electronic reconstruction

and significantly enhance the mobility of the charge carriers.
Oxidation ¥-Al,O4

Alloy Alloy
Alloy

Heat-treatment in air

\

LSCF coating Oxidation y-Al,O5and Sr;Al,Of

(b)
Alloy Alloy
Alloy

Heat-treatment in air

Figure 4-9. Schematic diagram of the difference in the microstructure of the oxide

layer formed on the surface of the Fe-Cr-Al alloy.
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The columnar structure arranged perpendicular to the surface may also
contribute to the enhancement of the electronic conductivity by connecting the

conduction path from inside the alloy to the outside.

4.4 Conclusions

The microstructure and electrical resistance of the surface oxide layer of porous
Fe-Cr-Al alloy changes depending on the heat-treatment conditions. A relatively low
electrical resistance was obtained when the LSCF-coated porous alloy substrate was
heat-treated at 700-800 °C in air. The surface oxide layer was a complex structure
consisting of y-Al,O3 polycrystal and Sr;Al,Og crystal growing outward in the same
direction as a columnar structure. We hypothesize that the electronic conduction path
was generated at a thin interface of y-Al,03/Sr3Al,Og by a similar mechanism to that
occurred at the hetero-interface of LaAlOs/SrTiO; or y-Al,03/SrTiOsz, in which the
polarity discontinuities lead to electronic reconstruction and significantly enhance the
mobility of the charge carriers. In addition, the columnar structure arranged
perpendicular to the surface may also contribute to the enhancement of the electronic
conductivity by connecting the conduction path from inside of the alloy to the outside.
In contrast, the surface oxide layer of the alloy showed a high electrical resistance when
the uncoated porous alloy substrate was heat-treated. The surface oxide layer consisted
of columnar y-Al,0O3 growing in various directions and showed a high electrical

resistance due to the electrical properties of y-Al,0s.
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Chapter 5
Modification of the Microstructure of the Surface Oxide

Layer of Fe-Cr-Al Alloy by Coating Materials

Abstract!

We investigated effect of coating materials using LaggSro2MnO3; (LSM),
LaNiosFeo403 (LNF), and PrygSro2MnO3; (PrSM). Relatively low contact
resistances were obtained in all cases when these materials were coated
on the alloy first, and then heat-treated at 700 °C in air, which are the
similar results with the case of LSCF. The surface oxide layer of the
alloy was analyzed by STEM-EDS in detail to clarify the cause of low
electrical resistance. In the surface oxide layer, small amount of La, Ni,
Pr or Sr were observed. It is expected that the same microstructure, as
discussed in Chapter 4, consisting of y-Al,O3 columnar crystal grows
outward in the same direction, and small amount of aluminum compound
with La, Ni, Pr or Sr was formed for each material. In the case of LNF,
the interfacial resistance and activation energy of the electrical
conduction were slightly lower than the other cases. Possibility of
formation of NiAl,O4, with higher electronic conductivity than SrzAl,Og,

between the y-Al,O3 columnar crystals was suggested.

! Hung-Cuong Pham, Shunsuke Taniguchi, Yuko Inoue, Jyh-Tyng Chou, Toru lzumi,
Koji Matsuoka, and Kazunari Sasaki, J. Alloys Comp. (To be submitted).
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5.1 Introduction

The area specific resistance (ASR) of cell should be relatively low for long-term
operation when porous alloy substrate is applied for MSC. In Chapter 4, we found that
the microstructure and electrical resistance of the surface oxide layer of porous Fe-Cr-
Al alloy changes depending on the heat-treatment conditions. We obtained relatively
low electrical resistance with LSCF-coated Fe-Cr-Al alloy at 700-800 °C in air. The
surface oxide layer changed to a complex structure consisting of y-Al,O3 polycrystal
and Sr3Al,Og crystal growing outward in the same direction as a columnar structure by
the LSCF coating and heat treatment. The surface oxide layer does not contain
chromium and may suppress chromium diffusion, which has been one of the critical
issues for the conventional Fe-Cr alloy. Thus, we regard this material as a candidate
material for MSC.

