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Solubility of Major Elements of Steel into Lead-Bismuth Alloy
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Hiroyuki SANO*, Toshiharu FUJISAWA”
Tomohiro FURUKAWA™, Kazumi AOTO™

Abstract

Lead-Bismuth eutectic alloy (LBE) has been considered as a prospective coolant
for a fast-breeder reactor, but a corrosion of cooling pipe is anticipated when it is
used. In the previous study, the solubility of major metallic elements, such as Fe,
Cr and Ni, into LBE was measured under extra low oxygen potential. The
interactive effect of those elements on the solubility was also examined.

However, it is thought that an oxide layer is formed on the surface of the cooling
pipe and influences on the corrosion of the pipe. In this year, the measurement of
the solubility of major elements of steel into lead-bismuth alloy through Fe-Cr
complex oxide was started. In addition, the thermodynamics of the Pb-Bi-O
system at 800 K was investigated and the phase diagram of the system was
determined. From the above results, the stability diagram of the Pb-Bi-O system

was established.

* EcoTopia Science Institute, Nagoya University
* Advanced Material Research Group, Advanced Technology Division, O-arai

Engineering Center, Japan Nuclear Cycle Development Institute
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Composition of HCM12A steel.

Chemical compositions of lead and bismuth specimens.

Phase diagram of the Fe-Cr-O system at 853 K,

Phase diagram of the Fe-Cr-O system at 1273 K"\

Schematic illustration of the oxygen control system by H,-H,O gas.

Schematic illustration of the experimental apparatus for the solubility measurement
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Tentative phase diagram of the Pb-Bi-O system at 800 K.

Cross section photograph of the sample.

Change of composition of Pb-Bi alloy with time.

Phase diagram of the Pb-Bi-O system at 800 K.

Stability diagram of the Pb-Bi-O system at 800 K.
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1. [FLHIZ

BADEFFORETBEAFETHY, U 2B L LTS, 20U IRY I VEIR
I Th T 0.7% LOEELRZVWHEDRERTH Y, TRFEIETFLED
nNTWal, X EERY T VEREAEDERT 22 0ERI N OPEEHEIE
FTehy, BRETIE, BFHREONAZEKENDEEMEF~BT T2k
AR E LTWBE,

BRI A 7 VBRI TIE, AR 11 EEE X 0 FBR ¥ 7 VO ERLERETREN I
%P6 L, Pb-BiE&A4 (DA%, LBE W) 2@HEMM & T2 FRANPFEREO—D
LLTEIFLNE, LBEIE, F MU U AICE~HBANEL, 2, KRZER L ORISHE
PENT L, 2 WAHRBRERBRRIFVAT LEBETDILHRAREL 2D,
FORE, 7Ty "NRMMEELATHEELLT, TR VALUBRTIEREETDH
5 LIRBET AR EOBER, 7 U LARHFEAOBREELRE LITEED
BEN A TR OBEICET AREENET LT\ 5, BIEED T 5 ERCEIEH
T, = OREEREHIC OV TORIHETMZ ER L T2,

DAL, %EOMEOBEEMEZIE L T\ IZH o T, LBE F O EO
TELBTERCH ARS OBMENERT —F L LTLETHY, THETHRHRICEL
5T, BESEEEE L-&ETICBWT, LBE FOSMEEEHITHE (Fe, Cr B &
YNi) BEEOBRRERMEIC OV TH LM L TE P,

UL, BEA Z7ORNEEICIZEFESKS LBE FIRFBHFER EITLY, /A THEK
TRIZLIBLMBREBREN, TNBERICH L TREEELBIETLEEILN
B, FLTCEREERZINE TOMEL EHICRESY, BRELEHET O LBE FIZB
W TESIATBL R E ISR S B TE 2 DBR{L A b DR ERITRE O LBE ~O BRI
DREZBEIE L, 7=, Pb-Bi 84 L BEMOERN RN ZNHELILET D
iz, AEIAEFIRESRIZI T B Pb-Bi-O ROBAZIZONTHRIEZRME L7,
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2. Fe-Cr REABILYD LBE ~DBEMFEHFHE

2.1, EE¥HORE

LBE &H131A 7 ORFEEICHR SN HBLH O LBE ~DBEMEERZ, AT L AHD
FERRTHAEBLOZ r AZEE LTHIET 5. BEA TOMBOBRMTHD
HCMI2A $ADHEFK % Table 112, 853 K& 1273 KMz 331} % Fe-Cr-O SRIKREX % Fig. 1,
Fig. 2 \{CENFIRT BED A THIEOFERL S ARIER & 0, 853 KI8T Fep3Cro2704
LD R ERAMEE OB LA, 1273 K TH Cr0; MG EI A TREREICHR SND &
#2255, Lo T, AR E IR (673~973 K) 3B L OEIRET, (Fe, Cr);0,
BLOCHO; 75D LBE ~DETEDOBMELREST 2LERH D,

