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Table 1-1.
characteristics*®®

Summary of the five main types of fuel cells and their principal

Schematic illustration of the operating principles of solid oxide fuel cells; (a)
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Figure 1-2 Electrochemical potential across the electrolyte.
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Table 1-3. Reported values of electrical conductivity at 1273 K used as cell components

Component Materials Conductivity/Sm1 Reference
Cathode Lao.sSro.2MnOs 2.1x 104 (24)
Electrolyte Zr02-8mol%Y203 10 (25)
Anode Ni/YSZ cermet 2.0 x 104 (26)
Interconnect Lao.2Sro.sCrOs 1.4 x 103 27

Reference electrode

N

Glass sealant

Pt mesh ‘é

N

To electrochemical
measurement system

To electrochemical

_ Air — _
ﬂ Quartz tube
4‘-//7
/Pt -13%Rh wire
L1 .
regimi= 7 Pt wire
T
Ve A// h l
Thermocouple
//
1
.‘ - Electrolyte
72/ \:\ y
< [ Anode
in _‘\ Electric furnace
H2/H:0 | Pt wire
4//

measurement system

Figure 1-4. Schematic illustration of experimental apparatus for measuring cell
performance and distribution of polarization.
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Figure 1-5 Plot of voltage versus current density showing different types of polarizations

such as ohmic polarization, anodic polarization and cathodic polarization at 1273
K8,
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Figure 1-6. Grove's fuel cell device to show a direct conversion of chemical energy to
electric energy using electrochemical cell. Oxygen and hydrogen in the tubes over the
lower reservoirs react in sulfuric acid solution to form water. The electrons produced
electrolyze water to oxygen and hydrogen in the upper electrolyzer cell, which function as a
voltmeter™®”.
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Figure 1-7. The phase diagram for ZrO,-Y,0j3 binary system in ZrO, rich region®”.
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Figure 1-8. Schematic illustration of fluorite structure, (a) the unit cell is based on the
face-centered cubic packing of cations, (b), (c) the unit cell based on the simple cubic of
anions and (d) the size of the octant®).
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(a) (b)

Figure 1-10. Schematic illustrations of single cells; (a) self-supported type structure
and (b) anode-supported type structure.
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Schematic illustration of a Siemens-Westinghouse tubular SOFC; (a) single
(62)

Figure 1-11.
cell design and (b) multi-cell generator module design concept
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Figure 1-12. Schematic illustration of the segmented-in-series tubular cell design.
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Figure 1-13. Schematic illustration of a planar type SOFC.
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Figure 1- 14. Schematics of anodic reactions at the triple phase boundary of site @ and
site , showing interpenetrating of pores, electric conductor (Ni) and oxide ion conductor
(YSZ) for oxides ions.
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Figure 2-1. Schematic illustration of electron transfer to the reaction sites of Ni marked
through| E};[A], [B] and [C] are active sites while non-active for [D] and [E] due to no electrical
connection to interconnect.
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Table 2-1. Volume fractions of Ni and YSZ, and porosity of porous Ni/YSZ cermet samples
for electrical conductivity measurements

Sample Ni-volume fraction  YSZ-volume fraction Porosity, P
of total solids, X of total solids

V-0 0.00 1.00 0
V-10 0.10 0.90 0.09
V-20 0.22 0.78 0.16
V-30 0.32 0.68 0.20
V-40 0.44 0.56 0.29
V-50 0.54 0.46 0.28
V-60 0.63 0.37 0.30
V-70 0.72 0.28 0.35
V-100 1.00 0.00 0

BREEEREICH L7z NYYSZ — A v MILLTOTFIEIZ L7 »> TER L, FiE&
D NiO ¥R GRJIERLZ, S 99.9 mass%ll F) BIOYSZ ¥R (Y — TZ-8Y, #i
J% : ZrOz2: 92 mol%, Y20s: 8mol%) (ZfEAAIE LTHRY B =17 F 7 —/L(PVB)ZMA T
YTZ (yttria-stabilized tetragonal zirconia polycrystals)AR— L I /L% VT 86.4 ks
Bh)H, 1BE L=, BoNmIBEKIA%E 100 MPa OF 1 TEA 60 mm , JEE 5 mm O
FBCRIZT VAR L7005, KEH 1728K T 21.6 ks Bk L72, b2 2z 1273K,
N2-4%Hz ZZPHEH T 43.2 ks (12h) {#FFL T NiO % Ni (Z#sc L, Ni/YSZ ¥ — 2 v h &%
7o BUBZRMNILIZOWTIE, Ni7'L— b (=72, #E 99.9 masshll k) #Hwiz, 2
ZH5H 3mmx 4 mm x40 mm OEGEZEYY H UEREEENEICA L, £2-11%
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Figure 2-2. Schematic illustration of specimen for electrical conductivity measurement by
DC-four terminal method.
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Figure 2-3. Schematic illustration of experimental apparatus for electrical conductivity
measurement of Ni/YSZ cermet at high temperatures.
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Figure 2-4. Schematic illustration of a site percolation on the two-dimensional square
lattice showing a percolation cluster and isolated clusters.
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Figure 2-5.  Schematic illustration of a bond percolation on the two-dimensional square
lattice showing a percolation cluster and isolated clusters.
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Figure 2-6. A simple cubic model of porous Ni/YSZ cermet. Both black (Ni) and white
(YSZ) unit cubes are piled randomly into a 36 x 36 x 36 cube.

Pore

Figure 2-7. Location of Ni, YSZ and pore phases in the simple cubic model. Each site
is occupied by Ni or YSZ particles and pores are situated in the sides of the sites. “A”
represents a neck of Ni phase and “B” as an interface between Ni and YSZ.
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Figure 2-8. Schematics of Hoshen-Kopelman algorithm how to distinguish percolation
clusters using a 6 x 6 square lattice (a) distribution of Ni and YSZ labeled by “-1” and “0”,

respectively, (b) the results of the first cycle of numbering of Ni following the order from
left to right and bottom to top, (c) re-numbered result of multiple labelling cycles.
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Figure 2-9. Plots of electrical conductivity of Ni/YSZ cermets, g, versus the Ni-volume
fraction of total solids, X, showing a percolation threshould, X. , of 0.32.
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Figure 2-10. Arrhenius plot of electrical conductivity of Ni/YSZ cermets at temperatures
from 1073 to 1273 K. Values of apparent activation energy are also shown for comparison.
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Figure 2-11. Plot of apparent activation energy for electrical conductivity of Ni/YSZ
cermet versus the Ni-volume fraction of total solids, X.
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Figure 2-12. Percolation probability P(X) and the volume fraction of Ni site forming
conduction clusters P¢(X) as a function of the volume fraction of Ni site, X.
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Figure 2-13. Time dependence of electrical conductivity of the Ni/YSZ cermet with the
Ni-volume fraction of total solids, X, of 0.44 at 1273 K.
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Figure 2-14. SEM (left) and Ni-Ka(right) images of the fracture surface of a Ni/YSZ
cermet with the Ni-volume fraction of total solids of 0.44; (A) and (A) : Initial morphology,
(B) and (B’): after electrical conductivity measurement for 1800 ks (500h) at 1273 K
morphplogy.
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Figure 2-15. Distributions of Ni and YSZ sites in a two-dimensional square lattice. The
sequence (a) to (b) shows the sintering of Ni in Ni/'YSZ cermets. The unit size of Ni in a
conduction cluster is increased to twice by sintering.
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Figure 2-16. (a) Ratio of the Number of Ni sites in the conduction clusters to that of total
sites, Py(X); (b) Ratio of the number of Ni sites in the conduction clusters to that of the
total Ni sites, Ps(X)/X ; (c) The number of the conduction clusters versus Ni site fraction,
X, respectively.
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Figure 2-17. Plot of the percolation threshold X. versus the size ratio of conductor to
insulator. The data points(O) and (@) are the results from the computer simulation and
the measurement ,respectively in this study. (A) and (H) are experimental results for
Ni-polyethylene composites *? and Ni/YSZ cermet ©.
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Table 2-2. List of selected percolation thresholds for various three-dimensional lattices®.
“Site” refers to the site percolation and “Bond” to the bond percolation

Percolation threshold Coordination
Lattice
Site Bond number
Diamond 0.43 0.388 4
Simple cubic 0.3116 0.2448 6
0.324*
BCC 0.246 0.1803 8
FCC 0.198 0.119 12

* Present study
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il 2 OB ERL A/ AEFARLA > D 72 DIREWIT OV TEBED B IR E S -2 R
F2-3ICF L Wi, BEHMEIL 0.06 05 0.756 OJAFIFHIZ A LT\ 5, Zh b OfEIFE
KL OFNIEL, $5 X OUE MK 1 & MR IR 1 D P A REIZKRE HKFFL TV D

W/AL203 DiZERIfE 0.47 1% Clayey tree-network model®Z— L T\ 5, &@/ Y D
RORGHEL, =R TFETMCS EOSRBRAME LY 0270 K&V, ZHhiTe B
T CEIR) 22U R (kkik) NBIEIAR S 572 Th D, Kiid v ) Whit CHED
NIZEBRLX, 2V WRAPERIRTH 2551 L CTiRE Y 7 AZ —BliE< 720, &
SACEEME T 56D,
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Ni ki CGEfR) AU =F LT (ERIK) OV A XEEORFBRBIEI R 5 8 & 35
(ZAAT209, 4 5 ORER A 2-17T IR T2, BRI T 59 A X/ hEs <78
WZONTREREN NS 8o TEY, ZOFANEITAD I 2 b—r 9 URERIIEIFE—EL
T35,

NV/YSZ H— A > MZOWTIE, Nikif-& YSZ R OH A XAUEIEE LU Dees b DO
ROIATERERIIZIE T 5, Ni & YSZ ORI 0.5 : 1 OBFEO, <52 YSZ ki

% Ni THEE LIcEER 2 W25 a0, REBEIIAFERS R LD b/,
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Table 2-3.  Summary of experimental results on percolation thresholds of conductor-
insulator binary systems

System Percolation threshold, X Reference
Ag/Al:03 0.2 18
Ag/bakelite 0.37 18
W/AL203 0.47 28
Mo/SiO2 0.75 29
Cr/SiO2 0.6 30
Ni/SiO2 0.6 31
Silver paint 0.1 32
Ni/polyethylene powders 0.06 ~ 0.30 19
Al/plastic spheres 0.15 33
Ni/YSZ 0.32 Present study
Ni/YSZ 0.30 6
Ni/YSZ 0.25 9
Ni/YSZ 0.20 8
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Figure 2-18. Comparison of experimental conductivity data of porous Ni/YSZ cermet ,
o and calculated conductivity of Ni phase in the cermet based on equation (2-2).
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Figure 2-19 A Model for the effective medium theory. (a) The shaded grain with
dielectric constant £ surrounded by grains with &, , &5, = = *, &p1, OF &n (D)
Situation that surrounding grains are replaced by a single medium of uniform dielectric
constant &p,.
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Figure 2-20. Valuation of experimental and calculated conductivity of porous Ni/YSZ
cermet, ¢, with the Ni-volume fraction of total volume, Vy;, and porosity P of 0, 0.10 and
0.30 at 1273 K.
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Figure 2-21 Schematic illustrations for interfacial resistance with combinations of Ni
and YSZ cubes with the edges of 1um in length and their equivalent circuits; (a) Ni-Ni, (b)
YSZ-YSZ and (c) Ni-YSZ. Rni = 4.9 x 10'Q, Rysz i = 5.5 x 10°Q , Rysz e = 5.6 x 10’ Q,
Rysz h = 5.6 X 10"Q and Ry = 10" ~10° Q.
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Figure 2-22 Valuation of experimental and calculated conductivity of the porous Ni/YSZ
cermet, ¢ with the Ni-volume fraction of total solids, X and porosity, P of 0, 0.10 and 0.30
at 1273 K. Numbers near symbols present porosities.
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Figure 2-23 Variation of experimental and calculated conductivity for the porous Ni/YSZ
cermet, . with the Ni-volume fraction of total solid, X at 1273 K, in which numbers near
symbols present porosities. Comparison is made at porosity, P of 0, 0.10 and 0.30.
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Figure 2-24. Comparison of the two types calculated electrical conductivity, a. employing
MEMTand EMT by equation (2-24) and (2-23), respectively, for expressing for porous Ni/YSZ
cermets with the measured ones at 1273 K.
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K) IZBWT Nifl & YSZAISAHET DRSS ORE 24TV, BUZIE - IS8 OF UK

TEPEIZDOWTH LN L, & LIS HTBEMBRRIC OV THRETT 5,

3.2 ERAE

3.2.1 HHDEH

BIZsRRIE, FREEISIE & b IR DB F o, BEHILL T OFIEIC Li»> T
TR L7z, AT & NiO Bk (B)IEMEY:, HEE 99.9 mass%PA ) SR ONYSZ Bk (R
Y — TZ-8Y, ZrO2-8mol%Y20s) IZfE#EA & L THRY =17 F 77— L(PVB) & Il 2 T YZT
(yttria- stabilized tetragonal zirconia polycrystals)BlR —/L 2 /L& T 8.64 x 104s (24
hRES, L7z, BONTIRAKmEREZ 100 MPa OJE/JTT L AR LI=DOH, K&H
1723K THERL L CEAS 20mm, JEE 10mm O~ v b &H, S6ICZhz 1273 K,
N2-4%Hsz F2PHS H T 8.6 x 105s fFF L C NiO % Ni (Z#c L, EfE 10 mm, EX 6 mm (2
R LTz b O & GGk Uiz, 228, MiNLIZIEINL 7 L— k(=7 =2, 575 10mm x 10mm,
JEX 6mm, HFE 99.9 mass%ll b) ZH, Y—RA v b ERERICEVLEE L 72 b O 2 fHEGE
B L7,

Table 3-1. Composition and porosity of porous Ni/YSZ cermet samples

Volume fraction of  Volume fraction of

Sample Ni of total solid, YSZ of total solid, Por(l)sity ’
X Xvsz
V-0 0.00 1.00 0.00
V-10 0.10 0.90 0.09
V-20 0.22 0.78 0.16
V-30 0.32 0.68 0.19
V-40 0.44 0.56 0.29
V-50 0.54 0.46 0.27
V-60 0.63 0.37 0.31
V-70 0.72 0.28 0.32
V-100 1.00 0.00 0.00
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Figure 3-1. (a) Axial convention used in residual stress measurements. 0;(i=1, 2, 3),
oj (j = x, y) are the sample and laboratory systems, respectively, and are related by @
and w. The diffracting planes are normal to OP. (b) Diffractometer focusing conditions
for residual stress measurement with sample rotated  from normal position.
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Table 3-2. Physical property data for Ni ™) and YSZ used for calculation of residual
stress and thermal expansion coefficient of Ni/YSZ cermet

