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Corrosion Behavior of the Cladding Tube (AISI Type—316SS)

for FBR in High Temperature Sodium

Experimental Studies on the Oxygen Concentration

Dependence of the Corrosicn in Sodium

Shun-ichi Yuhara
Shigeki Kanoh
Tetsuro Owada
Bideo Atsumo

Abstract

Some experiments in order to investigate the oxygen concentration
dependence of the corrosion in sodium were carried out on the domestic
cladding tube (nominal dimension of 6.% mm outside diameter at 0.35 mm
wall thickness) of Type-316 stainless steel., The daughter loops, M-2
and M-11, were used for mass-transfer test of the tube specimen, in which
the test condition was individually selected on the oxygen concentration;
the cold trap temperature was controlled to keep its concentration at
200°C in M-2 and 150°C in M-11. Mass-transfer test was made up to about
2000 hours in flowing sodium and the maximum temperature of test sections
was held at 650°C. After exposure in sodium, the following analyses were
made on the specimens: weighing, surface roughness, SEM, X ray, X ray

‘microscan, mechanical properties and others.

The results obtained after exposure at 650°C are summarlized as
follows:

(l) General corrosion rate of the cladding tube specimen is remarkably
dependent on the oxygen concentration. It shows distinguished increase
as the cold-trap temperature increases.

(2) The leaching layer of iron was observed, in which alloying elements
were depleted in nickel and chromium. Elemental leaching and depletion

in the surface layer was mainly observed inwards along the grain boundary

* Sodium Technology Development Laboratory, Sodium Technology Division,

O-arai Engineering Center.
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in the neighbour of the surface exposed in soditm. Thickness of the
leaching layer was abcut 30 um,

(3) At the surface layer of the specimens exposed in sodium, the
pregence of ferrite was confirmed by X ray, and the surface roughness
of the specimens after exposure in the higher oxygen concentration

increased to about 1.8 times as large as those before exposure.
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BREEHEHALMCTIH650C BERIARF (#EEF ) o0, XKARRTEROW
BB BRI BY S ESTHRD Leaching (BH ) B XU Depletion (KT ), BEE LR
REAOEEEFC ST, 2,3 0KBRERH ETRANT, Thok2>VTEDT 5,

CZTERLAERBRBNa itk T o BBBEOEEIMAIE, Depletion @R 21f8
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Na pREBRICHEA LABEEONEZAISI-316 247 e —-AFF M b« RF VLR
89 (BUMEERECIZ, 35, B, NBXUCo DEZHELE) Th 5, BXHOBR, &8
WS L FMTE % Table- 1R T, BRABETOEEOMETES LUBMELTOE
DTHB,

B —-EH - RE—~ Y vy NN~ ~EE M-S0 (e, 1000C~
1100C) ~mAREMEE—~r -2 BE~HY LY -FE

Table~1 Material properties of Type-316 stainless

steel cladding tube

Chemistry ' C L V '
- C Si Mn P ] Cu | Ni Cr Mo Co B N
Analysis .

Ladle analysis 006 {058 | 152 (0003 |0017 | 0.23 | 1314 |1660 | 252 | 0.02| 0.0005 | 0.042

Check analysis 006 1056 { 1.52 ] 0.003 |0.013 | 0.22 | 13.14 [17.05 | 240 | 0.02] 0.0002 | 0.0262

" 006 (056 [ 153 [0.003 |0.013 | 022 | 1315 [17.00 | 241 | 002 0.0002 | 0.0260

Grain size number ASTM,&WJNmO,Cold work 10~12%
Cladding tube form 639(0.D)x56¢(I.D)

Fig. 1 CBBEETERBRTABRF OMREFT,

RBHZA, BO20o26ARY, ARBEROBAZHANI D EHBCBERRLET S
E0THY, HARABRABGEEREOEILL (BEEBT) 22X L+ 3BAEH 2T »
K3 7eHDdDTHaTA - 7HARCEPFCIVEEI N, RBRFA, BEEhZh
wﬁﬁﬂ(T—le—s,F@a,4£%)t1@foﬁkénéo

22 HBREE(NalLl—-7)

R LERBRRER, 2&0<¥ -4 -7 (EMEHERR L - 78 X UPMENE R L
-7V ENBRLAGEEEERTABRAOM -2, M- 110K F-X e -7 THd, M—
2, M- 11D&F-KeA-70D7r -~ % Pig. 27T, EMEHERRL - 75
iv¢%ﬁﬂﬂﬁﬁw—fb7w—v—b&Fm-3,4K%To%»—7@%n€n,ﬁk
FRIA v —a-AFebIFo7, 757R54 v, BERTA v, BEBFB LU 7Y - 75
B LrbBREINTVWS, Fig. 2ETFTICEESEEBRFRAREFN -2 4 - 712
A.C7737 - 2A7DEHA Y7, BEIRES, NERENAS, 77 vANBB XU 7)Y