22, BRIEOHE

MRS CIMENEL T 572012, CO-COBAENTAEHEM LI, LiL, Z
NETOFEIZBNT, £BTED LBE ~DEMEL I, BEVADDLDRIEDHE
BRI & D EARYAMRE ~ OB ENRA SN TE 2, %72, LBE FOBROFEMFHIEITL
TH IR ANEBARR L 2o TS, £2T, BESEDHIEL LT CO-CO,IE
BH AL BFELITING, Hr-HO0 BEF AL FEEZAVWD Z LTz,

LB OIEIS R % Fig. 3 1R T, Hr-H,0 ML ZRECHBTE 2 X 51T, 7 Arlh
HA (H,FR) #EfafE (Mf3) [cEAL, BROKERSKESLIGERMISE, £

NEERMEICES, fAMKERIEILTDLIZ LI , FTED H-H,0 MBIz 25 & 9
T B, |
2Hx(g) + Oa(g) = 2H20(g) (1)

log(Po, / atm) = 2l0g(Py,0/Py,) —2.58 x 1047 /K +575 @

23. ERAFE
2.3.1. BRROBBRET

BEENEDEEFESERET 2720, BE LBE ~OEBROBMEFEIC OV THRET
%. Fig. 4 [ EZBRER OB 2R3, 7/v I T4 (O.D. 38 mm, LD. 32 mm, L. 45 mm)
IZ LBE #®HEL, ﬁ%t*ﬂr@ﬁ%iﬁﬁkz‘?ﬁ%ﬁﬁ%@:ﬁﬁﬁﬂa‘étw 27 L ARID
ECHERTE S, FRROEE CHME L7- H-H,0-Ar BEVAERABOBELL VRER
33, THUEOERBER LOERSTIL, BEEOERILRKRLT D,
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2.3.2. BILYOBRERE

(Fe, Cr);04 3 L U Cry0; 225 D LBE ~DE TR DOBRIRE L RIET D720, BACHHH
RRAWEUTOL ) 2EREIT ), EREBOMIER % Fig. 5\~ T. B ORLHT
B HH UHIER L-HHBIC LBE 2FEL, ATV L AMarTFHcAND, FiERE
DEKIFNT, FTERMRELZERY HLAST 3, B b 730 LBE/ B R
WOEL, REMIWHEORE, LBEFOEBRTEB IUBMROEEEZIT ),
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3. Pb-Bi-O RO

3.1. EEAH

AEFZE TIIARM OERBRERIZEIT S Po-Bi-O ROMFERMRERHFAIITHD
FETHHN, BEEREL LTES 800 K ICRRE L=, Fig. 612 PbO-Bi,0; RIKAER
PR, TORERID, 800 K I2BWT, ZEECHEESEILY (5PbO-4Bi0s,
PbO-6B,0;) MWHEETSHZ &¥bind, ¥72, PbO & BiLO; DEWEIRITIZ L A EHFE
L7V, F72, Po-Bi ZOWRER X v, Pb-Bi iZ 800 K THRETH D, Fig. 7ITTY
Pb-O %, Bi-O ZOWEERI sy, 800K (23 THE, PbO, Bi0; TRENDEL
BEET 5, U ELY, ZHETOFESCEFEORERD: D Po-Bi & OBREAEL
I NXNEEZ BENDDT, 800K IZ81T 5 Po-Bi-O =R IREEMIZ Fig. 8 IZRY
k57, SHEEES (QPEE)) 2ZEREETsRERERTLEALND, K
BFEeCIE, SR MIEER A P-Bi B4 L, £ THAVEEIRICHFET 2 TEEOR
b 2 RIESHHZ LIS LY, RETH DL ZFTEERO Pb-Bi B &M ERET
%, ¥7, Fig. $ 17T & 512, XEIOHHHERD Pb-Bi &@M SIS & W RELL,
— BTN A L D REREITY LIk, FERROBER EER T,

s

32 FliEEH
3.2.1. BiLHhoBER

Pb-Bi &4 b VM S AL, & SARTERIR O AT LR R O = 72 R
Bt (%13 Fig. 8 DOTRT & D M) 7425 & 51z, HRDO PbO (99%EFR) BL
U Bi,0, (IEE 99.9 %) #IRE LTI LT, Bk & ORUSERNEV B ez AV,
BAER LS E ZHIBIC AN, 1273 K IZRE L-ERERFOBBF Ly ML,
SR OYSIRER FERE, FRCHEERV ML, ABRT—N R LAALTRE LT
B N2 E % X BEFSTCE L, B{EmEERE L,