Young’s Bulk Shear Poisson’s Diffraction
modulus/GPa modulus/GPa modulus/GPa ratio Angle/deg.
. 152.332
Ni 207 182 76 0.31
(220)
133.496
YSZ 220 204 84 0.32
(331)

XA IS E X, BRI E a0 & RARIC AR U 7230k o SR 2 oef L C IR (298
K) TiTo7o, XHREWTEREICIE, #7EM RINT-1500 (X#EEK : Cr, 74 4% V) %
A, B3-10IRT & 912, RURRmIER & FHTEERO R T M w & 20 & OEAH % [
— A & DWAREIC Ko7, BT & LT, Ni 20Tk (220) 1, YSZ 22V Tk (331)
HEBRAL, wid, 0, 15, 25, 30, 35, 40, 45°%L L7-, IS OEHIZH WIS E
BiEFK 3 21R”T LBV THh D, 7B YSZIZOWTIE, Ziftdh ZrO2-8 mol%Y20s Dt /)

TEFLD FERANE A 72\ T2 8D, Voigt O HIEWIZ K0 Bifh§h OIS E O b DO FHRAE A2 iz,

3.3 ERER
3.3. 1 NI/YSZ H— A v kD BEEMRE

NV/YSZ %— R » b Ol O &AM EFBMETHE, 5L O Nir-Ka A A=Y %X 3-212
7 L7o. NURFESE 0.10 TiE, NiKLI30SZ LT YSZ HHIC /a8 L CTFEET 5. YSZ X
BERE AT L, NI EOBERZBRWTEE TH Y, ZERIT Ni R FOAFICOHR A 6D,
Ni AfH7% 0.32 TiE, NikiFOENY (v FV—2) &¥—RX v FEKITIKN S YSZ
Kif-OFxy NT—27BRRB5, NS 0.72 T, —2A v F2EKIZNLBRLFOXR
NI —2 DR PHER SN D, 28, 1x104f5DMFHE T SEMBIE 4 T o723, ~A( 712
7 v J IR S NI b o T,

4 3-3 1%, NifAfED % 0.44 O XIREWT/SZ —2 &R LIz b O Th %, NUJCPDS 4-0854)

B LOYSZ(ICPDS 30-1468) LIS D[EIHT ' — 7 (3@E2 ST, Ni & YSZ OibEWIFAA(E
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Figure 3-2. SEM (left) and Ni-Ka(right) images of the fracture surface of (a) and (a’): X
=0.10, (b) and (b’): X =0.32, (c) and (c'): X =0.72.
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Figure 3-3. X-ray diffraction pattern of a Ni/YSZ cermet with the Ni-volume fraction of
total solids, X, of 0.44. Co-Ka radiation was used.
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Figure 3-4. Thermal expansion curves of Ni/YSZ cermets with the Ni-volume fraction, X,
of 0, 0.32, 0.44, 0.54, 0.72, 1.00 within the temperature range of 298-1273 K in N-4%H,
gas mixture. The rate of temperature increase was 8.3 x 10 K/s.
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Figure 3-5. Average thermal expansion coefficient of Ni/YSZ cermet (a) versus
Ni-volume fraction of total solid within the temperature range of 298 to 1273 K. The law
of mixtures and calculated values from Turner's and Kerner's formulas are also
presented.
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Figure 3-6. Diffraction peaks of the (220) lattice plane of Ni and the (331) lattice plane of
YSZ for V-30 (X = 0.32) in the case of ¢ = 0° and 45° at 298 K.
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Figure 3-7. Relationship between the diffraction angle of the (220) lattice plane of Ni and
the (331) lattice plane of YSZ in Ni/YSZ cermet with X = 0.10, X= 0.22, X=0.32, X =
0.44, X = 0.54, X = 0.63, X = 0.72 and sin*® .
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Table 3-3. Measured and calculated stresses of Ni and YSZ phases in Ni/YSZ cermets
heat-treated at 1273K for 3.6 x 10°s. X, Xysz and P represent Ni-volume fraction of total
solids, YSZ-volume fraction of total solids and porosity, respectively. “Calc. 1" and “Calc.
2" mean the calculated values based on equation (3-9) and modified “Calc. 1" based on
equation (3-12), respectively.

Residual stress / MPa

X Xysz P Ni YSZ

Meas. Cale.1 Cale. 2 Meas. Cale.1 Cale. 2

0.10 0.90 0.09 3*X17 — - -55+6 - -
0.22 0.78 0.16 7£13 — - -86+5 - -
0.32 0.68 0.19 34+8 880 37 -61*x2 -240 -54
0.44 0.56 0.29 8*X4 700 44  -62*7 -450 -48
0.54 0.46 0.27 163 570 60 -170*3 -600 -44
0.63 0.37 0.31 9+7 450 59 -74%20 =730 -30
0.72 0.28 0.3 21%8 — — -63£7 — —
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JSEARE—IZAE L 5, BERISPIH L S AL DEALOREL, ¥ 2 — AR L Y &< b,
ZD—)T, AZFEDRIKTE L AKRERZFRRFZRA LT, NEEEIZL D4 T He,
CO Z#REE T 556, SWHEISITREE T 5 H b SCERIG DR 2 5 AL TR E DM
TT 5, L7chso TREIEMNEIIZEMERIBESMBNERIN D Z & &b, BN
XML BUS ISR AET D, SOFC 134k o> BFl o [E A4 823 Ll CHEA S 2 1 HE7 A
AL TWDHIDIZ, BUSHOFAEDN T 6 O R 2 I8 < ATREMEN H 2,

INFETICHEISEY IS, BUSHORAEZME, &5 WIEEMT 25720 0%E
MR, B L OBREHE bR OBSE TIEZRETT 5 2 L2 ARV E LT, AMERIEIC
PN AR S B IREENAN, BUS DY 2 2 Lb—y a UMThh CE =00, JEES
My ab—ya /BN TS, BHAERAEHT XTOREL, BYRER LV o - B PEE )
RAIR T D, BIREAMETHD Y203 ZE(L ZrO(YSZ), (v ¥ —ax7 MR THD
LaCrOs, 51 — M EFCH 5 LaMnOs (22 CUIAEBIE EE I C 0 2 M o S2IE 23 8
ENTWER, 7/ — FMETH D NI/YSZ Hr— 4 v MOV TIE, P Bz
WCORERHDDOHRTHDLD, TDIHIZY I 2 b—1 a3 T, 7/ — KOBWMEEIC
SVTIHEEEA AN SR TN B WD, &5 WTER S TIN50,

RETITEMNTBORE DM I 2 L—3 a3 VT RAIKRZR 1073 K~1273 K 2815
Ni/YSZ —4* v hOE, BJiieR, Bm8RZ[E L, ZhbOBWIMEIEIZ 3 DMK

EXRILROREEZW O L, ML, XILROBEEKE L TSR 8T 5,
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4.2 REBAE
4.2.1 HHOESR

NV/YSZ % —A > MILLFOFIRIZ L7z > TERL L 72, FTEED NiO iR 721X Ni #
K BIEEE, B 99.9 mass%lh ) BXOYSZ K (Y — TZ-8Y, AL : ZrO:
92mol% Y203 8mol%) IZFiEAIE L TCARY =175 F— L(PVB)INx T YTZ

(yttria-stabilized tetragonal zirconia polycrystals) #AR—/L I /L% U T 86.4 ks (24h)

Table 4-1. Specifications of porous Ni/YSZ cermet samples

Sample No. Ni-volume YSZ-volume Density, d Porosity, P
fraction of total fraction of total ~ (x 103 kg/m?)
splods, X solids
1 0.00 1.00 5.932 0.00
2 0.10 0.90 5.283 0.15
3 0.22 0.78 5.551 0.15
4 0.32 0.68 5.581 0.18
5 0.44 0.56 5.438 0.24
6 0.44 0.56 4.952 0.31
7 0.44 0.56 4.292 0.40
8 0.44 0.56 4.243 0.41
9 0.44 0.56 3.798 0.47
10 0.44 0.56 3.401 0.52
11 0.54 0.46 6.340 0.18
12 0.54 0.46 5.887 0.24
13 0.54 0.46 5.516 0.28
14 0.63 0.37 6.094 0.18
15 0.63 0.37 5.860 0.22
16 0.63 0.37 5.397 0.28
17 0.72 0.28 7.609 0.04
18 0.72 0.28 6.128 0.23
19 0.72 0.28 5.486 0.31
20 1.00 0.00 8.895 0.00
21 1.00 0.00 7.712 0.13
22 1.00 0.00 6.217 0.30
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Bk, IBA Lz, B 5N -REmELZ 100 MPa OEH T L A L7-0H K& T, 1623K
~1723K T 21.6ks (6 h) e L CEAZ 23 mm , £E 5mm Oy b &, 5122
% 1273K, Ne-4%Hz P& T 43.2 ks (12h) E{# £ L C NiO % Ni (25 L7z, B2
FNLIZDOWTIE, NI 7 b— b (=7 =2, fiE 99.9 mass%LL ) 2 Hu 2, 2 & B 10mm,
JEE Imm QBRI T L7z b 0 2 ek e Uie, £ 4-1IEARHIE AV 7230 o Ni,

YSZ DEMICKT DU, AT OBE, ROPICKIAEL R LD THD, T
OISR, BLONI (FEHEE 8.90 x 103 kg/m3) & YSZ (FEGHEE 5.96 x 103

kg/m3) MAHMES L TWDHE L TROTCHEGREE & T OBE LV IRE LT,

4.2.2 HIE

BN, BROBMEHCRIZL——7F v v aik (HZEE T TC-3000) & XV HlE L7z,
BJRIZ1E 3 J/pulse DL E— L —HF—Z N, UL A1 800 ps & U7z, HIE IR EEH#IPH 1073
K~1273 K, FFHXUZEZES (1.33 Pa) T L7z, HEBIEICE L T, EEREE L

TH 77 AT MWz, B, BYRHER, BLOBENGBMRERERE LT,

4.3 REER
4.3.1 LbE

BB D NYYSZ H— A v b OB OIRERAFE 2 4- 1 IR LIz, WL OFAEIZ B
THHBUTIERE IR L CEMRAICE(L L TRY, EORERKEZAT 5, Lo LT DML/
&<, 1073 K225 1273 K TOHEOENIE 3 %L FTH D, - NiRESEWNZ L
Bt/ &< 25, Ni OBWORIEMIT, 1073 K, 1173 K, 1273 K IZBW T, £ <1 0.552
kJkglK1, 0.559 kdJkg'K1, 0.565kJkg' K1 TH 52, ZHHIEFKFIR LT JANAF
Table OB EGIZIFIE—T 5, Radovic HIZ L 5 Ni {AFE0% X = 0.48 OREMED R~
L7220, REBRERIIZNE B —H LT3, Hasselman 513 ZrO2-5.1mol% Y203 12D
WT 293 K75 873 K DIREHIFA COLBMZNEL TH Y, HWATIERED LR L L HITH

KL, 293K T 0.471 kJkg'K'1, 573 K T 0.616 kJkg1K'1, 873 K T 0.634 kdJkg 1K1 & #
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| —O0— X =1.00 (1)
——X=0.32(4)
0.66 —A—x=054(13) .
| —e— X =0.72(17) |
—— X = 1.00 (20)

e X = 1.00 (JANAF)

L — — X =0.48 (Radovic et al.)

Cp/(kJ/kg K)
o
(e)]
o

0.55

PR T TN NN SN N TN TN NN SO T TR TR NN S TN TR S N S T S
1050 1100 1150 1200 1250 1300
Temperature/ K

Figure 4-1. Temperature dependence of the specific heat, C, of the Ni/YSZ cermets from
1073 to 1273 K with the Ni-volume fraction of total solids X: 0, 0.32, 0.54, 0.72 and 1.00.
The numbers in the brackets correspond to the sample numbers in Table 4-1.
Experimental data by Radovic et al.”” and literature data® are also presented for

comparison

0.70 7 1 T T
[ —O—1273 K (This study) A 1073 K (Radovic et al.) 1
- === 1173 K (This study) O 1273 K (JANAF) 1
b ==y== 1073 K (This study) O 1173 K (JANAF)
@® 1273 K (Radovic et al.) A 1073 K (JANAF)
0.65 B 1173 K (Radovic et al.) -

Cp/kJkg*K™*
o
()]
o

0.55 T

050 ————————
0 20 40 60 80 100

Mass%Ni

Figure 4-2. Composition dependence of the specific heat C, of the Ni/YSZ cermets with
the mass%Ni from 0 to 100 at 1073, 1173, and 1273K. Straight lines represent the law of
mixture at each temperature. The numbers close to marks correspond to the sample
numbers in Table 4-1. Experimental data by Radovic et al.”’ and literature data® are
also presented for comparison.
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HLTWBH00, A MY TREOEWVIZEDFEBEENER D03, 2 OEIIARERE
RITIFTFFELL, FLEOREREZATLIRAT—HLTND, 4-2 1%, HEETO
Ni/YSZ #—#* v F DHBOMBEAFEEZ R LI 6D TH D, T2 TiE Ni IEOHL & L
THEENA—t P MW, HEE NI REOMICITERBEGRI AN D, FRKHIZIE
Radovic 5D FEHE®D, 5 & O JANAF Table |Z5R#OARE TO Ni DHEA® § o5 L=,
FOEMBE, FRECENTREDTERINDEAGAZ R LD TH L, HIERITZE
NENOER EIZALE L TV D, L > THEA L RO BIIZEA IR T 5,
C, = [mass%YSZxC,, /100+[mass%N]xC,, /100 (4-1)

=L, CIXHE, T D c, YSZ, NilZZhEH NI/YSZ —A > b, YSZ, Ni 2%,

4-3 1%, 1273 KIZ8I1F 5 Ni{KFE3 0.44, 0.72, BLV1.00 D NI/YSZ H— A v k
DL ZILEORRE R LTI LD TH D, WTNDOGHEICY, WEORILBKFIETA D
g, BB L CRARIVEGI L, £XALBEKAERA LNV DIE, NYYSZ $—
Ay b3 N1 & YSZ OHMRBEM THDHZ L, BROBKFENEH XL L, F2

BUITEEIZRHT D HENRNZ LIk D,

0.70_""|'"'|""|""|""|""_
- == X = 0.44 (This study) 1273K A
[ ===LF===- X = 0.72 (This study) i
0.65 | - -0-=X=1.00 (This study) ]
' | -—e= X =0.48 (Radovic et al.)
< A X =1.00 (JANAF)
o
=<
= 0.60 o a 4 ]
E « [=z=z=z= ='O'=-=-=-=-=-.n.>‘".-=- A
& 1
0.55 N
O 50 [ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 L 1 1 I 1 L 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6
Porosity, P

