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SUMMARY

L. Project Title

A Study on the Physicochemical Properties of Nonreactive Liquid Metal

Il. Objective and Importance of the Project

Nowadays, the nuclear energy has gained more attention as a clean
energy having the least detrimental effect on the environment. But the
waste treatment and the limitation on the uranium resources are among
its shortcomings that can be overcome by such as liquid metal reactor,
fusion reactor and accelerator driven transmutation reactor etc. In these
evolutionary nuclear energy systems, the liquid metal coolant technology
has been regarded as an essential element to the functional efficiency
and the safety. Furthermore, the intrinsic chemical properties of liquid
metal can be used as the extraction solvent in the next generation
pyroprocessing. By both thermodynamic and kinetic approaches the
physicochemical properties of promising liquid metal systems, the
foundation for developing future nuclear energy systems can be
constructed. |

The aims of this project are to study the characteristics of
nonreactive liquid metal systems and to estimate the properties of

structure material by a set of electrochemical experiments.



III. Scope and Contents of the Project

The physicochemical properties of the liquid metal systems have been
compiled as databases. From the available databases, the liquid metal
system efficiency was evaluated and the candidate liquid metal for
coolant was chosen. The effect of liquid metal on the corrosion and
passivation behavior of structure materials are evaluated using
electrochemical experiments. Oxygen sensor was constructed to measure
the effect of oxide on the corrosion behavior of structure material. The
experimental technique was established to evaluate the oxide structural

parameter as well as the characteristics of the oxygen sensor.

IV. Results

From the physicochemical properties on the liquid metal systems, the
liquid Pb-Bi eutectic was proved to be the most promising coolant
system. The corrosion and passivation behavior of structure materials
are evaluated using electrochemical impedance technique. Oxygen sensor
was made of YSZ(Yttiria stabilized Zirconia : 8% Y.0s) to regulate the
oxygen partial pressure in order to form metal oxide which can protect
the structure materials from corrosion. The partial pressure of oxygen
was calculated using Nernst equation based on the measured potential.
Oxygen partial pressure could be regulated to 10 atm by coulometric
titration method. The AC impedance spectroscopy was used to measure

the oxide structural parameter and the characteristics of sensor.



V. Proposal for Application

Through this project the evaluation method on the corrosion and
passivation characteristics of structure material was established in a
static system of an important nonreactive liquid metal, ie.: Pb. But the
corrosion behavior of structure material was seriously influenced with
temperature gradient, the dynamic corrosion evaluation system is in
need for the future research. To do this, the construction of small
circulation loop for liquid metal system and the measurement of oxygen
partial pressure in relation with material solubility is also in need. On
the basis of dynamic loop, it is helpful to design the liquid metal

coolant system which can be used in the future nuclear technology.
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FHsTh 53] A F&o] FFHejoln o JRo] ¥F= ] UL A
T+ EA4Y dFd B3 Adte] a7HER ojgF 9%y PFYPAN =
EIOYY AR g3pFolt.

ZAHE F8 4A F4EY B, 94 2 383 YA ¥ 312
R 324 89H . AFH BEAA FAR FFadHo] Fol YA
22X BAFG AAFHCE Heg Cd, Lig 5 4 Uk ¥ 32004 Na:
71 R FEH AT 13 dos & £ it AHFHeE B, Pb,
23 Snibo] W FAR W 9, ¥ Hey, L ey € ve
ZF7194E 7HAT QlolA w9 22L& WA Ry 8 5 Qe Fosy
. Pb-Bid] #Fo T HeHE 125T7HR] ¥E 4 0.2 E Nagl 98T
Hlgte] Aol AEE & & Atk I4Y ZddM B o, BYEE Na
ot MEsht AE7} wol = R37 FL Ao] @Folth. ¥ 3244 Bi
¢ Pbe =3 whg3tA] ¥ou, sne woEA wEEge & 4 Utk A
7FA 8 QA F& BFIL A4 wkE Aol L & F T

RAFHANM T4 2 A e F2Ae g3 AL ol s 9
8t F8 F2A) FEo) N SIHEE ALY E 339) BYh s
A9 Pioz dojof A AdAF Ao HLE Y5td 98 B
FALS o83 FAIAT. FE(A) AP ABWH wpsh o)
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Miedema model& AME-31H YA FL&o T4 AR I $4:3 A

TFEAA B4 AY &3l O3 o] FolArh[16]
_ (48T Sp)  (4HT'+ HE)
lnxl—— R - RT

AZIM 48T F4 A TAFT AAAS molar entropy?] X}o
I, 4H7e BE A9 mART R3S enthalpye) Hpolx, Skmp HE
< JAFSE oA Aol molar mixing entropy$} enthalpyo|t}. &

& A9 gdxolty. Pb-BiAld] thdte] FElw Fo FRAR AR
Ll EE ¥ 337 2tk HEA F45L 3 whg Ao we wiw 2oy
S & #3A7= @yol Aok 19508 W) m|Fo] HBA AA 24 W
g NEE FET oJFE Sl BE TERAY 24 L JHAE FA) o
T2 1Y 84 30 A9 WEojdtk. Russiad] 2S5 B4
gkl o] WA T w& FAYL TEF Wyo] AAE Yl
TEA EH] A A3 Huhg FAAIE JEYL Betsty) o
BT WA AAE ARl Ho] F2F e EAE oAME g
2 QA g5 45t 8o e AFUxst FERAST vE w)$ o}
°F @ty Iyt & 32904, Sne| AfrelidRA] ko] Fe, Ni, Cr59] 7z
ANz ALs) HISHS & 4 3, o]2H Pb-Bi FIWo] FETHom
EE 7S 504 34AZA AggE 3AF F AUk

r[r

o
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E 31 EAY JAZEEY 2eF B 95 =4