3.2.2. Pb-Bi&2NBEH

2 OWIEMRIZ 25 L 91, TIROBBIVRE X (Table 2 ) ZREL,
SiO, HHHE (0.D.33 mm, 1.D. 28 mm, L. 100 mm) [ZFEE L7z, 773 K IR L - BRIES
Filzey FL, TASVBREKTICTER L, BEEICREREDICE VY RN
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DIFERHE D, THITHEEZAWTEERR LU, 36ks FREIE-%, HREEHE
BLEOVHL, NV ULHTAEZREDITEE 2 BGER I,

33. ERAZE

ERIBED 800K XV H00E ) 850 K IZRRFF LI-ERIETFIL, HonUHBRML
7= Pb-Bi &% 7/ 3 (0.D. 15 mm, LD. 12 mm, L. 100 mm) ZAX, JFPRIZERE
L7z, AR MmSE, ZTO%RFN%E 800 K T THRIE L, FH 800 K 102
L7z, 0.5~5mm AREIZER L-BIHET VI T Fa—TOFE@EL, FOLEE
L OBA LT, BLMIZ AL, 86.4ks BT 172.8 ks L7127, REEZFREY
HL, NV DUATRZREDITEE LT,

ERERE O Po-Bi AEMOMRIL, BE-RERGIC L 2RIGEEDBHELEEL,
BF u—T~wA7u7F 74 % — (EPMA) ZHAWT, B{LWHE & O REmEEZRIE
THZEREVITol, ML L Po-Bi MR L bILFETAWEEB DD, &
FTHBOFIZZRF VR LT LIAA TER(LE /72, ZD%, REHEHHR T & HET oIl
L, WiEx&-, BmaaEto—»F% Fig. 9 12777,

34. RRUBR
3.4.1. FHEHERORE

(LR L T 5 Pb-Bi &4 DM DRKFE(L % Fig. 100, @, @IZRT, $7Y
FRBLIRECAYRY v FRORF P HITER D B SN L 72 Bak & FEER &
R LT, 28, FEHEROIREIZH - Tk, EPMA DIFOBESCHIEOTHE 2 ER
LC, IR B OEBINIZ L A LRV R+ o ICHERER T L B 2 /IR
L7,

Lk X v, OPbO-6Bi,0-Bi,0; & E# 3 5 Pb-Bi &&fA & L T 0.13(£0.09)
mol%Pb-Bi, @5PbO-4Bi,05-PbO-6 Bi,0; & 3 % Pb-Bi 4-&fHm L LT 0.23(x0.08)
mol%Pb-Bi, ®PbO-5Pb0O-4Bi,0; & L3 5 Pb-Bi &k & L T 66.5(x0.5) mol%Pb-Bi,
NELNZ, ZOFRLY, 800K 2T 5 Pb-Bi-O = RIKER % Fig. 11 1T,

3.4.2. REKRER
Pb-Bi-O =5 %IZ% 9 5 Gibbs-Duhem DERZIT,

xppdInapy+xpidInag +xodnao=0 (1
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I, X i RO DFENDR, a1d i B4 D Raoult HEEEDOEELZERT,
w2, TROL Y ZBELZEATSL,

Yo =xpp / (xpp +xBi) = 1 — VBi )

Ygi = xp; / (xpp + XBi) (3)

Yo =xo/ (xpp + XBi) “)
Pb-Bi 84 (LM TRT) EXFLT,

(1 - YaMydIn ap + Y dIn agi+ Yo" dInapg =0 (5)
Eeviie (BAF O TRg) ITRLT,

(1 - ¥5:%)dIn apy + Yp:° d1n ag; + ¥o° dInap =0 (6)

NENTHEH SRS, Pb-Bi 54 L BLBEIEE L TV 25HE, THEICRIT L4
B DEBIIFNENELWED, MROER L VEETD LUTOXDBRFLN D,

o ™

B YBiM “YBiO dy;
Yi=Tai * fBiM{ YOO _YOM dln ap, )@

Frbh, EEOESBELS Y ICBT 2BREDEE adbho THIUE, HFER
BEREDOZA 54 LrDHHEND, BESICBITD aBEHETED, 28, a (=9 )
IR EBBESED 12 FETERED,

lnao YBiM OTYBiO zlnao

ao =Yoxo =Ppo,"” ®)

ABRAEA L LT app =1, T2 BHEE Pb-PbO AR LIz, T ZOWAEE
M| B b= TiL, Po-Bi &4/ BMLHEFICIIT HIERLL (a5 / am) BLETH D,
YOMIZER L 5 BIZ P O/NSRETH D Z Db, Po-Bi 2R (YoM=0) 2B HIE
BHCHRETESBDEEZOND, 2B, 800K IZHIT 5 Pb-Bi ZtRDEET —F
B LAAVOT, 2T 700K I8 57 —# E0E 2 Ay, EREELILT S
LK VEBLE,