In this chapter, we used various electrode materials such as LaggSro4C0p2FepsO3
(LSCF), LaggSro2Mn0O3; (LSM), LaNigeFepsO3 (LNF), ProgSro2MnO; (PrSM) and
investigated the change in the electrical resistance, microstructure and elemental
composition of the surface oxide layer to clarify the optimum condition for the

application of MSCs.

5.2 Experimental

We measured interfacial resistance between non-porous Fe-Cr-Al alloy and
electrode materials such as LSCF, LSM, LNF or PrSM in the configuration shown in
Figure 3-4. We used non-porous Fe-Cr-Al alloy to compare the interfacial resistances
quantitatively. The samples were firstly coated with these electrode materials and then
heat-treated at 700 °C in air for 230 h while the electrical resistances were
simultaneously measured. We also conducted the same experiments using the porous
alloy substrates as in Chapter 4, and analysed the surface oxide layer by STEM.
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5.3 Results and Discussion

5.3.1 Interfacial resistances for different electrode materials

Figure 5-1 shows the interfacial resistances between the non-porous alloy
substrates for different electrode materials. The interfacial resistances were relatively
low and stable for 230 h not only for LSCF but also for the other electrode materials.
We think that the low interfacial resistance was caused by the coating condition, in
which the samples were firstly coated with these electrode materials and then heat-
treated in air. The interfacial resistances in this chapter were approximately 10 times
higher than the results in Chapter 4. The difference in the interfacial resistance came
from the difference in contact area between the alloy and the electrodes.

Figure 5-2 shows the temperature dependence of the interfacial layers measured
by decreasing the temperature after completing the measurement in Figure 5-1. Semi-
conducting behavior was confirmed as discussed in Chapter 4. Therefore the interfacial
resistance was dominated by electron conduction through the surface oxide layer. The
activation energy of the electronic conduction through the surface oxide layer for LSCF,
LSM, LNF and PrSM derived from Figure 5-2 were 30.3 kJ/mol, 30.13 kJ/mol, 18.8
kJ/mol, 27.2 kJ/mol, respectively. The interfacial resistance for LNF was slightly lower,
and activation energy of the electronic conduction was also slightly lower than the other
cases. Thus, possibility of formation of higher conductive material was suggested in the
case of LNF. Activation energies for LSCF, LSM, and PrSM were almost the same,
even though the interfacial resistance for PrSM was slightly higher than the other cases.
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Figure 5-1. Interfacial resistances between the non-porous alloy substrate and

electrode materials at 700 °C in air.
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Figure 5-2. Temperature dependence of the interfacial resistance after the

measurements shown in Figure 5-1.
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5.3.2 Elemental composition of the surface oxide layer

Figure 5-3 shows an STEM image and EDS mappings of the surface oxide layer
of the porous alloy substrate and LSCF coating after heat treatment at 700 °C for 230 h
in air. An aluminum-rich oxide layer with a thickness of about 100 nm was observed
over the whole surface of the alloy. The O, Al, and Sr concentrations in the oxide layer

were 58.6, 35.6, and 3.97 at.%, respectively as shown in Figure 5-4.

Figure 5-3. STEM image and EDS mappings (raw count maps of Al, Cr, Fe, O, La, Sr

and Co) of the surface oxide layer of the porous alloy substrate coated with LSCF and
heat-treated at 700 °C for 230 h in air.
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AlK 40.51 35.59
CrK 0.84 0.38
FeK 1.85 0.78
OK 39.59 58.66
LaL 1.79 0.31
SrL 14.67 3.97
Cok 0.75 0.3

Figure 5-4. STEM image and elemental composition of the surface oxide layer of the
porous alloy substrate coated with LSCF and heat-treated at 700 °C for 230 h in air.