Metal || gy | SHES Y Viscosity E7|¢ 234
(Atomic | 75 o o | WM | | . . gLy
mass) c c Cl C |glem®| °C|] cP (¢ atm (barns)
271.3| 1560 300 10.03| 304| 1.662] 914] 0.0001
400 9.91] 451 1.280| 1008{ 0.001| 0.00033
Bi 600| 9.66| 600| 0.996) 1121 0.01
(208.98) 802| 9.40 1254 0.1
962| 9.20 1367 0.5
1420 1.0
327.4| 1750| 371 16.1| 400| 1051] 441] 2.116| 815] 0.0001
500| 10.39| 456| 2.059| 953| 0.001 0.17
Pb 600| 10.27| 551 1.700| 1135 0.01
(207.2) 800| 10.04| 703| 1.349| 1384 0.1
1000| 981 844| 1.185| 1622 0.5
1744 1.0
231.9| 2600 409| 6.834] 240] 191| 1492] 0.0013
523| 6.761| 300| 1.67| 1703] 0.013 0.63
Sn 574| 6.729| 400| 1.38| 1968 0.13
(118.7) 648| 6.671| 500] 1.18| 2063 0.26
704| 6.640] 600! 1.05| 2162 0.53
2270 1.0
-378| 357 50| 1347 20| 156| 77.9| 0.0001
70| 13.42 120.8|  0.001 375
Hg 90| 13.38 176.1 0.01
(200.6) 110 13.33 251.3 0.1
130| 13.28 321.5 0.5
150| 13.23 357.0 1.0
3209 765 3209 8.02( 349 144 307 0.0001
360| 7.98 384| 0.001 2450
cd 400| 7.93 471 0.01
(112.4) 500 7.82 594 0.1
600 7.71 708 0.5
700| 7.60 765 1.0
1805 1330 180.5| 0.510( 187] 0589] 592] 0.0001
300| 0.501| 307| 0.445{ 707| 0.001 70.7
Li 400 049{ 407| 0.374| 858 0.01
(6.949) 500] 0.486| 507| 0.324| 1064 0.1
600| 0.479| 607| 0.288] 1286 0.5
700| 0.471] 707| 0.260| 1372 1.0
97.8| 881.4| 373| 741[ 100] 0.927] 100 0.705] 100/ 1.4X10"
200| 0.903] 200| 045 200 ° 053
300| 0.880| 300| 0.345| 300 4 gys7
N 500| 0.832| 500| 0243  500| oo o
a 700| 0.834] 700| o.186] 700| ' s
(22.99) 881
5.2X10°
1.4X10™
1.0
125| 1670] 371] 11.9] 200] 10.46| 332 1.7] 1670 1.0
400| 10.19| 450| 1.38 0.004
Pb-Bi 600| 9.91} 500 1.29
800| 9.64] 550| 1.23
1000| 9.36| 600| 1.17
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E 32 AAFET Aasl 89 94 W

ol x| Abaot ui AHgggl AFggg =14 8t AHggg AFzgg
=25 {kJ/g-atom O) ) (kJ/g-atom metal)

olo
ojo

Bi %—Bz’-#%—ozz—%;Bz'an -193.2 | -165.9 Bz'+3H20=Bz‘(OH)3+—g-H2 +148.7 .

Pb Pb+%Oz=PbO(red) 2201 | -190.1 | Pb+2H,0= Po(OH),+H, | +67.2 | +53.8

Sn | Sn+ Oy= Sn0, -291.5 | -260.8 | Sn+2H,0= Sn(OH),;+ H, 59 | -176

Na 2Na+~é— 0y = Na,0 -417.5 | -378.0 | Na+ H,0= SnOH+ -_% H, -184.4 | -182.7

¥ 33 PbBiPb-Bidj X F& Tz 2459 L%

a
=Z( °C) & (ppm) Pb _gpb_HBi Bi
500 Cu 3600 7200 14,800
700 Fe 6.7 33 125
600 2.6 10 50
500 0.8 2.3 15
600 Cr 730 - 150
600 Ni 5370 - 66000
600 Co 10.2 - 450
600 Ti - 300 3,700
600 Zr - 329 3,215
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2. Pb-BiA] gAF&e] F8 54
7y 8 33

Pb Ex= Bix ¥ 3104 Zo] 1&2 &4 X oA We FIghe
ZHAEZ HF dAZ 44 AFAAE 7R HEAo] Ho A vHe
APE #A2A2 & Utk FARGE Na ot 23 (R 32) nigygos
71 e 3o e dEHIt wobA A9} 4 LAY M5l A
o] WA F&A ok71FE 3EFH Aln fge] vrke Aol Fasitt
Y EHeZe 454 v& 9uigo] m, WA &3 activation
o] ¥& FHE 7INx Utk BiY A WA Hol WA FHda
"Pog WAAIN} oo wulg kA BA wye] mE Um &
24 ok BEdol 3 HE3e] ol £39 Afxr B3, A Y
iodineg 77 SAE 713 Utk Pb-Bi §F2 FA(eutectic melting)