._.2_



PNC TN941 73—24

—~Xy - EZA 7O SERORHMBAR L VEREINE, F-FeL-F (M-2, M—11)
DEERREERZ650C, BEmr bV vYaifi#il6m sec TNa BEMTIBRBRESTHIZT
NTSUS—316#f -.. AISI—316 % (=4 -1 - 7OBEMIETXTSUS-304 #
e AISI-304 HY) TEREINTWEE/ AZY 97 e -7 TH B, Photo-1 I8
BEEERGARL -7 (M-11) 0 1 BABEFEETT, '

2.3 NahzatBroLH
Na pfBhid, v ¥ -4 -7 06BBLANa &, HiF, £V -2 v -7 LoofF

totoéﬁnNa¢a&%#%Twn—zm%fo::t%f&ﬁk,Na#@%%#EZ

Table—2 Test conditions in flowing sodium

Mother Tiggdi- Dhughter | Max.sodium - |Sedium -Cold trap 0, cbacentration E.xposed
loop\ tion| 1o0p | temperature| velocity temperature (wppm) time

Liow Purity » v

Material M2 650C |2.6 msec 200C 12 953 [hr)

Test Loop (T-1) (T~1) {Chemical smalysis value)

Medium Parity ) 5 904

Material M1 650C |60msec 150C (Chemical malysisf2062

Test Loop (T-1 ) (T-1) value) hr

K (2-AFe 5y 7RE200C BEXU150C)BRL, ARBEBEE (T-1) %

650C, RENa FEWE 6m/ sedt 20k wi, UTFOLHTHE, 2-ALF+ b5 » 78
B200C (MERE,12ppm), 150C (BKEE, 5s5ppm) KBEINARBRHIZS
WTE, ThENBBRREEN, ERFREM LFSEZ LT, | ‘

24 REBEBAE
2HOERBENa FTOREM >0 T, RER, XKEBABRBLB L, CT 300K
B (i, fi. i, v, V), ARBEZAE-H0RRR (vi, Vi), =150 HERY
BB BLETHBEP o, T 2D 0IERR (Vi) 2174 k. LT, ZhooRR
HEB L URRAELERT 5,
(1) 7MY 7 ARENBECOEERE
RBARBRICE=F AT 3 - AT, BERES LT ok, BRASRIE,

E—2 M-20mdld, %%, ém/sec KBREL Tw e, BEES 7OMRICHRIh, 40 26msec
T & ofco ChHOBREEZEEL, M- 1 1TH, F¥7BBERE{ T4, M- 2KEMT bhaHr T2
ZERA BE R 7H 2 BRBE I h A,
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EERBCH L, RBRFOEERFEICE Mettler o H -2 0BRERKBPEER L,
:@ﬁ%fﬁﬁwﬁbﬁﬁﬁkE%HIGOg,E¢ﬁ@@ﬁ1/ummgf%éo 
(i) BREREOEENEEHE
FRLEEENETERSEIME2 00 AOHSM - 28 Th 5, B, +7T,
BEEORED L4, TTANBORECTHEEZTAY, $REFEITALAL o/,
WP LR, MEBE25KY, BERAE45~30° BXER100sec , BEMEL00
x~20000% THB, V¥ /3 BRREORAHE S RBEAFHES L FEHETHR 27,
(i) =m» 6 IA R
Fr VY ABENBOEASHOIERDB20, MtRoBhL O IRER-AB -2
(SEEET)CLY, boIRBETL oo 205 5 SRBREEME RO LTHA
DER EBHY - VRTS8 4 7Th B, MEHERIE £ 1 v v VilT, 54
B70°, ¥E5L4mHdo #oT, R FTOERCH LT, FEOEE LY
%,%sﬁwﬁéﬂ¢:am&5¢%633%m,ﬁ%@ﬁ%%@iﬁtﬁor,ﬁﬁi_
HEs, gt b L —RIWIHETCHTR -,
(iv) BEEEOXMA(XE=A 707554 %- )R
BRREBOBE LRHIC BT 2HRTROBRELCEANI D, X.M.A KIIE
HOBEXRESHER I URTHBEERD I, FALELZXM.A EZXMA-5BH (H
TRIERE ) ©, ARE=ETE LRSI TE2 X5 3BORMBLEET 5, XEEET,
PlxiE, (Ni, Cr, C)S0AMEETHA olco DHik, Fe, Ni, Cr, Mo, Na, C,
0, N E2o0WTfT# olz, Fig. 5ERAOX.MA EX3HEFTHOXIVDS A vEEE
ERT, AE L REAEARTREOBRELELEHRT 3700, RErt & i ARTo—FE
BEMSOLm 25100 mOBEILKRAEWEL-FARLBEEROBMEZC SDVWTHES
PEfTholk XM.A KX3EFTHBLERDHTEEOHESRHE% Table-3 27T,