Figure 5-5 shows an STEM image and EDS mappings of the surface oxide layer
of the porous alloy substrate and LSM coating after heat treatment at 700 °C for 230 h
in air. The O, Al, La, and Sr concentrations in the oxide layer were 56.71, 40.25, 0.91

and 0.48 at.%, respectively as shown in Figure 5-6.
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Figure 5-5. STEM image and EDS mappings (raw count maps of Al, Cr, Fe, O, La, Sr
and Mn) of the surface oxide layer of the porous alloy substrate coated with LSM and
heat-treated at 700 °C for 230 h in air.

| Elemental | W% | At%
AIK

48.71 40.25
CrK 0.98 0.42
FeK 1-71 0.68
OK 40.70 56.71
LaL 2.97 0.48
St 3.56 0.91
MnK 1.36 0.55

Figure 5-6. STEM image and elemental composition of the surface oxide layer of the
porous alloy substrate coated with LSM and heat-treated at 700 °C for 230 h in air.
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Figure 5-7 shows an STEM image and EDS mappings of the surface oxide layer
of the porous alloy substrate and LNF coating after heat treatment at 700 °C for 230 h in
air. The O, Al, La, and Ni concentrations in the oxide layer were 62.51, 32.54, 0.85 and

2.38 at.%, respectively as shown in Figure 5-8.

Figure 5-7. STEM image and EDS mappings (raw count maps of Al, Cr, Fe, O, La and
Ni) of the surface oxide layer of the porous alloy substrate coated with LNF and heat-
treated at 700 °C for 230 h in air.
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39.38 32.54

CrK 1.34 0.58
FeK 2.87 1al5
OK 44.86 62.51
LaL 5.27 0.85
NiK 6.28 2.38

Figure 5-8. STEM image and elemental composition of the surface oxide layer of the
porous alloy substrate coated with LNF and heat-treated at 700 °C for 230 h in air.

Figure 5-9 shows an STEM image and EDS mappings of the surface oxide layer
of the porous alloy substrate and PrSM coating after heat treatment at 700 °C for 230 h
in air. We clearly observed O, Al, La, and Ni mapping at the interface, and the O, Al,
and Pr concentrations in the oxide layer were 63.54, 34.36, and 0.9 at.%, respectively as

shown in Figure 5-10.
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Figure 5-9. STEM image and EDS mappings (raw count maps of Al, Cr, Fe, O, Pr, Sr

and Mn) of the surface oxide layer of the porous alloy substrate coated with PrSM and
heat-treated at 700 °C for 230 h in air.

e | ok
AlK 44.85 34.36
CrK 0.48 0.19
FeK 1.33 0.49
OK 45.60 63.54
PrL 6.09 0.90
SrL 0.70 0.16
MnK 0.94 0.35

Figure 5-10. STEM image and elemental composition of the surface oxide layer of the
porous alloy substrate coated with PrSM and heat-treated at 700 °C for 230 h in air.
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5.3.3 Microstructure of the surface oxide layer of the alloy

As we confirmed in Chapter 4, in the case of LSCF-coating, the surface oxide
layer was a complex structure consisting of y-Al,O3 polycrystal and Sr3Al,O¢ crystal
growing outward in the same direction as a columnar structure. We believe that the
similar microstructure was obtained in the surface oxide layer for LSM-, LNF- and
PrSM-coating, because the interfacial resistance was relatively low and stable for each
case. Small amount of La, Ni, Pr was also observed in the surface oxide layer, which
may contribute electronic conduction as Sr in the case of LSCF-coating. We assume that
v-Al,03/Sr3Al,06 (in the case of LSM), y-Al,O3/NiAl,O4 (in the case of LNF), and y-
Al,O3/PrAlO; (in the case of PrSM) formed between y-Al,O3 columnar polycrystal

growing outward in the same direction.

5.4 Conclusions

We obtained relatively low interfacial resistances when we used LSM, LNF or
PrSM for the electrode materials, which are the similar results with the case of LSCF. In
the surface oxide layer, small amount of La, Ni, Pr or Sr were observed. It is expected
that the same microstructure, as discussed in Chapter 4, consisting of y-Al,O3 columnar
crystal growing outward in the same direction, and small amount of aluminum
compound with La, Ni, Pr or Sr was formed for each material. In the case of LNF, the
interfacial resistance and activation energy of the electrical conduction were slightly
lower than the other cases. Possibility of formation of y-Al,O3 /NiAl,O4, with higher
electronic conductivity than y-Al,03/Sr3Al,Og, between y-Al,O3 columnar crystals was

suggested.
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Chapter 6
Durability of the Fe-Cr-Al Alloy with the Modified Surface
Oxide Layer