314 Zol me3E AsAA, 1 A 2 Ard

oX,
o
.
2
4
o

4 F8 w3

Pb-Bi7) A&l 7 RBAA #F A5E ¥ 339 ve gl
TEAE AHE 7hsd F4EY $EE AWEE Cuyl ¢ B e
ZHA Qlem Ni, Ti, ¥ Zr & £& L 7IN=2 we duy} gas)
€ & 5 Utk Y g% FRAY A-A A¥ Aol EAEY, 1
2H9 AR 2xAolR % §88 F& Ao AL AW w9
T8 @fos ZEstan Urh[2] 2 HAlole A4 Yo zduy
olFE EAES A AAH A5He YAAZ Pb-Bi A I IS

2

o
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AREELR gloka gelA Qoh[1]

12 e

JAF4Y 2 Y= 2 Q3 pumping cost7} A43ta, Pbel) ®)s] Bi
7F 108} A== o] HAE, £& oA SW Zulde W A)7ige
@yo) ok ey g GHES FHd HlE] FFoz HFo] v
o}

3. Pb-Bi el PRAjmel 24 WUz

PAFE Woll A dojvhs BAFAL 129 ZAY $33t8 @A)
M AR 5 de B Adde 2, nAYH FRAS AAde ] W
ZHA Abeldl g8ty WEHg ol o] WgHoz g R
FO7HA WFU S g8 dAseE, nAds A3 5 x}o)d)
o] A3 = F& Alol2l solution-erosion A3} B F& d4&( eg O,
N, Cete)7} EAste] F o) F& AteldN n@HE 38 wgo o3
A) o]0 ALk [17]

7}. Dissolution 2 Erosion
uAGE e FEAG AATERA WA Aol ST HEHL o]y
= AEd 93 YeElgE A em, o] F F&o] dilute liquid solution&

oRE WEo WIYFE wATE ST T 5 oH 2 ke 2%
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Y. E-459] chemical attack

YAAZ AHEHE A BE dAZ&A e 09 C N E9 nj24 9
AaFo] PlF SAYT ol JAFH R, AR st 1AFE EY
Ee 2 UFdd S8, 2AG43 dAFE Aloldx] mEgo] o)
AXtt. & AAFEA A, vFE 94 2 93 Bo] F&
e Y{FE o)Fe &3 9% ¥ArT © ZriskA ©o). Pb-BiA o
Ad5e B 4o 9L Fushd, @29 dao a4 93

Fae] 4stEde Bug v

N
%0,
)
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Atomic Percent Lead .
10 20 % © 50 00 LI 9% 100

T Or T TP YT TYTTYYY IRASAARAAAS AAMALAasns AaRAddAans] ey

Temperature °C

1004 r— e A e 1
Bi Weight Percent Lead Pb

¥ 31. Pb-Bi §F9 ABIs
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A3 A IAG Ak B 24 2 24
L A& B9d 7239 RHAF
Pb-Bi¢] JAF& YolH FxAE F2 &3 AP F20] LA FT).
steel®] 3¢, &3]€ Fedt Cr o]0 BH| HI AAF&He) AAWL
2 Aol QA W8 S8 ZAYT Po-BiAllA Fest Crel 3=
€ E 339 BQl upg} o] wj$ 7 w4 A (Inhibitor) ‘§10] A}g-o] B}
T Adde BAAAC F A 9FL & 5 Atk 2 FE,  steel
o ERelAM dstete Aot JAFEH FRA HEoE AF B4y
= BASe S48, O FFo) ELFE 54 AP4o] AXA =
a8y, 22 @ AEEE 7FA steeld}t Big o] Fo] A|2H A Cro
< Sl Qs JuAI} dEd & g BE e, A4 B
o8 AREE AOE, Fes} Croj ws] Az oz B3 Por} Bi A3}
ute] Yol 9@ PPolth oS Pb, Bi Asehe AxI&o] SeHE
ARE MR glow, Abh m@d] o3 Feu Creol astehg FYUAA
Po-BiAl ol M F2A 9] SHEE F7AA RS JAe 48L& &
ATt
a9 32% & F49 A3} wh3-] Gibbs URE &x9 4= g
@ Zlojtt. Pb, Bi®) Ashuhg-o] Gibbs cluAE v FxAY s whg
AUART =4 vehdtt. F43 1A3E] Aieke] A3} WA
Gibbs oUiA]= WH-E3he AbAo] Bt sfeich. 2y 9 Pb-Bi W
A F&I WE3e dae AAFE Fob Y & (dilute solution)

2 ¥ 4 908E 1 % B&e Herye W) d8 2y duAe

e
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P=xK

A71A x= &F9 B Bgoln Ke ZU9EL 1 B Lo uisy
EAT AH7b x=00]X ) HY FHe)] FHo HEE A Y w9
Hlg geeolth. AAFS ol 449 o] BolAA HWE o]e Henryo)
ME e WEA] B3 Raoultd] WH& weA ok 19 334 B 247
do g BAE YT F, & QRO A &5 w1 A4
°] Raulte] ¥H& wam, F/YHL & 28 vastn v 45
=T 24(A)9 FIIGE(P)H 2T of o] §HEA Lgom
A g 2 F7) o]l A3 F H&o wlHsle], olwjE ul#Ae
7} Kot 2tk o)A Henryd] o]t}