Figure 4-3. Porosity dependence of the specific heat, C,, of the Ni/YSZ cermet at 1273
K with the Ni-volume fraction of total solid X of 0.44, 0.72 and 1.00. Experimental data
by Radovic et al.” and literature data® are also presented for comparison.
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4.3.2 EALELE

P D NYYSZ H— A v h OBIELHEROREKAANEA X 4-4 (2R L7z, Ni OBE#EER

13 YSZ OBEHERDOHK) 20 f5d v, NYYSZ H— A » b OBEHERIT Ni (57 R0 & < 72

HIZONTREL 5, LLERNLWTHOMRIZBWTE 1073K 705 1273K Tl

Z DOIRERGFIEIL A B2V, Zinovyev 5728 Ni @[22 T, Hasselman 57 ZrO2z-5.1

mol% Y203 W0|Z-2u T, Radovic 5725 NI/YSZ H— A v b (X=0.48) OOEILEERIZ DU

THELTWDD, RERRITHTNLS ZAHICEL—H LTS, AMFIZIZZh b0

HIFERE R bR LT,

BHRIZ BT 5 1273K TOBYLHCER L KILR OB Z K 4-5 (TR LTz, KALROENIC

EBRVBMLEERIIRE S TR T LTRY, ZZEPBEHUC K T D FEEL 7o > TV D Z &N

OYIRVA
20 T —r 1 T T
REREREEREL e X =1.00 (Zinovyev et al.) T
— — — X =0.48 (Radovic et al.) i
| - X =0(Zr0,-5.1mol%Y.O,, Hasselman et al.)
15 .
e N —— L " |
2 X=1.00(20) |
QOE )
| - .
2 10} -
~ - _
3 X =0.72 (17) .
@ @ L o @
S X=0.54(13)
Ix— A 7\ A —A\ i
X=0(1) X =0.32 (4) ]
| 00— -
0 OO0, |
1050 1100 1150 1200 1250 1300
Temperature/K
Figure 4-4. Temperature dependence of the thermal diffusivity a of the Ni/YSZ cermet

from 1073 to 1273 K with the Ni-volume fraction of total solid X of 0.00, 0.32, 0.54, 0.72
and 1.00. The numbers in the brackets correspond to the sample numbers in Table 4-1.
Experimental data by Zinovyev et al. @, Radovic et al."” and Hasselman et al.’? are also
presented for comparison.
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1240 I L L B B L L
 12713K o x=100(Thisstudy) |

-A— X =0.72 (This study) 1

---L3--- X = 0.44(This study) i

B -—@— X=0.48 (Radovicetal.) |
15 A X =1.00 (Zinovyev et. al) |
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Porosity, P

Figure 4-5. Porosity dependence of the thermal diffusivitya of the Ni/YSZ cermet at
1273 K with the Ni-volume fraction of total solids, X , of 0.44, 0.72 and 1.00.
Experimental data by Radovic et al.”” and Zinovyev et al. © are also presented for
comparison.

4.3.3 BMnEE
BRENC L0 BERTICER SN DRESHOHEICHWONS 77—V =0 HRERICB T
DRI BVRER TH D, BYER 11T, BWHER o, A C BIUOREEE 4 %
ATk TREND,
A=axdxC (4-2)

X (4-2) X057z NUYSZ — 2 v hOBRER LIREOBEEZX 4-6 (TR LTz, 2
fREROPEICEE LT, 5 3 3 TR Lz NVYSZ — 2 v hOBERIC X 2 BEO L%
ZE LT, TOZEIL %LU FIZT &80, Ni OBMRERIE, NI ENEL 2D
ONTREL RS, TEWTNOMEICENTHBYRERITIEE IS L CEMANICEL,
ZOIREREITETH H0, T OMMEIT/NE VN, BYEBRICIRERFER 2N LD,

BRERORERAFIER, HBOREERFENZEOEEMIN TN D, Ni OBYRERIZ

- 113 -



[ _ X =1.00 (20)
60 [ X=100 (Zinovyev et. al) ]
. X = 1.00 (Binkele et.al) ]

[ X =0.72 (17)
30 o— e ——o—0—0 -

20 | X = 0.48 (Radovic et al.) .
i X = 0.54 (13)

AN

10 7 x=/0(15_‘ J X = 0.32 (4) .

0:....|...|....|....|....
1050 1100 1150 1200 1250 1300

Temperature/K

Figure 4-6. Temperature dependence of the thermal conductivity, /Z,, of the Ni/YSZ
cermet from 1073 to 1273 K with the Ni-volume fraction of total solids, X, of 0.00, 0.32,
0.54, 0.72 and 1.00. The numbers in the brackets correspond to the sample numbers in
Table 4-1. Experimental data by Zinovyev et al.), Binkele et al.™> and Radovic et al.”
are also presented.

DWW TCIE, V.Ye.Zinovyev 5@, 3 LN BinkeleW 5 OENH 573, KEBREIIZNICE
<—HLTW5%, £7-, Hasselman 5% 873K IZ51F % ZrO2-10mol% Y203 D EE =K )3
2.0 Wm-1K-110,  Garvie i 1073K, 1273K (231F % ZrO2-20mol%Ca0 DOEYRE RN Z
NEN 2.7 Wm-1K-1, 2.8 Wm-lK-1 Th 2 & WEWLTHWDR, KEREITHNTNL I
HIZE<—&H LT,

FALAD NYYSZ H— A > s OBMLEROKFLRKAANEE X 4-7T 1T LTz, BURERITR
RO LV RE KT D, ZAUTERPEBILBUZ T HEEEL 7> TV LD TH
%,

SOFC DIRESATY 2 2 L— 2 V2BV TIE, NI/YSZ — A v b OBVRER L L CHE
EMHEBHN LR TWER06, ZOfEIE 2.0 Wm-1K-10~11 Wm-1K- 162§ 2 K & 72 7 B /)3

boHe LNLRBRNOARERFERNOHLN R K DT, BYREROMAL, KILFEAAMITE D
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Figure 4-7. Porosity dependence of the thermal conductivity of the Ni/YSZ cermet, .2,
at 1273 K with the Ni-volume fraction of total solids X of 0.44, 0.72 and 1.00. The
long-dashed, short-dashed, and dotted lines represent predictions for X = 1.00 using
equation by Eucken, Russell and Flancl- Kingery, respectively. Solis lines represent
predictions by the modified effective-medium theory (MEMT). Experimental data by
Radovic et al.”) are also presented.

OTREL, ZLHOHEEEZ AW =D T, FEBEOWEE S &I/ Bigs v I 2 b—

Va VRGO D ATREMENAE T D,

4.4 EBE
4.4.1 ZROBIGER(CHT HEE

iz DA T =KL EDEFRR D BTN Th D &3 1UE, ZROBYRERIILLT O X
IR I D03,

Ao = A+ AL+ A0+ A, “3)
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T 2 CHEE - EIIRUR M AR R, 5 T S M, 5 = IR S A S
MR DU 3 AU - AR O M B L R 7 a TR RS D BVRER TH 5, ARFE T,
BVRERHEIL, HEEP (1.83Pa) TEMEBLTWDHI LD, H—IH, FoHITIEHE T
5o FLXA-EHEB CORISITAE 20N LEHEMNEGIEHE TE 5, Lz > TZEROER
ML L THEBTREE, SRR ERTH D,

FA 22 B O U S B R II R D L H ik S h 509,

Al = 4£&dT°0 (4-4)

Z Z T olX Stephan-Boltzman E#%(5.73 x 108 Jm2s1K1), SIXZZPRD MR, §ILZEM
B(m), FORRTENIZEROZMAERRICE DV IRESNEBIRK T T, 0<f<1Th5D,
H 2 TR LI SEMBIZER NS §=1~3 x 106m THDH Z ENHLMNE 2> TN H05,
F ISR LR E OB TH 503, 1073 K 205 1273 K Tl Ni O 213 0.1~0.3
Th 506, YSZZBAT B S ROHE T2V A, CaZEN T Va3 =7 O R
T 0.25~0.35 ThH D Z ENHEINTNDAD LLEOWTILE LD KREWFH O % (4-4)
RKUTRAL, F7z2 =1 LRETIUE, 1273K TOMK EMEVYSEZRIT 5x 104 Wm1K1! &
7%, ZOMITBMEROFANEICHE L TBD TS W Z & 2D, NIYYSZ —2 v h
DPAZERRIC X 2 BVAE T T & 5,

LML S SOFC OF /) — RO N AJEECEM CTH D Z & #F 3 iux, A2
LU LREROBIRE~DHGF G527 T2 Z LN KV EETH S, Savvides & Goldsmid
X, 74 b OERNEOFEHEBITRLIY bRVWE W OB &1, BAZERR O S i
BMRER AN 2R ROREEN TN 9,

A = 40T°LPR, (4-5)
ZIZC, Lm), BIW® AL, ThEZERRZERE (74 O HRITRICEL
V), BRZEBR ORI E Th D, ARRBRZERENPEEIOES Imm (255 L <, BZEROK
T 2 B O KL O KA 0.52 & F-4uE, 1273K 2B W T, Ri4-5) L v BIZEp
D EAMBPMRE 1L 0.24 WmIKL E7e D, 72720, FEEICIIA R 2B ZERE IR OE
LD HEWD, ZOMITEKFHETH D, Licnd - THIZERR O M S MR E 1% 0.24

WmiK1T L /hSwv, BLEXE YD NYYSZ H— A v F OBMRER O FHIMEC el LT, PAZERR,
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B L OBAZEBR O J F MBS R OFHRE2MBD T/NS W Z &b, 22 A0l U T OE @)
TEHTE D,

4.4.2 BMEBRAUXDEH

Ni/YSZ #—# » M Nifl, YSZH, ZZBRo 3 fi bk SN 528, 2 EICB\TE
RASBERENDOH NS E Y, 2EBRUI NI, YSZ HH &S TidZe <, RO
Dy 7 OJER, £7213 NitH & YSZAHO Fiig OJEPIAFAES D L gD, LTIEi» T,
B OBYREROIGGE A D L ITRD 3 OO A A TR E RILER OB E LT
Ni/YSZ #—* v b OBMrERIT A2 E T 5,

(1) flix OMALD NYYSZ Yr—A > &, [EMHEZZRNOHER SN D 2HWE & 72 LT,

BRER L KALROBRRA L EN T 5, 2L ZMETCOEMOIYBELRZ KD D,
(2) D TRD = EHOBMRE R LA O RRAZEH T2,

B DB LR THEM LB EZMAGDLET, NYYSZV—2 v NOBRERE, MK

ERAFORKLE LTEHT S,

INETIC2 ZHYEOMREROFAEAD B RESNLTVDIR, Kb I<#EHA S
D75, Eucken19, 35 XN Russell DHXCOTH 5, ZibORIL, HARIZITERAE TH
HBHTICHBAMHTH RO AMPHIIZHMAL TVDROBRABEEIZONT
Maxwell 238 H L 7= & FEMiTh 5, Eucken O, et Td 2 BHFIZFE YA XDEK
KO AR 0AM L TNDROBYRERZ LB L T 5, Russell DL, #iiH TH
% BHFIZFEY A XD HFRE LT AFPEIIL TV HROBYREREZRBLL TWD, F
7z Leob I%, Russell DAZHRE L, KALE, ZERE, ZEROBIK, ZEROEFERERE
R L TCEZAEROIRE L KHLROREBRALEH L Tnse), X512, Francl & Kingery
X, ZHEOBMEROEM GHEiAH, BMH) OBMRERICKT 2 HE L [AE L OBFRN
EARZRDE LT DH@), 2D Z &iX, Leob DRUTE N T, ZEROBYZE NI CTX 55
BICFELY, ZNODOBREROEPAEZR 4-212F LD

L2y L7 5 Ni/YSZ Z A% Ni fH, YSZ AR I3alie, 208 & 9 Kalix7ew,

Lo T IR R T L2 @AT 5 OXmy iy, 2T, § 2 & Tl ER
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Table 4-2. Equations for thermal conductivity for composite made of two-phase materials

Eucken: A1 = (1+ Z\/A)Q+2VB
T (@rva)+veQ T

ussell: (1 )+VyQ \
‘ ! v7+v +(\/y Vb

s
Leob: | R A

S

1-P
40féT 35 + ( L)
Francl & Kingery: (1 PC
. 1{3v -, +(3v, —1A, }
Bruggeman: 1 == y
(EMT) 4 +{(av, ~1)A, +(3vs — 1A, )7 +81, 1, ) 2
Yuge: 1[(3\/A _1)AmA +(3VB - )/]mB }
uge: 1 == 2 y
(MEMT) 4 +{(3vs ~ D +(3Va ~1)A 0 Y +8A A} 2

A conductivity of two phase material P : cross-sectional porosity

e

A A conductivity of phase A : longitudinal porosity

A B conductivity of phase B o ‘ Stefan-Boltzman constant

Ap: conductivity of porous sample f :geometrical pore factor

As ' conductivity of solid phase & emissivity

@ = AalAsB T :absolute temperature

Ama=Vada + VBB 0 :dimension of pore

AmA=VAaAda + VBAB

Va:volume fraction of phase A

VB: volume fraction of phase B

FLROREE L § 2 EREERTPAOE T B W THW A E HEREMT) 2 @1+ 5,

ZERDOBMEER I TELIRER LAY 0 & L8500, R(2-16)DEER ¢ & BYRER )L

Bz L, SR TCOBREROGILREAMEITRUE-6)THREND,
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p) :%As(z—sp) (0sP<2/3) (4-6)

p

ZIZTWFp, s, PIIENENLALE, B, [AREZELT, K472 (4-6) LVFHHE
L7228 Ni OBMRE R L KILROBMR AR Lz, sHFREITERR L 0 § P=0.13 1280
T 16%, P=0.30 IZBWVT 21 % RE N, X 4-7121%, Hko 72 D ITEHEE & 482 & 4
EnsE L CER I 4 SOEERIZEH EOKERMEL R L, WTNORREES FE
HHE L 0 e REL, ZRIZEMT ICESFREME Y b REV, ZhH6OFRRKTIE, 22
PR DA AR E S, [EFE 2SR DR OBARENZE SN TRy, 2R 0E
R, BURAH O BRI ET 2REREL U CERT 2728, FEOBRERIT 4 FH
DRANUTEDFHFEMEY HIERNWEZ 2 B 509,

Yuge (IEAEREMET 2 FHAN M G FEEEZ A5 L LTEMT 2EL, —H
REEME O BTG % K HOBERUSELE LARROBE L L CEH LTz, & HICERIEE
B % BMROE |2 X ez CRMREE Ol AR L7262, 22 CF 2 TR ER/ (A
DIFRIZONWTDOEY T HAB YR 2 b— 3 > ERERIC NI/YSZ — A v k& BN
& LTHRDHFY,  LUTICEERT % Yuge (2 L DEIEBVE B GG A48 H L TRk, L3
DR E L TR B A T 5,