Tabie—3 Conditions of characteristic Xray analysis

Blemen | | Oy st et | At Caprnt | 77
Fe K, Li-F 20KV 0.05 A
Ni K, Li-F " "
Cr K, Li-F " "
Mo Ly #*1 ADP # " P 1 NH, H, PO,
c "Kg *2 8STE " v 2 Pb(G,K,C00),
Na Kg #3 KAP " ” " K3 GH (COo0H) (COOK)
(0] Kq STE v ¥ '
Ky " # "
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(V) BiEZEEOXEOITAR
BREFEFEBOKRESOEL (AEL) 2B/, XERHARETR -, AR
Bic it HER X BEFTEE (BYER) Ve, 2881, XEXREEE41053A3,
B ==42-%28SG -8, HHCELRESO055AB LU Nal vy vF Lr—2THEREE
na%wv&aoﬁﬁaﬁmﬁﬁﬁﬁﬁ%azmmn@ﬁéﬁﬁ@bﬁbtﬁ,4vzb
v VBERBREEEAL, EHF LT, FRRIC Lk, 74 RERCEE Lz, BHRR
Bizi3, CuKa SEHEEL, (110)ES0KEHE >0 EHEH LR Lo W

ELEMBEUTORY ThHo,

Target X CuK ¢
/@ﬂn%EE 30KV
"~ Coarse Gain 2
Scanning Speed 1%/ min~4°% min
‘ Chart Speed 1 0mm/min~2 0mm/min
Full Scale 2x10% ¢/ sec
Time Constant 1sec~0.5sec

(Vi) BiEo X M.A RE&
T BT 5 EA%E) ( Leaching® XU Depletion ) 2T,
Wi H OB EEOEMIE SV TXMA X3P EFE oo SHEBBEETO S
GLEBELTERBIUVEBTT R oo X ScanningBZRBAEFHEIZ>VWTITR
r0t, REBHWMEo " 28T B kD, Fig. 6ETRT IRV YL v FFHR
ey, BIECERAA, 005 mETOA7HEEZTR-2%, @23 &MY, BER
HERTEMEOEZIOMTXBEEE L, ZOHETREIFAIICIAKEYRL TFL
it keT, BESLRECHT TOESTROBRES T2 HT L,
(vil) BFTE @ S FEFER
HEEEE (Vi) OBE LRI, ¥V FM » 7R8I LTHEIBICEAR, =4 ) —#,
N7 L BERES, TAEFRAL T v F v 78R otz £/, SEEMNEO S
SREA, PIEROREBED " R R b, = oAk vk BR o, BRI
A, DABEREREAFETITRE o/,
Wi v v r5lRAR
4 vAre VEERBE (=FATT-CM-L) ##EL, 2 0COERAZHT,
BIEEHE 0.5mm/ min ( 7B A~y FAE -~V ) TREBERTFA o7, Vv 73ERBREO
BFRRO LI LTIT R 2%, T, HE»v# - (0.5mm BOFHEHN) 2FHBLT,
#l4mm ORBCHBEELHBTIVCL, 20dbE, 1000F0BR=2V —Ficky,
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31 650CNamTOSERBICLbAIERAD