1% 34%= Henry®] H&-& u#3ld Pp,— PpO, (1 : liquid, s : solid )
ANEE Wl B4 ASER F& Alole d9tta PPL olfE i
THE UE 2@ otk PbO7 AAHEY B Akd BYRT}; Steel
o] FHEZEY Fe, Cr, Ni 59 43}E Ao B3k Bgo] vr] uf o,
Ha7b A= B steelo] WA A3 YAE R ¢ F AUtk 2y
u, PbO7L FAHHE Gl 44 Bl giAstd, A4 o] 1y AstE
2 AEE 37 54 A g0 ades, 32 A3 W
2} BES HASY] AdME dF Pb A" e Ak Ehe HAFe
Hoz FAsokwt gt |

or A

rh
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I I
50 ]
Gibbs Free Energy
-100 | — ——— PbO2
o) /N Pb30y4
— —  Bi?0
g 150 | - 1203
® O w0
§ a0 |- Fep03
2 \Vi Fe304
O -250 -
S B T ¢ CraFeoy
A —-- Cr203
300 L |
-350r_ —
400 | | 1 |
200 400 600 800 1000 1200
Temperature [K]
29 32 249 431E 4 Gibbs iR 9} Lxote] B
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44
v

19 3.3 Henry2] {3} Raoults] X
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10000/T [K ~! ]

9 34 g5 AEE A" By 44 2
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PR
Oxide-Metal System
e ~-— Pb-PbO
\ — — — Ni-NiO
\\\ ————— Fe-FeO
i — - — CrCrp03
A \\ Li-LinO
\ N — L.
— N \\ N
E \ \\
= AN .
N N
$ N
N ~
60 . N AN
2 \ AN AN
\\ N \
\\ \ \\
AN N N
\\ \ \\
. \ N
N N\ N
N
\\ N
N AN N
\\ \
\ \\ N
\ AN AN
A Y
AN ! ] N ! ] N
8 9 10 1 12 13



2. YSZ A AfA A|2H

qA e AFgE WA FHY 4L B FRAS B
She WS A2Y W A BehE AP AZstn 241E 4 s A
ME HRE gt B dAFdME FAYY A2 B4e
A7) 254 Wys udsdm, AN Qe 4
A aA ASAE AH-s AT

23U o} ASE(ZrOy)el HAF Ae-g sle o2 & oJesg 2

i

o

o

o m
e

i

2

fru

e

&%

¢

)
,%
0
o

@)
r—(
S

|
W
3

Q
o
Q
W
G

Q
o
fru
el
A
ot

Zr o] && WABA AtA 0]29] vacancyE FHAFITH FAW AL o]
vacancyEL Al &5 E ZrA7|EE A o] 9] F4H&(transport
number)®] 1] 7}74¢ ionic conductor2A el EA4-2 XA Fch[19]

B2 dA7oAMe 41X ABE YSZ (Yittiria Stabilized Zirconia : ZrO,-8%
Y00 & AHESIATE Zr0-Y;05 A2¥ol M Y o]o] Zr™ o] &g i)
&1 cubic fluorite FZE FASAIFIY, Zr'olLo] 1A T Absla)
HE EX3es A} (lattice)o] A7]H %4 E(charge neutrality)E& A
7171 #8f 4t o] vacancyZl A ETh Air 7oA aak o] L9
TRHEE 99.999%, A& ErldAE 9.9%2 Uiz vk 1y 359
a)e Ata Fee] BE YSZUl9 A BEE U AoH, b)E AEE
Aa EYS 2529 $FE dEhd adelth a2¥ ()9 (b)olA i
129 vacancy 5= AEEY HlEsH 2 e A4 EQte] wisle)
ARl FF FHE RS ¢ F Utk 2y, b)olA 1070wy =
Al ZAAAAE, oo, 7F Hol AA AxT 9 o] Ax ) vks}
A FHo da ol AEARE AT & gtk FEE AL W= s

~—~

m[ru

0
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B3 107 mere) Wl 8 £ Qi
¥, A==E Ugd o] 2x9 5z Ul £ gtk

pr=pge™”
Q71NN ort oo 242 2E7F TY w9 09 B APHe Yehuin,
Te Al 2%, A A<olth. 85% Zirconia®t 15% Yttria® FAE YSZ
o) eEsb AYPgke] VAL ¥ 349 19 369 YA

3.4 YSZ(15% Y»05)9] &0 w& A A3}

T K) /T x 107 Eol‘:i:éj]gﬂfq{nn;) Log or
1020 9.8 200 5.3
1170 8.7 60 4.8
1320 1.6 33 4.5
1470 6.8 20 4.3
1620 6.2 13 4.1
1770 5.7 10 4.0
1920 5.2 1.5 3.9
2070 4.8 6.0 3.8
2220 4.5 5.5 3.7
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1 [ ¥ [ T I ¥ 1 i T f [ 1 T
T R "5} T
g _4% = [*]\\ ,/EPT/-/ ““—T""l
.2 -~ 7] B -
g — -~
g s
8 - .
g i i
g _
igh P,
LO“; PO2| L i ] 1 1 1 1 | 1 1 I|11gh| Oz
log P02 s
(a)

ZrO; (+10 mol % Y, 03)