4-8 @IZBWT yHIOADHIICELNAE L TND LT 5, TNTIUREEDR A, B
XN A, KFESEE Va, B O 2 ORI A XD HEOY A4 ~ A, B OEEKRE LTHE
RS D ZHAARBIER B A, KA MAREEED 204, £720% 245 T 2 RIFLOIRE RT3,
PA FOFLT-E TP x, 3, z TNENIEADFICAEF 6 @A ENTZT &
LIRHTE & 703, BEET 20 A MR L ORIEBIRERFOBMN D 2R FEERT D, A
BUZRT LI 12D A A MIER L TEOHFORER BT D 1 2OR Y FOR
BEOHIFHE CEYREE L FER) 2RET D, FMTIEFHEOZOIZ 2RI TRRAL T
Do ZZATIHBEEN A DAY R, 2Aadp/(Aa+AB) DR RRENTI Va, Ve DORfESRTHE
C%, LIEZBN>TZORY ROVEREE Anald,

AAAB

A =VA, + 2
mA — VaZla B/]A+/]B

4-7
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Figure 4-8. Schematics of the modified effective-medium theory (MEMT) : (a) Schematic
illustration of bond between “A” and “B” site, in which P represents the center position of “A”
site, and (b) rearranged resistor elements of “A” and “B” site.

ko ThHEZOND, 22 TCZORY KOG EREHR T (BEE : 2Ana) & LT, X 4-8(b)
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WV, VADOFERTELD, LERSTIORY ROFEHEERE Anp 1T,
A A
/]mB :Z\/Aﬁ-l-VBAB (4-8)
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A :%AS(Z—BP)(l— P) (0<P<2/3) (4-10)

p

LD, B, ZEROENBARERIIEr LAHk Uiz, M 4-7T OFERIZ, NiAE&FHES# 1.00
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PRI EFH OBYRE R OABAKAFIEIZ DOV TRETT 2, X4-91%, 24 1273 K IZkiT
HEFE Ni AR R X (REFICHT % NiHOERELR) ORERLELOTH D,
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Table 4-3. Estimated apparent thermal conductivity of the solid phase of the Ni/YSZ
cermets with the Ni-volume fraction X from 0 to 1.00 based on the modified effective
medium theory (MEMT)

Ni-vol.frac., X 0.00 010 022 032 044 054 063 0.72 1.00

Thermal Cond., As
2.48° 2.94 4.38 7.11 13.6 194 26.4 32.7 72.5"
(W/mK)

*: measured values

O e L L A B

[ 1273K &

n0r O experimental i

- —— MEMT(Total solid) :

I MEMT(YSZ phase) N

- -—-— MEMT(Ni phase) ]

- 50 [ -
X [ ]
£ - 1
= 40 -
~ B 4
~ I ]
20 [ ]

10 F ]

0 v --:--T'-T"'I"‘-r-’--l----h--a PR RV RO TR S N T T i

0 0.2 0.4 0.6 0.8 1

Ni-volume fraction, X

Figure 4-9. Comparison of the experimental thermal conductivity (Zs) of the solid
phase at 1273 K with the predictions by the modified effective medium theory. The
measured values are adopted in the cases of X= 0 and X= 1.00. Except for these two
extreme cases, predicted values are obtained by extrapolation to porosity = 0 in the
curve for equation (4-6). Thermal conductivities of Ni and YSZ phases are also
presented.
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NVYSZ $r— 2 v N OEMHOBRERE 2 (Wm K )OS AAEE, Rl TREn D,
0.16- 5562X +1957X % +

1
A =71((026- 5562X +1957X 2 & (4-11)
+9523+14323X ~1257X?

K- 1D L DRHFEEEX 4-9 (2R L7z, MEMT (2 X 2315 & EREETIER Ic X< —%
LTW5,

ZIZTNIMHDOAR, BELORYSZMOHZ B3 Enz2 % L LTMEMT IZX WEHR LR RD
[P FIUT R LTe, 55 2 TRt L7 EERUREEE O BURAFNE L 1T R & S B 5 2 &7
bbb, BERILEIL NI MHE YSZ R ENEEEZH, WiHZ I L TCORET4 Uk
Ve, —, BMAEIINIFHE YSZMHOBERZE L THAL S, FFI2 X = 0.20 205 0.40 D
ST, MEERZ T L CORENKRAITH D Z &3 bnrd,

B812, Ni/YSZ ¥ — A v hOBMRESR 1, %, Ni BfE55R X LXK POMSKE LTH
AT HAAEMNT 5, X4-1012:X (4-11) #RATDH2E T, 2, (WmIKD)IEKRD KL H I
RITZEMWTED,

016-55.62X +195.7X % +
A, :% ((0.16—55.62X +1957X ) 1(2-3P)1-P), (0=P<2/3)
+9523+14323X —1257X ?
(4-12)

TSR & RALRE RS L T H L LE NUYSZ — A v N OBRERIFLATH S,
Ni/YSZH— A v b OBM#E RO FZEE & U(4-1212 L D EHREZ X 4-10 128 W T Hig L7z,
FTRToOR (ERE, FHHEM) 13, Ni FBRDE 0~1.00, KILE 0~0.54 DJLWVEMETIC
BT, HE 1OEMRLE, FEF2oIGEFIELTWD, LT, X(4-12)23,

NI/YSZ %—* v hOBHRAZRE R LT Z ENHER ST,
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Figure 4-10. Comparison of the calculated thermal conductivity of porous Ni/YSZ
cermets with the measured ones at 1273 K. The calculated values are on the basis of
MEMT expressed by equation (4-19). The numbers closed to marks correspond to the
sample numbers in Table 4-1. Measured data by Radovic et al.”’ are also presented.
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2o ERDEIED DOFEHS RO RLEE FIEICOWT, AT L—BMRIED, HILEOIZ LY
BEt SN TN D, & BITHE 2R 22 & 15 5 7 DICE AR OBRFONTHhR T D, L
L7223 B i 72 (R SR PR IR TZ I B 2T 72 o T ey,

—J7, BB ERE A T O A CEHERBMMIEA I =ALIZHONT, HHNLH=
MREEZBE L NIiEET 7 — RE2HWEERS L ORMamEIc Ly, 77— FK
JE23 Ni Ml & YSZ Ml GM o MR H CTEL, “MHAHORESHASBOKRE SE2ELAT D
LB NI TNDH0~0Y, F, ERA A B — b —EAE T M FIB-SEM)
(2 & D =TI E R SUEIC KLY, SO0 L IER OHEE, Rtk L KALEE
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ARSI R TR & AR ARAT S 2 28, T IS & SCRL T 2 REIR - 0 O BARE TR
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KM OWAERE, Haa Ni, 0%aaysz, OHuaavsz, HeOaayvsz DIFEZE LT, K5 1I1TRT
—HORISP ORI IND LB Z BTN L1003 08 -09),

O DIKFED Ni i ~DIERK

@KFE D Ni Rl ~OfFREN A

H, = 2H (5-1)
OWRAE 7K T D = HFA ST~ 0> 2 T L AR
@ YSZ | ok FledE O —FS AR I ~DOWAE, I L OMFELEILDOAER

O} (YSZ)=> O agysz +V;5(YS2Z) (5-2)
® =MREIE I 2 BRBBIRIL -

Hagni + O adysz = OH agysz + € (Ni) (5-3)

Hogni + OH aavsz = H,0,4ys, +€ (Ni) (5-4)

@EMBENSUGIT K0 AR L 72 B KRR DO KA~ DB -

H,0.4ys; = H,0 (5-5)

to
05 (YSZ) - O aaysz + V5 (YSZ)

Figure 5-1. Schematic anodic reaction model of hydrogen on near the triple phase
boundary (TPB).
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BIFLT ) — RRIGEA T =X LOAPRA LN TE, ZHE TITHRFT SN TWDET /—

R B DREHBEBEIZ DUV TR 51 I FE & 7z, HE B & LT Ni K~ DK DMRRHENR A,
Ni i EOWAEKFED AR E~DOILH, BREENE O RE~DRFEA 4 OBH), =
FESENZ BT D BABEICAZE T 6N TE Y, —H LI AT TRy, 2O b
%, BSEBEALT L 20T e R IH D LITRERNT &, A b ONTRISED Ni,
HHIXYSZ EOREIZET 2+ RIERBELN T RN EICK D, LLRns, B
MEFEH 20 DR EOR SBREWVIEESWA/NS 2D 2 &ns, ZMAmEHTLTT

)= RRIGHELTND Z EIZOWTORMRIT L TWD, LI > THBO/NS 72T
— FaAER 21203, BALEEH 720 O MR EEZ TE 52T RS T2 LI ST A

REBEIMEED 2 ENEETH D,

Table 5-1. Various proposed rate-determining processes for hydrogen oxidation in H,, H,O,
and Ni/YSZ

Author Anode type Method Temp. Rate-controllingqass

Adsorption of H or

10)(11) AC impedance 973 —

Mizusaki et af: Ni stripe DC polarization 1123 K erirﬁlice diffusion of kj
. 18) Ni/YSZ . 1123 - :
Primdahl et af’ cermet AC impedance 1273 K Uncertain
Jiang et afl® Ni paste AC mpedan_ce 1273 K Surfa_lce diffusion of kj
DC polarization on Ni
Below 1118 K:
o  NilYSz . 998 - Charge transfer reaction
Holtappels etaf® o 0 ACimpedance 15,5, Apove 1163 K:
Adsorption of H on Ni
. Adsorption of H on Ni
Bieberle et af*?™®  Ni stripe AC impedance 673 - or removal of & from

DC polarization 973 K YS7
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5.3 REBRAZE
5.3.1 EBH L UVERE

Ni/YSZ #—* > 7 7 — RiF, BRiIkD Ni &5 00% NiO Bk (GR)IEM LS fiE 99.9
mass%lh ) LERO YSZ Bk (Y —, E72138 —Aoe#k M ZrO2-8mol%Y20s il
£ 99.9 mass%lL ) ZHFEFEIE LTUTFO LB ER L, NI FOMAIC L 28
INAZTER L, 70 Ni OFEESET L THER/ S ADYI A ETRnWI &, BXT YSZ
& DOENZAE =2 Il U CEMAE DD OFBENR L U2 & 2B, 5 2 5, 5§ 3 EORR
ZH LI LT NLRREGDFEN 0.44 LD ELOICENENHFEL TSI LISHAERE LTRY
E=VTF TV EMAT, BIRREEH G5HEEYERT 1106 1) TIRA L, Zhz 7

=R SE, 7/ —FAT =L L, ZORXTY—% YSZEMENR ( AR

Table 5 -2. Particle diameters of Ni (NiO) and YSZ for fabrication of Ni/YSZ cermets

Sample Number Mean Diameter fim
Ni NiO YSZ
1 0.05 - 0.35
2 0.51 - 0.35
3 7.0 - 0.35
4 - 21 0.35
5 74 - 0.35
6 200 - 0.35
7 0.20 - 0.11
8 0.51 - 0.11
9 7.0 - 0.11
10 - 21 0.11
11 74 - 0.11
12 200 - 0.11
13 - 21 0.17
14 - 21 0.39
15 - 21 0.87
16 - 21 2.5
17 - 21 35
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Figure 5-2. Schematic illustration of the half cell for measurement of anodic polarization.
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A4 FEFRL, ZOBOEIZ NI A AKX (dv), HDHWVIYSZ YA M1 X (dysz)
EEFRT Do VA M A RTHREEMTH D, 728, NVYSZ Y —A v MEINiIH, YSZ
FH, ZEFRD 3FENORERC SN DN, H2ETRRIZL I, T SHENENEIEBID
A b2 AT L20TIERLS, BR2FEOY A BB & z, HEENDHEDOEH

(ZZERRAERR S LD & Brded, Lici - T 5-4(a- D TIE =AM R w4 7, 1K 5-4 (a-2)
TIX 2 &R S N D,

Nit A ~& Nit A MABEET 256, ooV A MIURET S (BA hX—a L —
vay) Lo, £EERETRET D NITA FOBERY 2 NIRFEY T AX—LHT D,
[FERIC U C, YSZ BN BIRET 2 YSZ YA FOENRY 2 YSZIREV 7 A% — LT 5,
=S R OFHEE, NIRE Y 7 A X —Z BT 2 HMEL IR L YSZRE YV 7 A X —%F

<+—— Current collector

<+— Anode

<« Electrolyte

(1) Ni site

(1) YSZ site

Figure 5-3. lllustration of the Ni/YSZ cermet on a simple cubic lattice sandwiched by the
YSZ electrolyte substrate and the current collector, in which the gray cubes and the white
ones present Ni sites and YSZ sites, respectively.
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(1) (@-2)

Ni YSZ Gasphase Ni § YSZ Gas phase

o TPB O— o TPB
YSZT Ni Ni Ni

(b)

Number of

Combinations of four adjacent unit cubes TPB /edge

4

Occupied by Ni Occupied by YSZ

Figure 5-4. (a-1) and (a-2) Schematic illustrations of the configuration of the triple phase
boundary shown as cross sections of four adjacent unit cubes in the simple cubic lattice
model. (b) Possible combinations of four adjacent unit cubes and the TPB length
corresponding to each combination estimated assuming that the length of a TPB/edge is
0.5 unit lenath.
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5.4 REfER
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A hL—vAa—7 (i DS-6612C) O LIZFiek LI EIREWRIZO Y /) — R& &
FERB ] D FENL 72 DAL DO—F 21X 5-5 1T~ LTz, BIIERiE %25 8 ps LN I < ARERH]
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B EDD, IREZES WA BEL L ERT D,
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20us

Time(20us/div.)