650C, [EHMERE (3-AF b5 »7REEE15 0C, BRBESHIES pom)
DEBNa A TOBEEFREHESOSREHC L2 > BRFVE L BENE L 0BG E
Fig. TERT, CO&EETTHE, 9100 0RMLUATOMIEERF L RKEV LD
52 L3R VLESTHB, Fig. 8ica - Fe b J» 7RE (Na PEHRERECHIE) b &
BHEHETADLEERAPE Mem/ year] LOBRETRT, JOMP 5, Aol KK,
2 K. b5y FRESENTZCONT, ThAbb, BEBENENTIONT, £B
J@mﬁﬁﬁm¢@o;ﬂh@@@u%ﬂ@vﬁenfwéﬁ@®f%$5~ﬁ$60Fm~z
KBTS EREEERBENORBAO 24 7LD T - 240" YT RBERERIC LS D
NEEZBNE, Fig: 8OEBRERBEMOF -2 DERO—oODFERLE LTk, B4 7R
BB CHE T LEEENECBALEF M) VAR L3EABHLEREREM L HBELTE
@%&%H@ﬁﬁ%@ﬁtém%ba5&2@@%%&@%&&%t&bk&%%ienao
IheDERIES2WTE, 26RERFTHY, RBRABRICOVTIBEEZDILL{TEILDD
DHEVEL LN TV D,

32 FEEAREOEERNEEEER

Photo— 2 K BEMOFHATRMOEENBEHEEH LR T, Photo- 242 & 5 KHHE
EREICE, BEREETFMIROBBIIERCE LR LEL oN#HM2 A Y HROREERA
Eﬁﬁﬁ%ﬁ%tﬁ&ﬂé@&f,i@ﬁ%ﬁﬁ%?%éommm—zw,@ﬂ:ﬂEé&K
BERLTHEELAERDTHS, ZhonRE7 5 VORIEER, RARX (JISEKR) T
0.92m Thb, Photo- 33 Na BEEROBEAKRME TH S5, Photo— 3(4), D, MixFER
FE, B, ORXWMRFEDROHRPET TH 2, O, BB, DLA—EREEERTHY L
EDTHd, BREMHEO BHEHL LT, (MERNALEHEPATRY, FH
BELTHRROAHRL MATHSA, ELVRAERRALD MY, EEFHOER M
iZ MR (General Corrosion) :E i 6N 5, (NEHMEBCH0.2Lm2 S 1 tmDKE
XOPWHBARLD bND, MEETOExOFERNOBEIC LT, BENPEGHRLIRE B,
CTHEBERRKIZERB7 V0 BWELoERAERBLTVI EEL bND, WEER, 88
LY, EER LB LT, EEEAMEBICO OV TEELVWERZ LAY (Photo- 3, A, B0
BR), VEFTBC >0 TEZOMEREERLERT o LERFEREMOBAREOHTHF LY
Crystalline T#% 3,
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33 NaBgIc&sxmboInEL

F LU ABENEORFS &£ Fig. 0mt. BBEEEBEM (1000ht) 0hlE
BASRIZEM (2000hr) XV, 794 0ErAkE, BEWOS X 0.94n(BAEaE
AL SHAEMOFHE) L) Lerm (FA) KEMLTWD, ERRBEM CRERS > 313
EACHEML, L1tm ([ )DETH S,

3.4 BaZBOMEMEL _

Na BREEREONKNLESHHER (EBFEREH ) % Photo— 4 ET, ETEOES
HidFA—DMETCTrbi,

Photo- 4 PORREETLROBEICHETE, ThAbLL, BEANBITLEIRSOESNE
Lo %7z, ZEHAOBEVER (KHE) BSHETTHY, ©7/¥ 7 0BngEaHiihe
2Rt FEETORB LB OMGEEBMERS 5, T LKRN I LESE,
Ni&Or@ﬁﬁMﬁ*f.FeﬂNLOr@%ﬁ?éﬁﬁEﬁﬁ?éﬁﬁ@ﬁ
T3, Fabb, Ni, Crofd T 3@ cid, Fe XEMLTV3, KELZINLOTEEL
DFEBABIfRIX Photo— 4 9 S BTk A vy Ni, Cr 2 TEOBIE A, Fe TEOH
MOBAERTRABL02m FHOKE X 0FEE & HEWERELOL i WEER LRI
RET S, CERHEBFHRBTHOMN, TOBRLIZKERLATEOESHE L o HBEEGEE,
IOFEE»SEWONTARY, Fig 10 CBEEBEF ORI PER R, RblcRLEXK
fEvd, TERE (MECH-EX, #504m~1004m) DESH v~ ¢ BEFOERE
Eﬁﬁmtﬁﬂﬁﬁﬁk%i%Pﬂ?btﬁﬁﬁﬁﬁiﬁmﬁﬁéﬁmﬁﬁﬁéoHmm~4
DEZFH OB LRRE, BOFERO—BHAEMAE LT, RHETHE Fe 0, Ni, Cr
DFAE =B sh 5,