-8 ] 1 J ! | 1
10 10—30 10—20 10—'10

P02 (atm)
(&)
2% 35 YSZe A vx9 Ax B4
(@) YSZ9] B =9} A Etate $i)
(b) A& E4H =71 YSZ (10%mol Y.05)e) Az} 2 o] Axwo)

A= 9

- 38 -



4t
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- 3_

T2 | .t 1 { !
a0 50 60 70 80 90

—> V10t

13 3.6 YSZ9] £xd] WE A3 gte] w3}
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A2oA A B SAE 8 YSZ uA AR L AMEEe Av)E
3t# oxygen pumping WH-E o] &k o] WL A Esle] g
F=7b wob 2 AE HMZE Woh 29 373 o] e Zu|g A
(c: PYo] =3x8 A o] AEA} 247 92 Ak BYE 74 F g

9e FRAL e A9, A4l 354 delgol s it Bol
e RP)IN Re RP)oE AHAS F3) o5 B 2o v
2 AGlNE F A B ool A¥std 4x BAS YA H 7}
= AN $2ET S A6 1)) WAL PE W] dojuy)

20°7(Zr0;) ~  Oy(gas)+4e (P

ol YSZoA whAuRzE AthE BYol & 2o Oyf/Pt/YSZ AA W
A9 ke gukge] ol BEHETh o8 e HAHL Fay i} Hetol
2 RoA e XoF o]Fan, HAlY olFd) oatd 1A WA
WH-oll Ak o]0 o]Fg Walsle wEer Mol AAL. AF}
00 Hy elloll =2d& W F Ao WHF 239 godo] Aa: As)
2 A% Nernst W44 o3 theat o] o)

71X Re& 714144, FE Faraday 4%, TE €25 Uehin, P

2 £ ik B P B8 Z9) A4 Eqtelt)

19 389 YSZE o] 83 oxygen pumping®] sd-& JEeERHQTE YSZ
cell ¥Fto] 7t Vo] AYole A o]29] 0]ES HE3le] RS
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Pt(2) Pt(1)

P2>Py
Zr02:Y203 P

02 OZ

L O e

L A\

+4e —4e

I¥ 3.7 A B Aold wE YSZU Y
o] 29| olF X<

Pt(2) Pt(1)

ZrOz2:Y20s3 P,

Oe Oz

x

29, 38 Oxygen pumping g

I
v

+{f
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Z32317 d. oxygen pumpingd] 7|2E ¥ ANE 7719 FF =)
A e Fie FREY mEt T AR UE § gloy, Atk 29t o)
€

f AEAA T ASE Wi HoMe 2E

(7} &4t Al$4 (Diffusion-limited) Pop 414

Ol vgd For IS @AY 39

@
N’
)
4
~N
)
3
o
2
et

EAe ol Qe Ae FTE(avity)e T PH(Y 39 ()02 Ae

g e bariers XA of W, 8 2 A4S Fo] FojFm

TEE AFE 4T W SUHE GAARE 42 2wy
Is=4deo, Py

A7l o, & 1 7k ol o] Aaol b Ad=9l BAF barrierd)
7188t EAjo) BAE gholth

() 2t vlAE3 (Non-diffusion-limited) Po, 414

Aae] Big AVHA gon, art THY gasE AFFoE S
A3 upstreamd]] A &= pumping-& downstreamol] A & sensingS @sle
TEE Ho vk AIA celllM 23 ® EMFEL pump celld] A3 Az
7b =0l Y #Ho2 FAHEE pumpingo] o]Fo]Rch o] Axde)xy
= gas®] o] F8F 2 WL @k B AFeME FF 2H4 s}
T AFgol & o] WS AYsATh

(4 718} Pox 3

oA Aael g FAE AMEE o] YdE F& AsHE( ex.
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TiO)o} Agake] & Bt e Fges deues J4e o83
A SN Tl glou, o' B4 Aol7t & Afont 875 v
of Atk
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Pt{2) Pt{1)

|14

Zr02:Y20
P, P, r02:Y203

Oz
% | o o= N _~

v R

(@) d&4d & dx

Pt(2) Pt(1)

P =y Zr02:Y203
1
@F: Oz
N Oz BN\
]
TN N

(b) FF(cavity) AxH

a9 3.9 2 AdE AA
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A3l7] 93] coulometric titration WYL A&
T At ol oA R EAFe vFda Y FS ZAHNE § o&

2 Azt e AYHsE 2Aso, 89
AHE HsFog kst AL AR

3
g
lo,
>
B>
i1
l
tjo
P

1% 3102 coulometric titrationg E3] Qo)X & Al7te] wWE A9 W
3tE 9 A3k Aot} Mercury pool Wol x5} Cd 9 Pb iong 314
7171 8l AHE Arkeh o AN E WgE A¥rd, 274 % IR drop
o %L E potential jumpst LA3LIL, 7} o] 2o] gAY wel 2] o
€ 9ol plateaurt YehtA B olm) 899 oo HIFFL AR
8 AZIXAZLLZ AN § Qow, o] e F8 poolde] Za)stE o
=9 Fg dopd & QUr[20]

coulometric titration& YSZ 1] Aa|ad A)2d"o] HLeA ArE A
Froll whe Absl/ el whg-o] YojUEE oxygen pumpingg sl
28 FYY 4 Utk 19 389 Fo) AYE AslEA =W Asge 7
3t7] flste] Alzte) oiste] RRFE FHEso 3, AFES TEyd A3
FE AFXARLE 77 F Y] 7o) o] golsit) W, AFE
AAAT7E B FH ARl ¢Ael B Fo =38 H Nernst 3720
o) cell WHHF-9 A Y¢S AT 5 Aot
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Time