P EDREIC LY, PEBESELHERE/ ST A—F —L L Pb-Bi-O ZTRKER
RER & X, Fig 121377
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4. BHYI

ESEWREIE OB AT E L CER L 725> TW 5B LBE IZ2WTC, EARSEMIE T O LBE
B2 3N CESIM B RIS S h B T4 DEREM > b OSEM R ER O LBE ~DF
fRASMEDTE A A L, H-H0 BEV AL 2BBELERIHEBRLERL, 27,
Pb-Bi &4 L e R O EA R B AR TR T 2 29I, 800K (281 5 Pb-Bi-O
ZROBAZIT SN TRHL, ARREREZREL, BEOBNET —F &b LIZRER
REX A ERL L 72,

L181%, FEa OB b O TR O LBE ~ORMELHE L, WRHtE
SMET 5 & LI, Pb-Bi-O BOBMAZLIZOWTHRES L THRE 5,
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Composition of HCM12A steel.

Table 1
Element Content, C / mass%
Cr 10-12.5
Ni <0.5
C 0.07-0.14
Si <0.5
Mn <0.7
W 1.5-2.25
Cu 03-1.7
Nb 0.04 -0.1
Al <04
B <0.005
S <0.01
Mo 0.25-0.6
N 0.04 - 0.1
P <0.02
\Y 0.15-0.3
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Table 2  Chemical compositions of lead and bismuth specimens.

Cu <5 ppm

Ag < 10 ppm

Zn < 10 ppm
Pb Sn < 10 ppm

As < 5 ppm

Bi < 20 ppm

Fe < 10 ppm
Bi 99.5 %
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Wi %

Fig. 1 Phase diagram of the Fe-Cr-O system at 853 K™,
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Fig.2  Phase diagram of the Fe-Cr-O system at 1273 K,
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1. Ar-H, Gas Inlet 2. H,0

3. Supersaturator 4. Ribbon Heaters
5. Brass Pipe 6. Saturator

7. Water Outlet 8. Gas Outlet

Fig. 3 Schematic illustration of the oxygen control system by H,-H,O gas.
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7
8
1
s |
1. Thermocouple 7. Electric Resistance Furnace
2. H,-H,0 Gas Inlet 8. Alumina Reaction Tube
3. Water Cooled Brass Flange 9. Gas Outlet
4. Alumina Tube 10. Molybdenum Wire
5. Alumina Crucible 11. Stainless Sheet

6. LBE Specimen

Fig. 4 Schematic illustration of the experimental apparatus for the solubility
measurement of oxygen into LBE.
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1. Gas Inlet 2. Gas Outlet

3. Brass Flange 4. Alumina Reaction Tube
5. Stainless Pipe 6. Stainless Container

7. Oxide Crucible 8. LBE Specimen

9. Electric Resistance Furnace 10. Magnesia Pedestal

Fig. 5 Schematic illustration of the experimental apparatus for the solubility
measurement.
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Temperature, 7/K

100

1100 -1
L
1000 - 228
963
908
900 I+ 878 \ 878 883
i / 853 §36 Vg2 & 848
800 ) .
! ! ! I
0 20 40 60 80
B1,0; Content, Cy;,q,/mol%
Fig. 6 Phase diagram of the PbO-Bi,O, system[9].
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(b)

Fig. 7
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Phase diagrams of (a)the Pb-O system[“] and (b)the Bi-O systemm].
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PbO-6Bi,0
5PbO-4Bi,0,

B i203

Pb o %

Fig. 8 Tentative phase diagram of the Pb-Bi-O system at 800 K.
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Pb-Bi Alloy Phase

1 cm

Fig. 9 Cross section photograph of the sample.
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Initial alloy  Time, #/ks

@ Bi 86.4
A Bi 172.8
B  10%Pb-Bi 86.4
V  30%Pb-Bi 86.4
®  70%Pb-Bi 86.4

Pb (3 @ '®Bi

® Equilibrated with PbO-6Bi,0,-Bi,0,

A

( @

| R 2O mA-C
0.5 0

@ Equilibrated with 5PbO-4Bi,0,~Pb0-6Bi,0,

A4
[ | v_lq=©iv:!;_, g"‘?/
0.5 0
@ Equilibrated with PbO-5PbO-4Bi,0,
2%
l ro—g-ov e
70 65

Lead Content, Cp, / mol%

Fig. 10 Change of composition of Pb-Bi alloy with time.
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PbO-6Bi,0,
5Pb0-4Bi,0,

Bi,0,

Pb

Fig. 11

Phase diagram of the Pb-Bi-O system at 800 K.
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Fig. 12 Stability diagram of the Pb-Bi-O system at 800 K.