Figure 5-5. A transient behavior of the electric potential before and after current
interruption, which was observed on the screen of the storage oscilloscope.
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Overpotential n / V
Figure 5-6. Steady state anodic polarization curves for four different Ni/YSZ cermet
anodes: No. 1, No. 2, No. 5 and No. 6 at 1273 K and at Po; =1 x 10** Pa. Symbols
shows experimental values and solid lines are regression curves calculated from
Equation (5-17) on the basis of the Levenberg-Marquardt method. Dashed lines are

estimated activation polarizations based on electrochemical parameters listed in table
5-3.
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kit 0.05~200 pm @ Ni ki1 & Rif% 0.35 num O YSZ ki & OIRAREE AV CTERI L
727 7 — RIZoWTO IRBERNWZT / — REF SRR O—#1 % X 56 12~ Lz, #@7%E
JEA 1V 2 2 72 W& THIE L7z, YSZ ORIENRFE U Th-> Th, NLRROEWITLY
SSRHIAIRE < B2 s, WBEOKE SNTOERBEICHT D EMEIGIC & 5 EER
RATHKIET 2700, WEE 0 V O#IKIT 2 iR OB & 23/ S E EBMPERR B
L%, £ ZTSOFCHERRIZE T 5 EMKBIEE 2.00 x 103 Am 22D T O & %

AR A TR L e L, BUR ZE R L BT 5,

5.4.2 7/ — FHEEEIZRIFT Ni RO 2E
KIFEAS 0.11 pm & 0.35 pm @D 2 FFED YSZ ¥ RIZZ N E ki 0.05~200 pm @ Ni
MEZRAG L CER LT /) — RIZHOWT, e NiRiRORGRE X 5-7 12~ LT, YSZ

RIFEDS 0.11pm D&, /i & NURIEE & ORICIE, f/MEZ A3 2 R TR S 2 BRR

07 _lllllll T T

[ O YSZ diameter=0.11um ]
06 @ YSzdiameter=0.35um 7]

05 F

0.4

Polarization / V

02|

1x107  1x10°  1x10*  1x10®°  1x10°
Ni (NiO) diameter dNi /um

Figure 5-7. Relationship between anodic polarization and Ni-particle diameter, dy;,
measured with a fixed YSZ-diameter, dysz, of 0.11 and 0.35 pm.
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H 5%, Ni ki 200 pm T HRIE 0.554 V T 523, R/ N EWIE EIZIE T L,
RKi£E 7.0 pm TIiE 0.061 V TN D/ e 72 %, TV K VRIS /N E U & |23 K
L, Kiff0.20 pm TiX 0.371 VIZET 5, 72385, NiRIEN 0.05 pm OHAICIE, EiFE E
27 ) — REBERTHZ LN TERroT,

YSZ KifEA% 0.35 pm D56, HIE S AV T, NiKREI/NSWIEESmRR /NS < 72
HEWHIFERNELN TS,  NiKiF2 200 pm TlE, 491 0.294 V TH 578, Ni ki
£730.51 pm TIX 0.091 VTH D, L LIK 561278 L2 X 51 Ni ki3 0.05 pm D
AL, FEREE 2.00 x 10 Am2 (2B W\ T2y 0.5 V 4z, 2.00 x 103 Am2 DER %
HWETHILENTE R, ZOFEEELSFE2DE, YSZRAEN 0. 11 nm OFE & A, &
fiR & Ni R & OIS, M/ MEZ AT 5 TEHEIN BRI H DD LR IND,

F W IME & F DOITE A RO T YSZ KRR D /NS W B RRIT /N S0y,

5.4.37/— FHREICRIZT YSZHIBRDEE

RiE7% 21 pm O NiO ¥k L, R 0.11~3.5 pm O YSZ AN H/ERLT=T 7 — RIZ

0.30 T T T T T T T T LI i

L H NiO diameter=21 um i
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Figure 5-8. Relationship between anodic polarization and particle diameter of YSZ
measured with a fixed NiO-diameters of 21 um.
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DUNT D YSZ KR & 3t & DBFRIZOWNW T 5-8 1T/ LT, /iR & RO MIZIE, Ni ke
LS TG E LA, VIMEEZH T 2 TS il TR S 2 Bk & 5, YSZ KiFEH
2.5 pm TiE, MIX 0.258 V TH 523, YSZ KRN/ NS D3 EnMit/h&< e YSZ
KIFEAY 0.35 pm TiX 0.120 V TR/ 2fe/h & 70 D, TR0 YSZ KRN S < 725 &
(2T U, YSZ K723 0.11 pm TI1X 0.143V TH 5

PLEX YT 7 — R, Ni kit YSZ KRN FITHEIND N, ZOEALITHGH T
37 <, —HOREN—EDORMETTIE, b9 —FH ORI L TR/ DR/MEZ 29

LERNRH D Z LR D,

5440V Fa1—4—Y3al—3 3 vtk R =HAREREOHET
Flize O Ni YA A X dvi & YSZ VA YA X dysz DRAE D (dvi,dyso) 2OV T,

WS & FET ML D3 Ba—d—v I ab—a XYLz Ni (KR

5x10° —
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=
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Figure 5-9. Estimated triple phase boundary (TPB) length, ltpg, by a computer
simulation as a function of the Ni-volume fraction of total solids, X, for various size ratios
of Ni site to YSZ site on a simple cubic lattice with the dimension of 64 x 64 x 64. The
unit length is the length of edges of the unit cube.
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EAEZ MR E( te) (HAL unit length) ORREZK 59 1ZR L7z, Y Ialb—v a3y
11, DB L0, D= 1~8) DA/ DLEIZONTITo72, WTFROMASHEICEBNT
b =S R 1T NLARRE 2 3RSk LT RIS 72 B80T, MRS KEEZAT 5, Azh=1H
S RIEA, DoYga,  X=0.50 IR W TR DR RME 4.23x 105 £ 720, 2 OfEIZHEM
NITRE A HICAFAET DO 2K 7.86x 105 (=3 x 643D 50.9 % TS T 5, Ni¥ A A
XL XYSZ VA YA XOERPRKRENVNIEADMAmRITHELS 25, A =FRH
ROEKREZ 5 22 NUERESHFEIT dni<dysz D6, 05 L0/hSL<Rb, —FHdxni>d
ysz DY, BKEZ 525 NS FIZ0.5 LV K& b, 61T, (o, DEQ, DO
HEDETIE, AR =MHRAERIZ X=05I1ZX L THHER>TND,

B MR EEBEE vl tes (m/m3)IZ>WTOEROMZEIC X 25FHEHE, T72bb
FIB-SEM #1£2(2 X 2 #Ffifil & BRIEE T MIC X D aERE, BLOZRS ROk & ki
BT OARMRER 5-3ICE LDz, b, A _MRANREE L ITHEMAEHZY OfF
AR R TH S, FIB-SEM BIEOLE, RAEDLEA 2V, S mg»b
PIRZDTE LTc, ETEARMBREIL, BAE I Z NLRIEE, YSZKRD ) bRELS RNFIT—

BEXET, YIalb—valiEREsRmE L ETH A,

Table 5-3. Comparison of the effective TPB length vlpg values estimated or calculated for
porous Ni/YSZ cermets. X and P represent the Ni-volume fraction of total solids and
porosity, respectively.

vl 1pg/ (M/nt)
Author Method Conditions
Reported Present study

X =0.350
(14) ) P =0.322
- FIB-SEM dy = 1 x 10°m*
dysz =0.5x 1d5m*
X=0.50
(15) i P=0.50 1.067~1.659
: FIB-SEM dy = 1 x 10°m* 102
dysz =1x 106m*
X=0.50
Janardhanan etSpherical P =0.30
i el i =2 x 16Pm 3.3x 16 4.03 x 16
dysz =2X 106m

Wilson et al 2.7 x 16% 1.75 x 162

lwai et al 1.61 x 132

* These values are estimated from reconstruction images in their papers.
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Wilson 509, 35 X Ot Twai 509 FIB-SEM |2 £ 5 gEAfifil & A#E RiT L < —E LTV 5,
%72 Janardhanan b DKBET /M L DFHHEMED S, AFERICI B L TWD, HEE
TOATIX, MK, R, KHLRLSNO /T A—& — & U CRES, KB H Y, =48
REREEITZNODEIZHIRGFET D, H6I1EL, Nikif& YSZ K [FEOREE% 7.2,
W [FIEERE 2RI D 0.45 £ L UE LT2RHRERE R 2R LTV D23, [F—flk, KR TH-
TH, lEBBP/NES 250, &5 WITKFFIEERES & < Z2ME=MA BB EITIK T T 5,

5.5 X
5.5 1 BEBRIG/NT A—5—

7 ) — ROGRITEMBKIST A N Th L HMEHEH -0 O =R mRIKET 2L SN
TEY, F727 /— FZEKT 5 Ni ki & YSZ hi+ORRIx =tHRAmELHET 2K+
DOEDTH D, € Z THMNFKFET VTV FEHI LA R mE & NURiRE XL
O YSZ R DOBfRZ b LT, FHEL 7o D BRIR L O EREZ B L CToti e Ni Rt
BXOYSZKiROBBRREEHN TS, 35122 OEBRRIC X D20 EM & FZHEZ
BT 5 2 LISk W BT VO RS E R 5, AETIL, HHIC KR EMRE T 2
— B — % OB SR ET B,

kD NIYSZ — A > b7 /7 — FOEF s o, XG-e)TRIND
Butler-Volmer OO LN ZE L TITHON T E72WQ6), Lo L72h b ZiUXERBE)
FOGHERBEE T 25 BIZHANLT 5D Th - T, WEBENZOWTIZBE STV,
ZITIE, MEBENEELZERE LRG ) TRIN D EMNEERCICS EO5EX 56
V2R L T2 o i e 2 it 3 %,

j= Jo{exl{—aazmj-exr{-—acz':”j} (5-6)
RT RT

. _aczF/7 )

] = Jo{ exp{ j F{ —RT j} (5-7)

T (Am2IHE S D EIREE,  jo A/m2)IIZMEREE, C (mol/m2)ILSE
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DI, o ZBERE, z BROSICEET 281K, 1 DI

JK1mol 1), TKIFHMXEETHY, 2N HNE

R, O, a, clZThENA =FSfH, e, Ex

A =M mEICE

I NEEBIE

TR LOMILIKORE GrY,
EITARIE LW T A — K —

, JEEUE N O SIS OB LN E
BERNC K0 IEHOREE AR L7127 ) — REE

FEhEhkATREND,

Ce-Cq

Jag =ZFDg

Na

b_ *
jou= 27D, oS0

N,c

ZZC, Dr(m2s), Do ms)It gk,

B TH D &L, Fick OF

WEE, R ITIXMAEH8.31

IR, BRI, 7/ —F, Y —

BEFE faa (A/m2), 1Y — REIRE

FRALIRDIERER, JINa (m),

ARSI NT A =2 —Th D, INFD %, b,

R&E&RT,

NIEMBEORBTH LMD,
WA 5, Nernst OEFILHET T V@I
1#ERE 77957 —0

r ]c d (A/mz)

(5-8)

(5-9)

§N,c (m)

IZZFNEFND Nernst 58 EDELH(M) TH 5, (R¥E Co* ITERBEDOI K & & HIZED

Cr* =0, Co*=07Ti%, RGYBLUAG-ITENETNSED LY T/ — NIRFERE

FE a1 (A/m2), 7Y — RERFRBEREE o1 (AmD % 52 5,

b
Jay =2FDg Cr
Na
b
Joy=—2FDg Co
' One

L7=n->7TC, &5-8), X(5-10), BLOH(B-9), XG-1D»15

C*Rb _1_ j.a,d
CR Ja,l

Cg _1 Jc,d
C Jcl

705, X(5-12) £ X(5-13) 2 NGB-DITRAT D Z LI L v HlE

TERIND,
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j= ol =12 exr{—aaZFnj— 1+-4 ex;{— aCZF”j (5-14)
Ja,l RT Jc,l RT

TR LB UG A R ~OETIRO MG R, A EISONEEE, IR0 L ALK
DA NS OBERLEE X LW D,
j = jaﬂ = jc,d (5'15)

Thb, LIznoT, RG1DITXG-1O)ICEEH L LN TE S,

1= o 1—%. ex;{—aaZFnj— 1+_l ex —a°ZF,7j (5-16)
Ja,l RT Jc,l RT

X(G16)% jIZOWTHRWTERT L2 LIcky, &
} (5-17)

i exr{aaZF”j—exr{— aCznyj
RT RT

1+j°ex;{aaZF,7j+ joex;{— acanj
ja,l RT jc,l RT

M/ FED—>TH 5 Gauss-Newton 75 & EHEFE FELZHALAS DY

j:

LERIND,

Levenberg-Marquardt £@|2 10, 56 |Z/R L= FEAME A2 G- 1) ~Y TId TRE L
Te B BWE/NT A—H —%FK 54 [T Lic, WTHOT J — RIZOWT b ILHR S Bt
BRI BEMBE I LT 1 A= =05 2 =X — K&, BRI HEERRE

FldH bR, £727 / — FIEBIRFETE E & A Y — FIRFE G L O EIXIEE

Table 5-4.  Electrode-reaction parameters of Ni/'YSZ cermet / YSZ electrolyte at poz = 1 X
10" Paat 1273 K

No. dNi dysz jo , az oz ja, |2 jc, | ,
pm pm A/m ¢ A/m A/m
1 0.05 0.35 3.21 0.48 0.79 24.9 -23.8
2 0.51 0.35 153xf0 1.04 0.94 3.12x10  -3.03x10
5 74 0.35 567xf0  1.11 0.81 250x 10  -2.31x10
6 200 0.35 219xf0 0.89 1.15 1.22xf0  -1.92x1d
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FLV, 51T, REMEBREE OGNS/ No. 1 ZBRE, aqaz, az OEIZNTILHIE

IZE LW, K 56 IZIZ 2D DEMKIG/NT A —F—% b LWz ElRih#R 2R L
7o S DITHEHIR R ERBE L MBD TREWSM:, 77205 a1l > o), leill>lplEl
THIWZ S DA 56 DGR T 2, ZO%E, RG-1DIFTNG-6)IC—HL, REEEEX
<, WEEIEMHGBEEDHATH D, BMEENEL RDIFEREBELECID D2
FAEFIR < 725, No. 2, No. 5, No. 6 DHf, EIREE 2.00 x 103 A/m2 2BV CAEIRBELE
WO DIREBELEORIGIL 5~8 % Th 57y, HEIRHE 1.00 x 104 A/m2 TiX 15~31 %%

65,

5.5 2 BN AFETIICKB=MHRERE YA b1 XDOBER

BERALFREICH LT ) — R TH D Ni B HE 044 IZX LT, a2 Ba—F—
VIialb—Ya IRV EONTEARS AR E NI A PP A X i BILYSZ YA X
dysz DBIFRZIX 5-10 1R LTz, YA B A XM 1TRIEICONWTE, KEWHOYA hhA
R ICBAL L CRFE LIE AR MR R 2 B Lz, 72L& 203 dvi = 0.25 D&,
dNi=1, dvsz=4 DFRFETHEONICADARERE M4xBELIZEZH OO THZI =
FAHER & LT,

R =FfAEE LA MY A XOBHRIZIZ ZSORERH 5, O EDIENI VA b1 X,
HHVEYSZ YA M A ZXDP/NEWVIEEFH AR ERITIRS 2V, BEKTERTES
Bz A LTS, &I OEDITAR=FAEED Ni YA A XKFEEL YSZ YA X
REEHENIZEFE LW L ThH D, A =MAEEELRG-1INTR LIz A A XOFEREEK
TENENERTHEELEBEDLEBY LD,

| 1pg = Axd" (5-18)
ZZClrs, A diFENTR=MAGEER (unit length), %%k (unit lengthl™), B k
H# A X (unit length) TH 2D, AHN=AMAEHRIINI VA b A ZBLOYSZ 1 FA

IZIE-1 RICHBIT D, L7z > THEOR I 64 unit size DM A FI2HB0NT, X

=0.44 DA, Iteld di & dvsz DEEEE LT,
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(5-19)

1X107_llll| T T T T T T T T T T T T
. —Oo—X=044(d 1)
-— X=050(d, 1)
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Figure 5-10. Dependence of the triple phase boundary length on Ni-site size, dy;, and
YSZ-site size, dysz, in a 64 x 64 x 64 sized single cubic lattice with Ni-volume fraction, X,
of 0.44, 0.50 and 0.54. Lines are the regression curves by the power functions
represented by Equation (5-18) with n = -1.