Abstract *

We investigated long-term durability of the oxidation resistance of
the LSCF-coated Fe-Cr-Al alloy at 700 °C by measuring the mass gain,
surface oxide thickness, and electrical resistance at different
temperatures from 700 to 900 °C. Relatively low interfacial resistance
were obtained at 700, 800, and 900 °C, and the mass gain followed the
parabolic law of Wagner’s theory over the whole period investigated. By
extrapolation of the data, we estimated that operation of 17,000 h at
700 °C is equal to that of 230 h at 900 °C, and the interfacial resistance
was estimated to become 53 mQcm?from the initial value of 20 mQcm?.
Therefore, we regarded this material as a candidate material which can

show durability for commercialization.

! Published in Hung-Cuong Pham, Shunsuke Taniguchi, Yuko Inoue, Jyh-Tyng Chou,
Toru lzumi, Koji Matsuoka, and Kazunari Sasaki, ECS Trans., 68(1) (2015)1715-1720.
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6.1 Introduction

There have been a number of studies concerning MSCs using Fe-Cr alloys as
porous substrate materials, which form semiconductor of Cr,O3 scales on their surfaces
[1-3]. The scale grows owing to the transport of charged ionic species under an oxygen
potential gradient through the alloy/scale/gas interface [4], and the growth may result in
a significant increase in the cell resistance during long-term operation. In general,
oxidation of metal can be accelerated by increasing temperature. Hammer et al. [5]
conducted an accelerated test for a Fe-16Cr alloy and found that the thickness of the
surface chromium oxide layer after 1,500 h at 900 °C was equal to that after 16,000 h at
800 °C.

In this chapter, we tried acceleration tests to evaluate durability of the Fe-Cr-Al
alloy, previously revealed to show promising characteristic in Chapters 4 and 5. The
oxidation resistance of an LSCF-coated Fe-Cr-Al alloy in a long-term at 700 °C in air
was investigated, assuming the operating temperature of the MSC is around 700 °C. We
measured the mass gain, surface oxide thickness, and electrical resistance by increasing
temperature from 700 to 900 °C as acceleration tests to clarify the durability of the Fe-

Cr-Al porous alloy substrate.

6.2 Theoretical background of oxidation of metal
In one dimension, the diffusion coefficient D is given by Brownian’s equation,

p=-1tox?
2

1)

where (X?) is the mean-square distance that an atom jumps in a single site change and
G is the jump rate (sec™). The diffusion coefficient D may also be defined in terms of
Fick’s law, an empirical relation which states that the rate of mass flow j through a unit

area is proportional to the concentration gradient VC.
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To derive the equation for the rate of oxide growth, we consider the motion of the
mobile species, a current flux of charged particles j is affected by diffusion along a

concentration gradient and motion in any electric fields present. Therefore,

J.(X) = —DGM+ EC.(X)u,

dt ©)
and
500 =-0, 55 ec x)

dt (4)

where subscripts i and e refer to mobile ions and electrons, respectively. X is the
distance in the films measured from the metal/oxide interface, C(X) is the position-
dependent concentration, and u is the particle mobility. Enstein’s relation between the

diffusion coefficient and mobility is the following equation.

b =KkT/ze

# (®)
Where k is the Boltzmann constant and ze is the charge on the diffusing particle.
Eliminating E in above equation (3), (4), and assuming a steady state (j,,j; =j) and z =
1, then,

1 1 1 dC 1 dC
+ ) =KT /¢e( £+ '
C.(X)p,  C(X)n C,(X) dX  C(X) dX

I( ) (6)

If 6 is the total conductivity of the semiconductor, then the transference number ¢, and
t; (the fractions of the conductivity resulting from electrons and ions, respectively) are

defined by the following equations.
t.0 =eC.u, ()
t5 =eCyy (8)

Since C, and C; is equal C by charge neutrality and u, > u;, t, > t;, therefore, t, = 1,
(t. + t; = 1), and equation (6) may be approximated by the following equation.
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__,tkT dC .
. dC
-_2D —

Or J X (10)

For a certain thickness of thin film X, equation (10) may be approximated by the
following equation,