Potential

2% 3.10 Typical Coulometric Titration Curve at Mercury Pool
Electrode (1.54x10° M Pb*, 7.7x10® M Cd*)
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A 44 A Y&
2 AFolAE 4A Pb NI HY FRARY 4 A%L 2T 3
A AAE o] &3 A4 Eote 2HI SANHS Q1] FLo] Az}

2 B #EAE Wel7) 9% 489S Sy

1. 4% A5
3A AMAZE ZrOr8%Y.0:8] AL 7FAH, 1500ColA 10A) 7t
¢
polycrystalline zirconia& A}-83l¥th. Pby powderys 858202 Pbr)
0% ol’FE AAEH, EEERE 001% Zn, 0.01% Bi , 0.1% Fe 7} &%
Heol Aok FERAZ Role steeldl HA AL 98 A 200xme)
Ferritic Stainless-steel (60% Fe) Fe wire9} Ni-Cr(66% Ni)& A}-8-3}5j.0H,
HAFo2E 99.9% Pt wireE AMESQTh 20% O, 9] air 9 N, (0.1
ppm) Og) gasE o]-&3tq 44 Bt 24 2 2L A% EY7E 24

ATt

443ta  fully-densified ® %74 07 mm, A& 20mme)

2. 49 A T4

4 A49E A% celle WA 16mm, 97 20mm, o] 12mm, Fo]
Hmmel ¢FrY H(ALO) o2 AFEHYL. EFr|Ue Pbe f§LE
o9 ILRAAME AL FAE FHAINAY wgEA] Gol B AY
o AT AMa2 AAF=HAD 506 w/o SiO; - 3.7 ALO; - 0.8 CaO - 54
NaO - 04 KO - 39.1 ByOs2] A& 7}4 glass powderE A =3t &
et ARAA H7IZeA 1000CY 52 147 B¢ %9 F dFupny
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Z Bl =X3PT. glassed- oA A FE) o]} 600°C o] o] 1.0
A softening ¥ o] &Fw|u} 37} FR ) YSZ Alo]9] sealing A4S AE
T AEE agEHAT

Fe, Ni-Cr 3l Pt wirex cell vt dZmUYE FAHRo2 sle A
9 BEE o5l $RAZA Pbr} Hohw R o3 Hezx GEE
st (L9 3.11).

Cell®] ©¢F 80%71%9] ¥0]7+A Pb powderE A& T z ARz 2z}
920°% Z=E o]FEE wire (Fe, Pt, Ni-Cr)5& w3t} YSZ9] oFd
o) silver paste®} wireE sintering® E3] REZIAZ] F celld] QU
thermocouple wire7} o] )& ceramic tube® X A e[ Th(2Y 312 ¢

313 #x).

3. 49 W
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g o838ty YSZY 2xo] WE FHE 54E& 2ASAT dol 47138
=& F YSZ AsjE Fe] 4 AEA AFE UA71elS titratione
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1% 3.4 Furnace & 2% 315 Data acquisition

system

- 52 -



Thermocouple

o _Ll (type K)
Ag

By S —

°L

.....

S&s roldl

Alumina
cup

39 316 AT WAE

- 53 -



3. Data Acqusition
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Temperature
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Astere] Az AFol 4F AYFL olgste] A Wyolr).
TEY WAlAM R ARS YolEr] gHME EBHY  BEIupy
(Potentiodynamic polarization method)o] FZ Alg¢HEH, = Er e
F7HAY Aadte AAE Aslste] £9Y Adui(quasi steady-state) S
2% H 52& AFMA~ A FAE A5 Bao BASE ol
o olFE ¢ F AUl W] R4 Fxg 2AHY & ok Aslgto] 24
& B35t FHo] AR FE 9 passivation regiono] JER} A9-HE
aYLAN AT FEEE FAY AFY FASE Hol:d, o8 B
3 Atstere] HsAdg @3Y 5 Ak Stainless steeld] A9 3k Lo
Al 2 3187 e AEL Roly ol Esa passivation regiong- &
T 3T o] WL WL WedAe By AL 48 5 Q= Aol
o] ®ol AM&EE whdelth. 2@y, AU AHE Ao A2
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THE SHe PHonz Axde AYANE HYJHaRy =
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T ATE 9 EY E4dch ax, AFY M99 AR s Akgin
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2 nF AR S

ol ALE 1F d9hs FHYPYL Y e LF Fuisd] g
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capacitor g2 F3 ZAH] AAE dol ¥ F QU

F&3 A3y, AR o] %07 N2 A Yuuio] ofs) 23
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= A&k 89 RC timeo] o8] Fijfo) EXP e AE AL
(distributed element) &2} 3 &7} A8t §4jo] olPcte wyo] 9o
U, Agete] 9T FA dn AAWY FEHE gopste FHo) Qo] B
o 33 d9E dS £ Az gARAG.