Table 5-5.  Results of regression analysis between the triple phase boundary length and
the site sizes

Ni-volume fraction

Valuable Coefficient A
. ) Power n
X unit length unit lengthln
ani 4.32 x 105 -1.06
0.44
avysz, 4.32x 105 -0.94
ani 4.54 x 105 -1.00
0.50
aysz 4.54 x 105 -1.00
dni 4.42 x 16 -0.96
0.54
dysz 4.42 x 16 -1.04
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Figure 5-11. TPB length ltpg as a function of Ni-site size dy; and YSZ-site size dvsz in a
64 x 64 x 64 sized single cubic lattice with the unit-cube edge length of 1 and with
Ni-volume fraction, X, of 0.44, calculated using equation (5 -19).
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1+k1exr{aaZF’7)+ klex;{— acan)
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X (5-23) 1TBWT, T=1273 K, j=2.00x 103 A/m2 %A L CHEEI L,

-8
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Figure 5-12. Comparison of experimental values with calculated ones of anodic

polarizations of Ni/'YSZ cermet anodes at the current density of 2.00 x 10° A/m? as a
function of particle diameters. Open symbols are experimental values and the surface (in
(a)) and the solid lines (in (b), (c) and (d)) are calculated ones based on equation (5-23).
Closed circles (in (a)) show the intersection points of the surface and projections of open
symbols to the dyi-dysz basal plain. (a) Three-dimensional display, cross sections at (b)
dysz =0.11 ym (c) dysz = 0.35 pm and (d) dyi = 16 pm.
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Figure 5-13. Relationship between the apparent density of slurry-coated bodies and
that of pressed bodies for NiO/YSZ composites.
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Figure 5-14. Relationship between apparent density of green body and
particle-diameter ratio of YSZ to NiO. Letters pointing symbols correspond to the
Samples with the same label in figure 5-15.

- 154 -



(@) | (b) (©) 50 um

Figure 5-15. Ni-K« line images of cross sections of Ni/YSZ cermet anodes.
YSZ-Particle diameters are (a) 0.11 ym (No0.10), (b) 0.35 um (No. 4) and (c) 3.5 um No.
17), respectively.
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Figure 5-16. Correlation between YSZ-particle size, dysz, apparent density and anodic
polarization. Orthogonal projections on dysz-apparent density, on apparent
density-polarization plane and on dysz- polarization plane are also presented.
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Figure A1-1 Mn-concentration profiles in the YSZ(3mol% Y,03)/Mn3;0, diffusion couples
the YSZ side annealed in air at 1573 K and 1673 K for 360 ks. C; represents the
cation-mole fraction of component “i".
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Figure Al-2 SEM micrographs of the thermally-etched cross-section of the
YSZ(3mol% Y,03)/Mn30, diffusion couple in the YSZ side annealed at 1673 K for 360 ks:
(a) near the interface; (b) 1000 um deep from the interface.

LN -T, ZOZ &1 Zr02-3mol% Y203 12, ZDOEIEED 7.6mol% it < £ T Mn 2N AfE
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Figure A1-3 Comparison of the X-ray diffractogram of the interface of which the MnzO4
was removed from the YSZ (3mol% Y,03)/Mn30, diffusion couple annealed at 1673 K for
360 ks and that of the Mn-free YSZ (blank).
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Table Al1-1. Literature data on the diffusion coefficient of Mn in YSZ

Sample Temp. D Ref.
K m2g1
Lau et al. Polycrystalline ZrO2-10 mol%Y20s3 1673 1x1013 1
Single-crystal ZrO2-10 mol%Y20s3 1673 1x 1017 1
Taimatsu et al. Single-crystal ZrOz-10.5 mol%Y20s3 1673 4x 1018 4
Present study  Polycrystalline ZrOz2-3 mol% Y203 1573 7x 1014 —

1673 2x 1013 -

el YSZ 1> Mn OIEBFREKICHE L C 3R & W2 &0 D, RIFUEECH 5 & fbamS1
TW5OM, Taimatsu & b F 72 AL ZrO2-10.5mol%Y20s 1 1673K (251F 5 Mn OfiLHL
25l LT 4x1018m2/s OfEZ TRV @, Ziuid Lau & Singhal OfEFRICEL —E L T
W5, ARFEBRER T, 1673K TO Mn OILEMREIT 2 x 1013m2/s T, ZOfEIE Lau &
Singhal O £ &L OMEICHED TIEV, L7z -> T, KEBRSEMT TO Mn OFEHUE, RR

N LR N R - RV AN

Al. 4.2 HiERBOEREKREFHE
T, —fRICIEERE D OIERIFHEIZIR O Arrhenius DX TERDO I D,

D=D, exp{—

Z I T, Do I3HER T, BlIEH b3 VX—, R ITRIEEE, T 13EHEETH 5,

5, (A1-2)
RT

BRFEITIR XV, KRR TH LN 1573 K & 1673 K BT A nEfe 2 (A1-2)1C
RALTENENDOEZRDD L, ROLEBY L7 5,

D =30x10° ex;{—%} (A1-3)
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A

DLV HIXDMITKEN,

ST, ZrO2-8mol%Y2030 & Zr02-10mol%Ye0s@ D fb il & &I il T 5 73,
ZrO2-3mol% Y203 (X IE T CTH D, F7o, ZZRHPTLRER 3 i Mn A A DA A 4%
2865 pm TH DD LT, CO/CO =32/1 ODFTEER 240D Mn A A > DA A2 4%
X293 pmOTH 5, ZiHDOHEEL, MnO:DEMEEN, YSZ OfksafEl, 3L Mn A 4
YDA FERIKGFET D L EREL TN D,

ZrO2-3mol%Y203 TlE, 7.6 mol%® MnO: NEET 5 &, KEauAEIE A IE 7 dhds b7 i
ICHIZERET 5, L LS Sl ZrOs Tli, CO2/CO = 32/1 OH T 27 mol%? MnO:x
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L7zt 2R A2-1 I E 2 072, 72 A2-1 1%, (ZrO2-3mol%Y203)1-{(MnOp)x (x=0,

(Zr0,-3mMol%Y,05);x(MnOy),

. () tetragonal ZrO2 solid solution
@ fluorite-type cubic ZrQp solid solution

Intensity
*

l 1 . ? . x=0122

x=0.073

20 40 60 80
Diffraction angle, 26/deg (Cu-Ka)

Figure A2-1 X-ray diffraction patterns of (ZrO,;-3mol%Y,03);x«(MnOy)x (X = 0, 0.073,
0.122) at 1673 K. (O), (@) and (A) represent the tetragonal ZrO,, the cubic ZrO, and
Mn3O4, respectively.
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0.073, 0.122) ® 1673 K 12K} 5 @iE X BEr\F — 2R LIZbDOTHD, x=008;
EIXIEF L ZrO2, 3B X OV ARSI 55 ZrOe D 2 FRFIE LT, L LA x=0.073 D
A, S ZrOe DB D 1 I TH 7=, & HIZ x=0.122 OE-AIIS bl ZrO2 12z T

MnsOs DIFIEDTERR S LT,

Table A2-1 Chemical composition and analyzed phases by high temperature X-ray
diffraction. “tet”, “cub” and “M” represent the tetragonal ZrO,, the cubic ZrO, and MnzOy,,
respectively.

Chemical composition (molar fraction)

Specimen Phases
ZrO2, Xzx YO15, Xy MnO¢, Xm

1 1 0 0 tet
2 0.976 0 0.024 tet
3 0.948 0 0.052 tet
4 0.923 0 0.077 tet + M
5 0.897 0 0.103 tet + M
6 0.879 0 0.121 tet + M
7 0.852 0 0.148 tet + M
8 0.942 0.058 0 tet + cub
9 0.917 0.057 0.026 tet + cub
10 0.896 0.055 0.049 tet + cub
11 0.874 0.053 0.073 cub
12 0.843 0.052 0.105 cub + M
13 0.827 0.051 0.122 cub + M
14 0.803 0.050 0.147 cub + M
15 0.887 0.113 0 cub
16 0.866 0.110 0.024 cub
17 0.845 0.108 0.047 cub
18 0.821 0.105 0.074 cub
19 0.800 0.102 0.098 cub
20 0.778 0.099 0.123 cub + M
21 0.751 0.096 0.153 cub +M
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Figure A2-2 Lattice constants of the ZrO, solid solution of (ZrO,-y mol%Y,03)1.x(MNOy)x
with (a) y = 0, (b) y = 3 and (c) y = 6 versus the mole fraction of MnO; atl673 K. The
lattice constants are determined by the Nelson-Reley extrapolation method.
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FEENE A U D428 H L7, £72 Lau & Singhal®, 35 X O Kawada 5 @? MnOx
DEIRIE DR ET — 4 bEH LTz, ZrO2-6 mol%Y20s 1, BEEDOHIZEO-OIC L, £

i &R D THFETH DA, KRFEBRRRIL, SLHREMTH o7z, BIREO R,

O cubic (cub)
@ cubic + Mn3O, (M)
0.25 A tetragonal (tet)
A cubic + tetragonal
0O tetragonal + MnzOy4
m solubility limit of M to cub (Lau et al.)
v solubility limit of M to cub (Kawada et al.)

0.20

cub +tet+ M

fet+ M
A / /

Zr0, 0 0.05 0.10 0.15 0.20 0.25
X

MnOt
Figure A2-3 Phase relations in the ZrO,-rich region of the ZrO;-Y,03-MnO; ternary

system in air at 1673 k. “tet”, “cub” and “M” represent the tetragonal ZrO, solid solution,
the fluorite-type cubic ZrO, solid solution and Mn3O4, respectively.

- 185 -



ST ER A OFEIRAY, MnOr OEEE & BT YeOs RIREMICIEL TWDH 2 & Th D,
ZrO2-3 mol% Y203 (Z MnO: 3 [EHEE L7256,  MnOcdREOIE R & & I T8 & B g0
2MMG, SEHEAICHAERET 5, 20 Z &% Appendix 1 DIEEA v 70T X % RS
ROZZFRTLHLHDTHD,
ZE5H, 1673 K TO ZrO2( 239 % MnOc DIfEEE 1L 6.8 mol% T - 72, Z OfEIL Shultz
& Muan @ CO2/CO=32/1 ZH 5 TP MnO DFEAEIE 27 mol %W Fuit L TIX D T/ &,
Shultz & Muan ORI TIE, 2400 Mn A AU BNEETHY, ZOA 4 2 F42R1% 93
pm1OTH D, LN LN HZERH TIE, MnOid 3D Mn A 4> & LT YSZ FIZEET
HEZZ B, FOAF BRI 656 pmUOTHSD, Mn A A U IHMIENT Lo TA A 2248
WCREREWVWDRDHD Z LD, AT BBEPEMEICRET D LRI D,
ZrO2Y203 (2595 MnOy DVEMRAENE, ZrOs HEIZHE L TR E L,  ZrOs-
3 mol%Y203 2%t L CTiX 7.6 mol%, ZrOsz-6 mol%Y203 2%} LI 10.6 mol% T -7, Y203

DIRFEPHRT 21FE, MnO¢ DEERFEDE < 72 DR IF DT,

A2.4 B
A2.4. 1 MnO, DBREIZRET 2BEEDMR & DLLE

ZNET, YSZ ~®D MnO: OEMEERNFEIL, Lau & Singhal, ¥ X O Kawada & 233
L CTW5%, Lau & Singhal IZ, MnOz & YSZ(10mol%Y203) DLk A1~ 7' /v Mn O FE
07y ANE XA 70T+ T A% — (EPMA- Electron Probe Micro-Analysis) CHl/E
L, 1673 K281} 5 YSZ(10 mol%Y203)H D MnO: DIFfEEE & LT 10.7 mol% D1 %15
72 F7= Kawada 5%, YSZ (8 mol%Y203)~D MnO¢ DIEMEE 248 - EDOELE b &
ICREL, 1673K T12mol%Thd & L1,

AHFFETD 1673 KIZH1F 5 ZrO2 ~D MnO¢ DIEFEFE T 6.8 mol%,  ZrO2-3 mol%Y20s3
(2% LTI 7.6 mol%, ZrOz2-6 mol%Y203(ZxF LI% 10.6 mol% Tod ¥, Y203 DD HE K
THIFE, MnOt DIEFRENE S 7eo>TWnD, b DOEOEREH EIZ Kawada & OHIE

FEENH Y, Y203 DIEEN 10mol%Z iz 5 & MnO: DIBRRENE T 52 & % Lau &

- 186 -



Singhal OFERITRL TV D,

A2.4.2 F=N\V DA F O3 ELBREDORERK

X A2-4 1%, 1673 K IZ8BIF D 17THD F—s30 F D ZrO: ~DIEfRE & K—s30 hD 8 Fd
PRI HA A BROBBRERLIZbDTH D, 728, Fe & Mn il 2O\ T 8 B Ol
PN, 6EMOMEEARM Lic, A A AREEWEFERRIS, BREL F—r
N OAENZITRIFR 7 <, Ze DA F AR 84 pmIO LY 000K X oA U R EA T D
R—=_V NOEIRENENE WO BERmRH D, Tvdx, —MIC Zedt& REDA A 4%
EHTDH R—_U NOBMREITEL, Zevr XD X0 /NS, HDH0TE D RERA A
BEHRT D R—0 NOBREITRNE WR D, Ma2* DA A 2 E081E 93 pm, Mn3+DA 7
ERIT 65 pm TH Y, ZrO: ~DIEMEITZNEI, 27 mol%®W, AREBRTH S/ LTz