C -G
X

0o

j=-2D, (11)

where C; and C, are the fractions of cation vacancies at the metal/oxide and oxide/gas
interfaces, respectively. The film growth rate, dX/dt, is equal to the current flux
multiplied by the volume associated with each metal in the oxide:

X _op GGy (12)
dt X

0

At time t, corresponding to X, , equation (12) may be compared to the empirical

relation,
d—X—E 13
it X (13)

where K (cm?s™) is the parabolic rate constant. Integration of equation (13) yields,
X? = 2Kt (14)

thus, if we can assume the same oxidation mechanism at 700 and 900°C, we can

calculate the thickness of the metal oxide.

Estimation of long-term durability by increasing temperature

Based on equation (14), we can express relationship between the thickness (xq4) Of the

metal oxide at 900°C and the operation time (tgq)-

Xsoo = 2Kgootgoo (15)
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We also express relationship between the thickness (x,,) of the metal oxide at 700°C

and the operation time (t,o )-

X7200 = 2K p0t700 (16)
When we want to accelerate the oxidation at 700°C, we can increase the temperature to,
for example 900°C. Rate constant Ko, increases (compared to K-,), and the time tq,

to reach a certain thickness ( x;99 = Xq¢0) decreases.

Therefore, we can estimate the value of t,o, (= durability at 700°C) using the
experimental data at 900°C in a short term, based on the equation (15) and (16) as
follows.

— K900t900 (17)

t.. =
700 K
700

6.3 Experimental

We measured the interfacial resistance between the porous alloy substrate and
LSCF coating at 700, 800, and 900 °C in air in the configuration shown in Figure 3-4.
To evaluate durability, we measured the mass gain at 700 and 900 °C in air using an
LSCF-coated Fe-Cr-Al alloy plate (20 mm x 20 mm x 0.65 mm) with the same
chemical composition as the porous alloy substrate. After these measurements, we
analysed the surface oxide layer by SEM and STEM.

6.4 Results and discussion

6.4.1 Interfacial resistances of the alloy at different temperatures

Figure 6-1 shows the interfacial resistance of the LSCF-coated porous alloy
substrate at 700, 800, and 900 °C in air. The interfacial resistance was calculated using
an apparent electrode area. The interfacial resistance was stable at 700 and 800 °C, but
it increased to 38 mQcm? at 900 °C for 230 h. Figure 6-2 shows the temperature
dependence of the interfacial resistance after 230 h following the measurement at
900 °C. Semi-conducting behavior was confirmed by the temperature dependence.

Therefore, the interfacial resistance was dominated by electron conduction through the
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surface oxide layer and not through direct contact with the LSCF coating with the

metallic state of the alloy.

50
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30-

25 -
20 -
R—
15 -
10 -
5_
0 T T T T
0 50 100 150 200 250
Time/h

2

—=—700 °C in air

Interfacial Resistance / mQ.cm

Figure 6-1. Interfacial resistance of the LSCF-coated porous alloy substrate
at 700, 800, and 900 °C in air.
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Figure 6-2. Temperature dependence of the interfacial resistance after

the resistance measurement at 900 °C shown in Figure 6-1.
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6.4.2 Weight increases of the alloy at different temperatures

Figure 6-3 shows the mass gain of the LSCF-coated alloy plate at 700 and
900 °C in air. The mass gain followed the parabolic law (mass gain = kTY2) of Wagner’s
theory over the whole period investigated (~230 h). The mass gain comes from the
growth of the surface oxide layer, and the mass gain at 900 °C is much higher than that
at 700 °C. We derived equations for the mass gain at 700 and 900 °C as a function of t
where t is the time, as shown in Figure 6-3(b). Figure 6-4 shows the long-term mass
gain at 700 °C in air as estimated by extrapolation of the data in Figure 6-3(b). As an
example, the mass gain after 17,000 h of operation at 700 °C was estimated to be 0.34

mg/cm?, which is equal to that after the 230-h test at 900 °C.
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Figure 6-3. Mass gain of the LSCF-coated Fe-Cr-Al alloy plate
at 700 and 900 °C in air.
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Figure 6-4. Estimation of the mass gain of the LSCF-coated alloy plate in air at 700 °C
by extrapolation of the data in Figure 6-3.