@) dMD2E T A3 Y7} )& Fg

28 319% 89 ey ANE Arste 23 Hohe yYR 5 =
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I AFE BAFE Ao, 5 FHFAN YehtE BAdRge 4
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FE M F UYelle SU132E a9 3203 go) FAEPon, o] =
7FB 29 simulationg F3 dojF e 1Y 3219 3.22¢] AMoz §
At PHERE FEAFY 4E&5FT vaste 98 ASS HYE s
Ak AR A AFHL 10° orderz st ete) B2 AP Fol &
ARer, e Fao Yoda ge Fato F sk Yo A
& o] & vacancyd] & ALE T A7 2%x10Y7 ecm2/sec 2, o] e
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complex impedance plane plots.

- 60 -



RN

P,

ct

WA

o A
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(Zw : Warburg impedance, Cq : Double layer capacitance,

Ret : Charge transfer resistance, R; : Solution resistance)
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2 34 Fg 24 ¢ &4

1y 3232 570C A& 97 oA =83k titration(# 1) curveE 1}
B3, 29 3.24% titration (#1) %o A7} AIHH AR 299 A
$1 vs. A|Zte] = olt) 0.2 mA ¢ AEE 600 9t A7t = (2
d 3.23), 45T ¥t o]l AFY A7 EAY) IR dropd] 9T
potential jump7} dojkith. o]F A7tE AFE cell WO Ax o] &
doll 2RFHo] HYgke] g ol A48tA & plateaud R LT} o]
A 4 AT FL cell WY AAE HBREO T pumpingdt I AR
il A7 A 2 o8 2 S Nernst equation®l] Y3l cell U
o & EHE AMSAT on sFez ALgE A9 M Bgre
01 ppm °|th. At FHE Y 3300 F&F F& A3E 7He By
< OFE AL B ving A, cell o] A B QL Fe-Fe oxided]
WY BT dAEH o) B cell WHIE Fest Ni-Cr wirer} 2ksid
FHE EAFTE AL FAY & AN BY7E i 2= v
e BAAA leakrt A Ao f9ol UAEH, )& 1Y 32504
AT & Atk =, leakZ Q&) cell W29} 9]H 9 potential x}o}7} ZFA
3t3L, pumping &= Rt} leako] 2% #90] © #A pumpingo] B}
AT 28y, o)lFo) L2 & LT YSZo] J}E)AE ceramic tubed]] ¢
g AAYE 23S leak FAESE MASAT. 1Y 3.26~3299) @il
At 71004 S titration AF AYe A profiled YEUQ
T olF, 700C, F7] 71 FHE tiration(#8) 1 Fo) =g
WY AAE B3 cell W BY FejE 2AG A, 2Y 3300 U
Hhh o] 3 WA Plateaus Cr oxidee] & k4 £33}, final Plateau
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Aol HA steto] FAFF o2} BaP

o|31 %, coulometric titration® E3}4] cell W9} AkA Eole =243}
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¥ 3.5 Titration Experiment Summary

Titration Number Time (sec) Description

1 0~600 N, 570C, 0.2 mA

2 3083 ~3155 Ny, 570C, 0.2 mA

3 3158 ~3756 N2—0O,, 5707, 0.2 mA
4 10351 ~10496 Oy, 570C, 0.2 mA

5 10922 ~11264 Oy, 5707, 04 mA

6 11267 ~12460 Oz, 570C—730TC, 0.4 mA
7 12470~-13495 Oy, 730C—7207C, 04 mA
8 14874 ~18347 Oz, 690T, 0.4 mA
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570°C Titration Potential Profile
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( Titration & PO,

o Titration in N9
+ Titration in Air (final plateau)
® Titration in Air (Ist plateau)
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3. YSZ 114 AsA EA
% 331 570CoA YSZ9 A e EAIF Aotk we =u}
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4. X9 st 24 Fx
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Aed FTHEE L ZAE
1. £ EE
Russia®] Pb-BiZ WztH& AT HEH A 2 J4z 14
Al Aol Y ARHA G BBA B F S0 WAAR Agg
Aol Foh 28y Russias o] 7]¢ FAE H33 Qe 2 ollg,
A7EA] DB #A A T3t AAE ALL 98 suto
AFE AAeA HFS NEF MY AANME 298 A7E G5y
ot olA7tR] L EE Russiad AEE ZARZ B9 u), Pb-BiAe =g
As FERARY FHoz, 53] 52 Lixd o P2A FEY A
23 §E 2 09 2% o] nE EF Ae 2 f2 9%, a2gu B
Y 9FS £33tk
Fego] Yol 4248 YAAZ ndE F JE dASS
ZAFSa multi-componentZ-$-9] EAL o)
¥ e AAEYY GRE 539, AAZHA wBA AANFE B}
g A% 7IiE 7ESAY. 3R §5 99E, Bed, 299 ued
R e NkE A 59 dAHA BAL EYE wm 23 Ad,
Pb-Bigt=o] 71 o]3AQ AxAE 2Fn AL Aok sy
FF BEF/E multi-component o] g AAHA Wt wWHS o] &3}
o HH9 vgAY YAAE AA L ALE JhsAe) £ohn wud,
Pb-Bi7] W&/ AHF &9 A ELe 98t FAYY 4 Bt
< YA HE fAse Rol Basith 400 2 600Ce] A9, ik B
& 27 107~107 7igke) Wsk 1010 gk HRNAN A5
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S Ze B AFA 3eoA Akxd g MdWxn  Exuq
Yittria-stabilized Zirconia (YSZ)E& o]&3le HAr)gstyoez Ar=
pumpingdti #4+& 1077190714 SAsked] AFsdch ol2H T2
29 34 2 2 I GPIM 2ae) 98 ATdE SNe s
Rt YSZE AME3ld A4 E pumping e LEE B4} 700 °C o]ito
2 FEHY B AFgME silver Ew]E o] &3] 570 °Cel wre
=M= AFAH A5 S #9384tk AC Impedance ¥ o 82 YSZ
7188 54 o84 A%H dNHA FAY F+ Q-