FH126.8mol%Thd, ZOFEIULOBEKREEMTLHLDOTH D,

100 T T T I T T T I T T Il:\ I T T T I T T T
i ce* T
| ® Divalent cation ]
e Trivalent cation |
o 80 _ .
o L A  Quadrivalent cation i
— | Y3+ 4
c I ° ]
.% 60 _|
- E 3+ -
S [ o ]
Q L Yb%* 4
o sc¥ (@]
E 40 — (o] |n3+ —
L 4+ " a
g T|A o Nd®
= r Mn?* O T
O B Ca2+ -
20 B 2+ A 1
L Fe®* .Mg i
L % oMn3+ Zr4+ Ce3+ .
2+
L Fe N ThMA (@) o La3+ i
O 1 1 1 I 1 1 1 I 1 L I 1 1 1 I 1 1 1
40 60 80 100 120 140

lonic radius/pm

Figure A2-4 The solubility of dopant in ZrO,-dopant binary systems at 1673 K ) ®#9)-
®9 as a function of ionic radius of dopant. Radii in 8-fold coordination (except for Fe and
Mn ions) and Radii in 6-fold coordination (Fe**, Fe**, Mn?" and Mn®") are taken from ref.
(10).
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Figure A2-5 The lower limit of the dopant to cubic ZrO,-dopant binary systems at 1673 K
® (15 - (33 a5 the fluorite-type cubic ZrO, solid station at 1673 K versus ionic radius of
dopant. Radii in 8-fold coordination are taken from ref. (10).
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Appendix 3 MnO,ZEBLT- YSZDESRGEE L
R FatEi&

A3.1 ##E

ZrO2-Y203 R EREME O E S FRE T 2 BB BRI O EIZ OV THZE < #
HEINTNWHW02, ZrOs-Y203 HICHEVR LTIERGRA A 1%, BRSIEITEKF L TED
ME AN D, 570 DM IRIE FIRFICAFAET DMRFEREOFHAH Y . Z 2 TlEA 4
&% LRIZEFENNBRT L2 03D 5, ET-ELIMTHEREEZTET 572012, EF
BIEA A DIRTTITIEIG U TS FOLE DR TR A A 0 3L S CTRAR T ~R T, B IRk
ZEINBASND, 2D X ITEBESE LT ZrO2-Y20s REAEME O BRI R
(3K 5D THRZEN S D238 %, Shoular & Kleitz 1%, Ce OIRANIC LV YSZ il T &EH
FOSHAIE S5 &l LTV DH0, [[EEIC Ti, Fe, CulZ2W\WTHZ DRI OV THRES
SNTVDHO, Ll bZ0BRALFIREN FOICHE SN TV D DT TRV,
YSZ \Zx4 % Ce OIMZ, BB REEDOHKE T2 OGN, ED— 5 TA A AR 2K
TEELW, BICFEHK T TIEBBEZELIRENERT DIE00D O T, A 4 ARG DO
JiZ72 vy, Liou & Warrell 23 Ti ORI X 0 BEE 0T & I3 BEBIRICE TREE A KT 5
EHEDL T 5H—J5 T, Kobayashi 63, EH=EEOHEKIL, KiaE» o PRI NAD

Y, BESEO-14 1T D EMELTNDH0, 2T bA AV REEAKRTEES
DT DEEF I EARFEE 72V, Kawada 51X, Mn ORI, KEERE D E T TOA 4 fmE
FEDORT LEBEFHEDR T . BLOGEBRESE T TOR—IREEDHREZ 6T 2 L
RWRE L TWDH00, 20 15 ICERSEOBEIC K5 ZrO: JEEME OB SUSGE DRy
JEARAFPEIZ DWW T, RS RO AR —, & 5 WITKRIBEIS b O P L 13872 > TR 8
BoNLGENRHY | £OBEBSACFREIIRIZITHE —AIIHI ST,

& T, Appendix 1 ([ZB W T EBRE DE )N 200 pm @ SOFC % 1273 K TiE#zT 5 &,

3.6 ks (100h)FLE DOFEREH T, KIFILEIZ LY Mn 234 Y — RIS T 7 — FANZEL
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/o Lamll, ZO5E, BEBEETH L Mo 25T ZrOz LEKREME N, LI
K BIETCHEHAKICE D IRFRBESE FIZRENDZ LT, 7/ —F, 7Y — F#TMn
A A DB NRED Y, BREOBLACFRHENENT D ENTREND, £ Z TAET
1%, (ZrO2-3mol%Y203)1-(MnOyx = 0~0.076) DB RARE E DEESE R AFTEE B 52

L, XKtEEOBRNOELET D,

A3.2 ERERAE
A3.2.1 FHMDIER

FTE & D 3mol%? Y03 % &ieth 7 I 7 m v d ZrOe iy (R — TZ-3Y) & FrE&d
A XM 2 pm LLTF O MnsOs ¥y KGRI EE LS MEE 99.9 mass% Pl ) % YZT
(yttria-stabilized tetragonal zirconia polycrystals)#lAR— L I L& HU T 86.4ks (24 h)
e, BE Lz, BonBAaMmIE%E 100 MPa OFE/TT L AR LI-0H, KT
1673K THEAL L CHEAR 55mm | /£ 5mm OFERERZ 72, Z OB RNH 4 A vEL K
77w Z =12 LV 4mm £ Smm £ & 40mm OEREZ Y By | BRUSEERE IS L
Too ETZBERS RO —E 2 By L TR X #2347 (Philips PW1700, Co-Ka radiation) %
TV, 1673 K TOREMBINHGONTND Z L 2R LIz, £To, FET T A~REH

SINTIZ K VAT 24T - T, Bt O HE L HENOEE LI RN ORE &, BigkRz

Table A3-1 List of chemical composition, density and relative density, Xwunrepresents x
in (ZrO2-3mol%Y,03)1.x(MNOy)y.

Sample Xun Density Relative density
103 kg * m-3 %
Mn-3YSZ 0 6.017 99.6
0.030 5.675 95.5
0.052 5.438 92.3
0.076 5.732 98.6

=196 -



Current terminal (Pt wire) \

Potential prove (Pt wire)

Specimen

4 mm

«—>
3 mm

Figure A3-1 Schematic illustration of specimen for measuring electrical conductivity by

DC-four terminal method.

Digital voltmeter

(E)
\_/
Alumina tube O sensor
' X L
q |y
B ]
— ® Specimen  —<0,,Air,H,.CO,
DC-current / | T
SUPPlY T <E> Standard
Thermocouple Resistance
Electric furnace Digital voltmeter <

Figure A3-2 Schematic drawing of experimental apparatus for electrical conductivity
measurement at various oxygen potentials.
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1.1x 105 K1 & LT, ¥ ERWGNOHE LT-HEREELZ S & ICHBELIRE LT,
ST 1L 0.92 DL ETh o7, o FIVOfAR, RT OBE, FREEL23R A3-1 I

X oYie

A3.2.2 BERIEEERE

BT 4 G FIEIC LV EERNEI T 72, KAS-1ITRT LI, EE0.3mm O HESHRE
At ORFITMIC 24T, 10 mm R TEE AT, Al 2 232 & e, SMil
D 2 PP B & Uiz, BAFRERINEEM A5 7201, Aait LR Btoicb&o R
Bl—2 b (1877 8301) 2B Lic, MBRZEE (M AS3-2) 1IFE 2= THA L b o Lk
Th b, WHsHE 1x105Pa~1x 1015 Pa, IRE 1273 K, 1323 K, HBLV 1373 K D544
TTITo 70, B, Joia N Bl & 872 Pt-Pt(13%Rh)ZvExt THIE Lz, ZEXO

FRR 3 IET O2, 245K, Hz, CO2gRE N AT XV HIEHL 7=,

A3.2.3 BENEDE=R Y

18U 72 ZrO2-8mol% Y203 B —iabA % (H AL F#FM¥  ZR-8Y, #M% 10mm x HEE 7 mm x
R & 450 mm) & AW CIX A3-3 IR L7 BRR IR BN K 2Rt v — &4k
L7z, @l -ZTD LB ThH S,

Digital voltmeter

()
N

Pt wi
W'r\i Al,O3 tube

.

—X
/ Aﬁ! let
ir inle
/
YSZ-blind tube

Pt-13%Rh wire

Figure A3-3 Schematic illustration of the oxygen sensor constituted of the oxygen
concentration cell using yttria-stabilized zirconia solid electrolyte tube.
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air,Pt | ZrO2-8mol%Y20s | Pt, Po,

ZORKEMOEET EF1X, Nernst DX EZHWTHAS- DO LB ET LN TE D,

RT, Po,

E=—In 5 (A3-1)
4F 0.21x1C°/Pe

ZIT, REFRWES, TWEMARE, FIZ77 77 —ERK, Po, 1, s OmFE
DBIETH D, ZOfFEYr o — 2B I i E L, WmORENZ@SATIA L E—F A
DF I HZ )R b A—4%— (HP 34401A) THIFEL, EEHEICLVREFEBKOEES

ErE=HX—1L7T,

A3. 3 EER#ER
A3.3.1 BRIZEEDEER S EIKFH

(ZrO2-3mol%Y203)1-(MnOy)x (x = 0, 0.030, 0.052, 0.076) 1273K, 1323 K, 1373 K T
DERIREE L RS EOBRE X A3-4 1R Lz, BRFEYEN 1x105 Pa H> 5 1Pa OfEK
TiE, FTEREICBVWTBESLEZE T, BLOWASELGE, EREEETTIZ
RFAOIZ 5 AR T L7, ZORGE(EN LS 720, 7.2ks@ )L ERR LIz b DT — X
R LTz, oo hm, Wi & bIREMEITRRE 2Lk L CRI—DER L TR Y,
SR & BB S SRR BB IS B D T & AR ST,

WD MO IREICBWT S, [F—OBERSEICH LT, IRERESWVE BRI
ERE Mo T, MnOy 28 7206, BEXEEEORE SR GEIT o7, LML
MnO: & 12356, BRUREE LBFESEOBRICEW TR AE L, T7bb, H2E
FRIEE T, BMESEDOKT L & bIC, BRUSEEITIHAL, ThLLTORRESIETIE—
ELIRole, BRLEE LBFESEOBRIZIH W THENAE U 2BENEIL, X=0.052 D
Be, 1273 K T4.3x102Pa, 1373 K T4.9Pa, X=0.076 D4, 1273 K T 3.7x 10

Pa, 1373 K T6.2x102Pa CTh o7z, BEEZ (ST, IAF/REERE 0 EEEIZ BV TH|
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1.2

T T T T T T T T T T 12 A+ T
[ (a) Xyp =0 - =
oL (@) Xun 1373K ol (b) Xyn = 0.030
g 0.8 |- ~ o8 kL 1373K
£ O —a -
@ i & i —a
o 06 F 1323K 4 % o6k A
k=3 s 1273K { 5 I -
2 o4l 4 2 o4l / 1323K .
3 open: reducing A | 1273K ) J
02 closed: oxidizing | open: reducing
: 0.2 | closed: oxidizing
[y} PRI EPEFErEE BT BRI RPN 0 PP BT EFET AT B AT S
-20 -15 -10 -5 0 5 -20 -15 -10 -5 0 5
log(PO,/Pa) log(PO,/Pa)
1.2 1T T 7T T L —
[ (c) Xy, = 0.052 -
10 k Mn 10 L (d) Xy, =0.076 1373K
L 1373K I
= 0.8 | =
£ 'é 0.8 |
@ I & !
o 06 | B 06 |
{e)] 3 ~—
o g [
0.4 L— = 04} |
open: reducing : duci A
02 closed: oxidizing 0.2 |- 2&%2(11 éiid‘i‘fi',?g ~
0....l....l....l..n.l.... 0 N AT I PR
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log(PO,/Pa) log(PO,/Pa)

Figure A3-4 Oxygen partial pressure dependence of electrical conductivity (o) of
(ZrO2-3mol%Y,03)1x(MNOyy at 1273, 1323 and 1373 K . The MnO; concentration Xy is
(& 0, (b) 0.030, (c) 0.052 and (d) 0.076 in which Xy, represents X in
(Zr0O2-3mol%Y,03)1.«(MNOy),. Open marks represent the data measured in the direction of
decreasing oxygen partial pressure and closed marks represent those measured in the
direction of increasing oxygen partial pressure.

B2 Ik L7eny, WIEGRREIZEMICHRBIZER LI 2 A, 77 v 7 OREDINT L & hk

BL7.
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A3.3.2 BEXIZEED MnO REKRFHE

(ZrO2-3mol%Y203)1-«(MnOox ® 1273 K231 5, MEF5rE 1x 105Pa & 1x 1013 Pa
TOBEKUREE L MnO: g & ORRA K A3-5 1T LTc, RA3-LITRLEL DI, &kt
OFERIFE L MnOJREIC X > TR Y, ZOMEIE 92.3% 05 99.6% Th o 7=, FHRIHE
DERIEE~DEZE 2R 12O, Ko BEREEHENT, /208 O DM EEPH ThL
T HENDITVAR (A3-2) TRIND Maxwell ORUZ LV BEEREE 100 % IZHIE

LIBRARBEZ R LIz, 72k, MIEIC L DB EEOMINIL 1~12%TH 72,
+
04=0, irP (A3-2)
1-P

ZITC, o4 op PEZREN, BEEOBREME, SIEOBISEE, [JLETH

Do

IRFL7E, LA L7edn, 5.2 mol%aix % & MnOwREDHIMN & & HICERUREE X
RPN B L7, E£72 MnO: B L7256, [F—d MnO: JREETIE, &

DIRFRIE 1x 10183 Pa D753, MALIRMHK TH HiER7HE 1x105Pa KV &7
o, S HICEKUSEEDOH T, MnOuREDOHIMIC L 556 L0 b, BILREK

HIETFMRIA~DELIZ LD HE DT BN RENS T,

A3. 4 B
A3. 4.1 REHEE

Appendix 2 T/R L72 X 912, Y2037 ZrOz ICEIRT 5 &, Z O EHDN/NEL 2509
ZENH, Ay NI UAALFNTTN =T DA T UREFAEICAD, Z OWIRRIGE

Kroger-Vink OFK iz W T TO XL o IcREND,
YO,: =Yy, +gog +%V(5 (A3-3)

ZoTYy, OY Vi, ZRERUAT=Y AL FLHA b A EHEN1 OA v
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NI O LA T, BFRAT T A M b D ARERME v OBERA 4, ARVEM+2 OE
T TH D,

Yokokawa 5%, 1 v N T7TZENTNVa=T (YSZ) FTIX, Mn A &> Offi%I+3
L2 THY, TOFEENEBHESEICLVET D EHE L TNDH0, £/, Kawada b
X, BRE Y EDEWNIC X D Mn A A4 v Oigk D24t %2 B+ A v o 4k (ESR : Electron Spin
Resonance) 3T L W B L, 1273 K, 225 M TlX, YSZIZMHEYE L7z Mn A A v O KRSy
I3 +3 T D0, BRFESEN 1x 100 Pa LA FIZR 5 LB SN TTRTH2I1ThD L
WELTWDO, £/, YSZIZ MO BEVET 5 LM FEBDN /NS 725 2 &22505, Mn