6.4.3 Thickness and elemental composition of surface oxide layer after
the heat treatments

Figure 6-5 presents an STEM image and EDS mappings of the surface oxide
layer of the alloy plate and LSCF coating after 230 h at 700 °C in air. In the case of a
porous alloy substrate, we already know the Al,O3-based oxide layer contains about 3—4
at% of Sr [6].
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Figure 6-5. STEM image and EDS mappings (raw count maps of O, Al, Cr, Fe, La, Co,

and Sr) of the surface oxide layer of the alloy plate after measurement of the mass gain
at 700 °C for 230 h in air.

Figure 6-6 presents an SEM image and EDS mappings of the surface oxide layer
of the LSCF-coated alloy plate after 230 h at 900 °C in air. The thickness of the surface
oxide layer was about 2.2 um. Chromium oxide appeared inside the Al,O3-based oxide
layer. On the assumption that the oxidation mechanism at 900 °C is the same as that at
700 °C, Figure 6-6 should reflect the oxidation state after 17,000 h at 700 °C. The
interfacial resistance of the LSCF-coated porous alloy substrate after 17,000 h at 700 °C
is estimated from the data in Figure 6-2 to be about 53 mQcm?.
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Figure 6-6. SEM image and EDS mappings (raw count maps of O, Al, Cr, Fe, La, Co,
and Sr) of the surface oxide layer of the LSCF-coated alloy plate after measurement of
the mass gain at 900 °C for 230 h in air.

6.5 Conclusions

We evaluated long-term durability of the Fe-Cr-Al alloy coated with LSCF by
increasing temperature as acceleration tests. We measured the mass gain, surface oxide
thickness, and electrical resistance by increasing temperature from 700 to 900 °C. The
mass gain of the alloy at 700 and 900 °C followed a parabolic law. By extrapolation of
the data, we estimated the mass gain after 17,000 h at 700 °C to be equal to that after
230 h at 900 °C. We thus estimated that the interfacial resistance of the porous alloy
substrate at 700 °C will increase from 20 mQcm? to 53 mQcm? after 17,000 h of

operation based on the results at 900 °C after 230 h in air. Therefore, we regarded this
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material as a candidate material for commercialization, even though the durability

estimated in this chapter is still need improvement.

References

[1] P. Blennow, J. Hjelm, T. Klemensg, A. H. Persson, S. Ramousse, M. Mogensen,
Fuel Cells, 11, (2011) 661.

[2] R. Sachitanand, M. Sattari, J.-E. Svensson, J. Froitzheim, Int. J. Hydrogen Energy,
38, (2013) 15328.

[3] M. C. Tucker, J. Power Sources, 195, (2010) 4570.

[4] H. Liu, M. M. Stack, S. B. Lyon, Solid State lonics, 109, (1998) 247.

[5] J. E. Hammer, S. J. Laney, R. W. Jackson, K. Coyne, F. S. Pettit, G. H. Meier, Oxid.
Met., 67, (2007) 1.

[6] H.-C. Pham, S. Taniguchi, Y. Inoue, J.-T. Chou, T. Izumi, K. Matsuoka, K. Sasaki,
J. Power Sources, 297 (2015) 181.

89



W JUM K

=  KYUSHU UNIVERSITY

PHAM Hung-Cuong

Chapter 7

Conclusions and Perspectives
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7.1 Microstructure and Electrical Resistance of Surface Oxide Layer of
Fe-Cr-Al Alloy

This dissertation deals with a material of Fe-Cr-Al alloy for metal-supported
SOFC (MSC) and investigated its property as porous substrate such as electrical
resistance and heat resistance, which are important factors for commercialization. The
Fe-Cr-Al alloy generally shows high oxidation resistance in air because of the formation
of mainly alumina-based oxide layer on the surface as a protective layer. The oxide
layer is stable at high temperature, and it can prevent the chromium poisoning from the
alloy to the electrode materials.