TEARY SHE AAFE A3 4L AC Impedance WY o

BEster 4Fach 43 Wge) YL AYHE 2 capacitance B

& W RN Aol Tk 3749 Bk AAAeE Baske ey
E4g HelZEQo. 4¥) 22 ¥ ARY ¥uA BRI Asu B4
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HA A48 w29 Los Alamos National Laboratory Rt} A AF3
AL B ohu, AV18E 1YY MR A=A eE At &on
vEEn. B gog 43wt g4 97 2 AR Add a3 se=
284 Zojth
2. 48

- HEAY YA FE FoA Russiazl Pb-Bidrag S A% AL Asiyae
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& (A) Solubility of Metals

In order to obtain the solubility of a solid metal in a pure liquid

metal the Miedema model can be used.

-Solubility from free energy

The solubility = of a transition metal Al in a melt of a pure

low-melting metal A2 can be evaluated using following equation:
Ins=(4S""'+S™/R— (4H"'+ H™)|RT,

where A4S is the difference between the molar entropies of the solid
and liquid phases of pure Al; A4H""' is the difference between the
molar enthalpies of the solid and liquid phases of pure Al; S™ and

H™ are the molar entropy and enthalpy of mixing for infinitely dilute
solution of Al in A2 solvent; s is the solubility of Al in liquid A2; R

is universal gas constant; and T is the absolute temperature.
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-Enthalpies of mixing from Miedema model

The enthalpies of mixing for different binary systems may be obtained

using the Miedema empirical correlations.

Principle
1. When two metals Al and A2 form a mechanical mixture of atoms,
the shapes of cells have no effect on the energies of atoms so long as
their cell volumes remain the same in pure and mixed states. But at
the boundaries a discontinuity in the electron density ny exists because
the electron density for Al and A2 are different. This discontinuity is
smoothed out upon alloy formation when the cells for one expand at
the expense of those for another. Miedema et al. assume that the

resulting change in the density of electrons at the boundary of the cell,
An,, contributes a positive term g(Anl)? to AH where q is

empirical constant.(the values of nus are in electrons per atomic unit

cube equal to 0.5294)

2. The second effect is due to the electronegativity of elements, ie., the
potential of electrons in metals, 4. The more eleqtronegative elements
tend to attract the electrons from the less electronegative elements upon
alloying. Since the electronegativity of electrons in pure component Al
is different from that in pure component A2, the electrons tend to

spend more time about the more electronegative atom after alloying.
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Therefore, the potential of elecirons is lowered upon alloying, and

consequently AH is lowered by — p(4 ¢ )2 where p is an empirical

constant.

The contribution to JH resulting from the change in electron
concentration and electronegativity for certain classes of alloys is

expressed by

AH= f(x a1, V)g(x 1, %ws)ﬁ[—g‘ (Anl2)? — (4 4)*— —%]

The term r is justified heuristically as the hybridization or interaction
energy and exist in the case of alloys of transition or (noble element +
remaining element) particularly when d-electrons interacts with outer

p-electrons.

Calculation

Next, it is necessary to formulate f and g. the energy effects upon
alloying are assumed to be generated at the contact surface between

dissimilar cells; therefore, it is further assumed that the surface

concentrations x}; and x), are more relevant than the bulk

concentrations, and x7; is defined by
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2/3
X A1 fol
X VAR + x40 VI3

s
XA =

where Va; and Va; are the molar volumes of the pure elements,

It is further assumed that

F= %

2% Al Vi{? +2x A2 V2/3
(nw )—1/3+(nA2)—1/3 .

The values of 4, nws, V, p, q/p, and r/p can be obtained in table

Conclusion

So the molar enthalpies of mixing are

N Z’i’xAz[Q A( g = (4 9) = (#/D)]
(nw )—1/3+(n.:0132)—1/3 .
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-entropies of mixing
The molar entropies of mixing for binary systems may be derived

from the correlation between excess enthalpy and excess entropy

Hm = TS " s
where the parameter rmay be interpreted as the temperature at which
the system becomes ideal. For a large number of systems ¢ is

approximately equal to 3000K.

-Concluding remarks

In Miedema Model, the parameters have been adjusted and readjusted
in some case so that the results do not always agree with the more
recent improved values. The overall success of this method is very
good considering the fact that it covers nearly all the possible alloys.
this method is 95% successful in predicting the sign of JH. A
comparison of the available values of AH for 40 binary system formed
by Al, Ti, Hf, Cr, Fe, Co, Ni, Nb, Mo, and W with the calculated
values by the Miedema method shows that the differences generally do
not exceed 8 kj/mole, the largest difference being 17 kj/mole within a
range of +47 to -62 kj/mole for AH. The disagreement is large for
silicides and germanides, and for relatively small atoms alloyed with

large atoms, leading to large coordination numbers.
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-Example calculation

allo AH{(kj/mole) solubility(weight%)
v calc. exp. calc. exp.
Al - Bi 9.308 0.187 3.02
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