A F NIV T =T DA FUREFLEICAND, FDOIEMRSNIR D L H iz ENn D,

g /Sm™

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
N
V] 107 m™

1
O I 1 1 1 | 1 1 1 ] 1 1 1 | 1 1 1 | 1 1 1 O
0.00 0.02 0.04 0.06 0.08 0.10

XMn

Figure A3-5 Electrical conductivity (o) of (ZrOz-3mol%Y;03)1.«(MnOyy versus MnO;
concentration (Xyn) at two different oxygen partial pressures of 1 x 10° Pa and 1 x 10™®
Pa at 1273 K. The conductivity data are corrected to 100 % of relative density. Xun
represents x in (ZrO,-3mol%Y,03):.«(MnOy,. Estimated oxygen vacancy concentation
([Vs]) at each oxygen partial pressure is also presented.
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Mm%E:an+gog+%v& (A3-4)

ZZTMny, i3, ova=v b d oA MILES 2 HEM-1MEOMn A 4 ThH 5
FAFRED 1x 1010 Pa LLFClE, Y va=y AAf 44 MZH 2D Mn3+AH Mn2HIiE T

S, BRIVFESRM AR T D7 OIIRO X ) IR a2 EkT 5,

Mn’zr+%03= g,+ O +;V (A3-5)
ZZTMny, i, Yva=g S A YA MILET S ARER2 O Mn A4 TH D,
7ok, HHBIZICLY, (ZrO2-3mol%Y205)1{(MnOvx DAY, 2T TIERATH 72D
(LT, MRRDE 1x1013Pa T, MKEICEML TWD Z & 28 L7z, MnOsk X
O MnO OENRZENENRA, Kk THDHZ L E2BRE TN, Z0Z LiE Mn 14

PIEITL ST, EOMED, 430 H+2 18L& 2R L TND,

A3. 4.2 BERTIEELZBE
AREFRTH LN 1273 K~1373 K, F8F# /3 1x 1013 Pa~1 x 105 Pa T?D(ZrOz-3mol%

Y203)1-«(MnOo)x DEXARE BT 2 EHEARMAIL, 2TDEE) THD,

« MnO: 28 £ 72WEA, BE—EORM T T, BRUSEEIIIERE S EICEFRRL —ET
H D, MnO: ZETHAITIE, BRFEDIE 1x 105 Pa~1x 105 Pa O#FH T, BAFRE/YEIME
722 L EXUSEENHARL, TN TOBESETITERUISEEIT—E L 2D,

+F723.0 mol%® MnOt DEEEIZ KV EXUSEEIIRE <MK T 272, MnO: 285.2 mol%

LLETIE, MnO: DREOHEM & & HICERLERITEONC LAT 5, £, 20 L5

ORI, BIFER LY bRETFEEZDO ST NRRKE N,

RER NV A=T OBRLEEIL, A MNREE B REEOMTHDL, B Y
X, LRV HBREEDOMTH S, Kawada 51T 1273 KIZBWT, £ F 7R
v % T A T ESR o RE, B K OMBRRREm LT W EEEIC , (ZrOes-8
mol%Y203)0.96(MnO¢o.os DFEFIEE, A AU faRz2HE L, BFESHEN 1x 1015 Pa~1x

105 Pa O#FIFHTIX, A A MBEENEREE LY 2HFREWVW L, BIOWEAS 4D
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BENMEE L THDHI L ERELTNDHA0, Lz 5T, (ZrOz23mol%Y20s)1-x -(MnOv)x
ZOWTHA A VRN 1 ThY, EAAREEIIA T AREEICHE L TR /hSne
W cx b, Tz, Kawada HOHE & 1T Y203 REDE WIS H HOD, KREBRTIX
R EDINT & & H12(ZrO2-3mol%Y203)1x(MnOox DELZAREEN LA L7z, Z DR
RN EFCEEOHRIZED D EITEZ LRV JE S NTZERUIREE LA 4 8 E
WCHELWEWZ D, RNA3-DIT, ERESE TRV TIERZEILIRENSEML, 1418
MENERT LI LETRLTND, KERKERITIZOTFHEEMST WD,

L2723 s, Kawada H D (ZrO2-8mol%Y203)1-x(MnOv) x D B KA E E DEESE 4y ERLT
PEIZBIT 285 Ik, BERED 105005 107 Pa O#FFHTIX, MBEELOHEKIZL 0D
59, BEQEDOKT L & HICERBEEIMET L TR O 00, RERFER L 134 B
STWND, MHDERIT Y03 -EDHTH Y, BFENIEARGFENEDE MOV TIEBIRE T
IR TH D, TNENDORERK, REICK W CTERIREE OFEF 5 ERA IR A BN 5
Wese oy 3% A3-2 |TR LTz, BRUSELE D3RR /3 FEITIRTE L 72 WM MEEE R 43 F Cld, Mns+
1T Mn2HTE T SR T 5, flH72 MnsOs & MnO O AR E b [RIF IR Lz, Mn2+
INEETE & 72 D IR YN, 3T O MnO R EICB W CRED B L L i EH L,
ZDOZ L1, Mn3Os & MnO OFEEEFE LD, WED EH L &I ERT5 2 Lioxtin

LTW5,

5

— RN A A i O BERISEEL, AR DOIRE & Z DG EEORICIEIT 5, Licn
5T MnO¢ OEFEIC &L BERZEFLOREPERT 21200 0b b TEIUSEENK T 5
DIX, BEHFZEILN R—R MM AU T v TIN5 T &I K DA BAHERRE DK T,
& D WITEMRTH DMBREILDOGEEDOIERTAEZDLND WIS B AR 4 3
(A3-3), H(A3-4), R(A3-5)TH U DMFREIIRE &5 2, BRUSEE O FIX T
DGBEDIK T & H728 5, (ZrO2-3mol%Y203)1-(MnOox O 1273 KIZI1F HeFEA 4
DT O G EE & MnO: i ORIfR % X A3-6 (277 L7z, BEESyE 1x 105 Pa Tix Mn A
AU+, BEFE YT 1x 1018 Pa Tid+2 & LCHE L7z, FHHEICBWTIET+3 i1 v
U T AAF DB ED 12, +3ffid Mn A A2 DX ED 1/2, +2 ffid Mn A 4 DY &,

VI EDBFHIHE L WEOBBEZELNBFET LD L L, WTHLOBEZEIZEN TS,
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Table A3-2 List of oxygen partial pressures at the bent on conductivity - oxygen partial
pressure relations. *: There is no bent. **: Bents can not be estimated. The
calculated oxygen partial pressures of pure Mn;O4/MnO is also presented.

Sample X poz in bent / Pa
1273 K 1323 K 1373 K
Mn-3YSZ 0 * * *
0.030 ok ok ok
0.052 4.3x 102 3.3x 101 4.9
0.076 3.7x 105 1.6 x 103 6.2 x 102
Mn304/MnO - 9.41x 102 4.67x 101 2.07

DT 0 3 mol% D MnOy DENAIZ KV R ZEADGEEIIRE K TFT 5, £z, [0
FEREDO L & CTlE, KBESEOLAEDOFNGBEIIREV, 1273 ~1373 K, [#E#
3E 1x 105 Pa (BEFEHR), BL W 1x1013Pa (EILEHR) ICBWTOERLSEE &
#a xR OFE(oT) DIEPEb =1L — & MnOcREDBIRZ X A3-7 IR Lz, WT Lok
R FIZBN TS, EE(ET R L F— X MnORE DM E & I RT 5, £72, MnO

RERF—TohiUZ, BRSO L NEM LT L F — 3RV, Z OFRITEEHR LT
BILHFEHK TOAENLVEBELT NI L AR L TR, EBIHRFK O E0T O L8 E
MRENEWIFEREIFFLTVD

Strickler & Carlson O#HECOE & EIZFHR LIoA v N TRENT Va2 =T (YSZ) & D
W TRFED N a =T (CSL) T DA 7 DG EE L 22 (LI ORR A [X A3-6 |
AU, MEE S HOMBFEEAREL L2 5 L QI HGBEMET L TWD, RMRIKT
LU FE DR ZEFLIRIEE, YSZ 22V TIE 2.6 x 1027/m3, CSZ 22 TlE, 4.0 x 1027/m3
ThH D,

FR R 2EFLIREE DI KT 2 BB E ORI TORB & LT ADRD 21D Z2 52 &
MTED, OEDIFMEEILREDOHRIZEY, F— U b F TR T v T ENTHR
MR ZEILIIE SO B = L Tl B, Thbb RN, 7 24— (Cay Vs |, £

2V, Vs [ IR S ND = L1c £ Y, BERZEILO—N F—/Sy MO S h CRAHILIE
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Figure A3-6 Calculated oxygen vacancy mobility (B) in (ZrO2-3mol%Y;03)14(MNnOy)y
versus MnO; concentration (Xyn) at two different oxygen partial pressures: 1 x 10° Pa and 1
x 102 Pa at 1273 K. as a function of estimated oxygen vacancy concentration [VsDh.
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60 PERECRREE W WY TN SR T SN TN SHAY SUNS TN ST SN T S UAN S TANS TN S S O

0 0.02 0.04 0.06 0.08 0.10 0.12
Xmn

Figure A3-7 Activation energy of electrical conductivity of (ZrO,-3 mol%Y 03)1.4- (MNOyy
at two different oxygen partial pressures: 1 x 10° Pa and 1 x 10™® Pa in the temperature
range from 1273 to 1373 K versus MnO; concentration (Xyp)-
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ELTHRE L7e< 722 2 L THH10CDE2@), Kffgr T A% —L7 —n I KBl ESh
5@, HHWMNIF—" FOEEIC K DT DEHEZFEMT DD S NDCDEE X
HILTWD, D O& DI, BEHRZEILIREN &< 72D L eFRZE LR L OB B T &
<70, BRAVWOEBERHTISND I EICEH®COEEZ LTS, TDh, 58
DR T EIGH L= RV F— DR % b 72 5 §7@0eD,

Nakamura & Wagner |%, BEFD CSZ, B3 X WNYSZ O A M8 EHERRZ S L1,
A F AREE O FE L EREEICBO T, WL BBAME (CSZ OHE, 12~
13mol%Ca0, YSZ D¥5E, 6.5~7.0mol%) #HFTHZLITERLT, Ko 7 A% —D
Rk E TRIL T390, LoxL7e2d s Veal 560, 35 KT Zschenck 56D, J1iE X #t
W i S AT (EXAFS: Extended X-ray Absorption Fine Structure) #1772 5,
K42 T AL —ODIFEITHER TE RN EHRE LT D, Zschenck 56U HWIZEEHT,
ZrOz-3 mol%Y203 Cholz, ZiE, BRURGE &R 2EAEE OBRIZIH N T, WK
IZE D L0 HIR Y03 E TH 5, Veal BT, (ZrO2)1-(Y203)x (x=0.09~0.40)(Z 2\ T,
FARZEFLIZ R— R ROBETIERL, Vb a =y AL 4 v ORGEHEMEICHFET 5 L @G L
TW5E, 5 IXBERIREE O ©— 7 & & TR\ Y203 I FEF#FH 2 6t 512 /i & 56 L T
%, —J4 Cole 5%, ZrOg2-Er203, ZrOz-Gd20s3, ZrOz- LasOs ( K— /32 MEEIZWTNLL
5 mol%) 22O\ T EXAFS fifgtfr 217 7262, ZDRER, Kar 7 A Z —DHITIE F—3
Y ROAFUERBBER LT, A4 ERO/NS e B3I T A X —E B L720As,
AT EREORE LastiIRMa s 7 AZ —%BT 5 LlE L T 5, ZrOz2-3mol%Y20s
\ZIEKRMa 7 T A X —DIFEELIRNZ £ @9 6D IO MDA 4 8% 65 pm, Mn2+
DA A2 1T 93 pm, Er3tdA 4421388 pm THDHN D, Mn A A2 DA A 4%
X Er* L0 /NSWRFEETH D Z & D 2 HAEBRTNIE, ZrO2:3mol%Y20s3 (2 3mol% D
MnO: BEET D Z EIZ K DBBEA T DHEEDRKE MR T ORRIKIL, KMar 7 A% —0
Tl <, MREELFRLOMEFEHOHERKEZZL2OBEYTH D,

MnO: Z BV L72 ZrO2-3mol%Ye0s3 T, EILHFHR T CHELEALDOGEE N KT S
D, ZHUE Mn A A PETSNTA A EERRESLSRDLZEITFRB DL EEX BN
Do LinL7enn, UL EOFEELHMICEBMIT T 2720 OMGEHIBIED & ZAHF 5T
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720N,

A3.5 #&5

(ZrO2-3mol%Y203)1-(MnOv)x (x=0, 0.030, 0.052, 0.076) D EXIZEE % 1273 K, 1323 K,
18373 KITHWT, Flix OEEFoyE FTHIE L72%, MnO: & EET 256, BFEDE 1x105
~1x101 Pa O#iFATIL, BESEDORT & & HICBEREEEITHKRL, 1x101Pall FT
IEFENEIKE L, BBEDIEDORT & & bICBREEENE AT 2H BT, B
H1O Mn3+7y Mn2H 3BT S D DITE b RWBREEADFIITEAINDLZ LICLY, &
R TH HEERZEARENEMT D7 B2 HND, F-BRREE L MnO: JEED
BILRIZIWNTIE, 3.0 mol%® MnO: DFEEEIC L W EREEEIIREIETL, Al ko
MnO: TR EAT 5, X COOBEBLUSEE O TIE, MnO: O EEIC L 0 H#n
L7222 LR L O EAFM ORI D2 5BEDRTICL 26D THY, MnO: JREHE
Iz & b 72 5 BRAREE ORI RIL, SBEOIR T % El6l % #3522 LI EE o # N
£5EEZLND, F—WFERELREDOGE, EIrRAL(1 x 1018 Pa)D A3 B35 (1
x 105 Pa) DA XV BEEAOGBENKE VY, ZORFIBEBRSEEOIEME(L= 1L ¥
=0, BIUFEHROT DN NI LN IR SND, ZHUTIE Mn A A &L ST
A FEEPREL LD ZENBEBRLTNEEEZONDLH, B CIXEBMT T&E 2
W, BEBREBEAME F—F LERE LI =T OBRILEED F—_0 MEEB IO
MR MR EDBRARITIE, R—/"0 FORE, A A ¥EEZRFL LTI Va=y g
Frv, R=n_U b Ay, BRELOFMAREL 200 OB RAEN S OTNE, H

BZOWTOERDBRADLETH D,

FAREDONA DT Materials Transactions, JIM, Vol. 39, No. 11 (1998) 1115 - 1120 TA%E
. BRHFF ] 24 5 Fig.A-4, A3-5, A3-6, A3-7, Table A3-1, A3-2 (-2 TILFF ol i,
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