We succeeded in decreasing electrical resistance of the surface oxide layer of the
Fe-Cr-Al alloy in Chapter 4. A relatively low electrical resistance was obtained when
the LSCF-coated porous alloy substrate was heat-treated at 700-800 °C in air. The
surface oxide layer was changed to a complex structure consisting of y-Al,O3
polycrystal and Sr3Al,O¢ crystal growing outward in the same direction as a columnar
structure. We hypothesize that the electronic conduction path was generated at a thin
interface of y-Al,O3/Sr3Al,Og, in which the polarity discontinuities lead to electronic
reconstruction and significantly enhance the mobility of the charge carriers. The
columnar structure arranged perpendicular to the surface may also contribute to the
enhancement of the electronic conductivity by connecting the conduction path from
inside of the alloy to the outside. In contrast, the surface oxide layer of the alloy showed
a high electrical resistance when the uncoated porous alloy substrate was heat-treated.
The surface oxide layer consisted of columnar y-Al,O3 growing in various directions
and showed a high electrical resistance due to the electrical properties of y-Al,Os.

We obtained the similar results with the case of LSCF using LSM, LNF or PrSM
for the electrode materials in Chapter 5. In the surface oxide layer, small amount of La,
Ni, Pr or Sr were observed. We think that the same microstructure as described above
was formed for each material, in which small amount of aluminum compound with La,
Ni, Pr or Sr may exist between y-Al,O3 columnar crystal growing outward in the same
direction. In the case of LNF, the interfacial resistance and activation energy of the
electrical conduction were slightly lower than the other cases. Possibility of formation
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of y-Al,03/NiAl,O4, with higher electronic conductivity than y-Al,03/Sr3Al,Og,
between y-Al,O3 columnar crystals was suggested.

We evaluated long-term durability of the Fe-Cr-Al alloy coated with LSCF by
increasing temperature as acceleration tests in Chapter 6. We measured the mass gain,
surface oxide thickness, and electrical resistance by increasing temperature from 700 to
900 °C. The mass gain of the alloy at 700 and 900 °C followed a parabolic law. By
extrapolation of the data, we estimated the mass gain after 17,000 h at 700 °C to be
equal to that after 230 h at 900 °C. We thus estimated that the interfacial resistance of
the porous alloy substrate at 700 °C will increase from 20 mQcm? to 53 mQem? after
17,000 h of operation based on the results at 900 °C after 230 h in air. Therefore, we
regarded this material as a candidate material for commercialization, even though the
durability estimated in this study still needs improvement. Figure 7-1 summarizes the

results of this study.

» Columnar structure (y-Al,0;)
growing in the same direction.

» Electronic conduction through

—— = Hetero-interface

SrAl,0q Y-Al,0, /Sr,Al,O, or y-Al,0, /NiAl,0,

Alloy —> €  Hetero-interface

hetero-interface
» High durability can be expected.

> No Cr at the surface oxide layer.

Figure 7-1. Unique microstructure of the surface oxide layer on the Fe-Cr-Al alloy and

enhancement of electronic conduction clarified in this study.
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7.2 Outlook for future works

We have clarified that the Fe-Cr-Al alloy can be applied for the porous alloy
substrate of MSCs. We can expect high durability of MSCs using this material because
of not only its stability but also less chromium evaporation.

However, we need to investigate the following issues in more detail as the future
works, which may be required for commercialization of MSCs and also for

development of new materials.

» Understanding the mechanism of oxide growth and electron conduction in more
detail by high resolution analysis. For example, crystal structure can be
identified by fast fourier transformation (FFT) using high resolution TEM image.
Figure 7-2 shows an example of FFT analysis for y-Al,O3 in the surface oxide
layer.

> Detailed study on defect chemistry of the complex oxides such as SrzAl,Og and
NiAl,O,4 and the hetero-structure.

> Improvement of electron conductivity and long-term durability by modifying the
crystal structure and elemental composition of the surface oxide layer.

» Development of fabrication procedure of MSCs using the alloy as porous alloy
substrates.

> Development and Demonstration of SOFC stacks and systems using HSCs.
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Figure 7-2. High resolution TEM image and FFT image indicating existence of y-Al,0s.
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Figure 7-3. Future works for commercialization of MSCs and

development of new materials.
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