BEKBED & CERTEE O BEH 0REICVT Fig. 108 LT Pig.14 (EEEFIF
HiR) 2lh bR 6NENa BREMEOMER ( Fe, Ni, Cr )OFHE, Fe Dkl
UNi, CroR/ME% Table 4 Kikdo Z0NEN S, BEAOFe, Cr, Ni ofik{E
TENI, CroBARIFHBRBEDOHE ( CaseA ) BECABRECH 3 REBRTEEOS

g(cﬁea)fucroﬁ¢$merNi@ﬁ¢$ﬁ3bbf%bw:aﬁbméo

&3 Fx HORRL, HEFTHTOFEXGMTERICL L L, REALH30em M EORIOWETE, B
HAIR T, FEACHREOE NI bR ENWENSG 3.6 TOEREER I 2, .

E—4. LN oORFREOMBBRICOWTH, Fig.10 ORTROGAFNEEBK, HETOThHES 20T,
Fig.10 032 6R3FRTE 2V, A-ETOoXMAMTCiiPhoto—4 &, BEFREZERESB O TWS,
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Fig. 111650 CIEHIF5Fe-Ni-Or %PmnEm®o kic Table— 4010 0 08
RIABR# ( Case-A ) ORBUHOHBELZ 77 v P L7 DTH B,

Table—4 Change of chemical composition due to

sodium exposure

Material [Cheek Analysis, Xray Microprobe Analysis
ConditionMean Value .(As Exposed Material in Sodium at 6500C)
(As BReceived Case—A Case—B
Material) Mean Value|Max.or Min. | Mean Value|Ma.or Min
Element : ' Value ' - - Value
Fe 65.0 715 Max.817 73 -
Cr 170 129 Min.109 13 Mian.96
Ni 131 109 Min. 85 9 "Min.24
Case—A... 12ppm O, in sodium for 1000hr

Case-B... ©S5ppm O, in sodium for 2000hr

—oEPS5Na BEEEOR Ay 7 MBI B.C.C(BLNFHG) BLXUF.C.C(HEHLTH
M) BEERTHREATVS, 2hh b, SBIEREEREM (650C, 1000hr) OF
H&E L, B.C.CRXUFF.C.C 0 200G ERBOTS RNEE LTS ATEENRTF
BlZxhns,

35 BARREOXBRENAR |

Fig - 120FANH L BBFEREREH (650C, 1000hr) OXREWEEZTT,
FWARM T, F.C.C BI#HE ( r8) »onEF 2 - voiRiEintdH, 334 TTFREX
Nk iic, Na BEM T, F.C.C BHfi-t% - vofic ko (11 0) FHd & oEH-<
-y, ¥hbt, B.C.C BEETRITEFN A2 -viHZLNE, ZThbDB.C.C @2
- VEHBEREEETECLIVBRELABTE, BT 225, Na BEICLIVELEER
MEA M BET2HEE (Fig112R) THaLELON S, REERERBHOBET
b, eRNOFEERTIVOREVEY -7 La(110)) 0BT —v, & )HARALEL
Z-—v[ed(200), (211)] FEBENI, Thik, Table— 4 TRLI-ERP D,
Fig - 11 CTOFHO v 7 bIE, BRv7 ML s, SRIARERBEHOBRLI VS, £X
D THB T ENEE I BITL D, | |
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5.6 REXREAFOHECHITIME/REL

F-ATFA L AT VvVARIOHE, ABRRE6 5 0 CEREOHR TR ARILEAR L
BL, NABEAREOTAREVIL, L, BERACET I FAABORANACELTE
mmw@guvmmmmﬁ§ﬁ$Ménao%:ﬁ,E%ﬁ@&?ﬁmﬁkoﬁg@ﬁﬁmo
WTXBE=A 78« 7m ~TWE3EEETR o7, Fig.13, 14 ©X.MA E£5&ER0—
BEFTo 15, ERFREH O—BREE L LT, BIOENI, CriconTHS L, Pe
OEMBM—RHE TR -TWV5, Thix, Photo— 4 iR LAEERR BT 3ESHEOMEA &
—H LT3, 35K, 20L5ARFNALLELEDA 3 5B 0EER AR ESI SR
TR L, EH» 0B 30em Blhicksl, AL, BRENTERLNE /2
Bo Efe, CHOORMMATREEOEI LTI, BSRRATHS 2 L2, WRLHEH
FEERA (Bo=os v/ ickd)0X MA RO OEZZINA, Fig.15, 16 IHiHE
@@éﬁ@ﬁﬁﬁéFmCh,Niﬁi@ﬁﬁﬁ%tﬁﬁé&mhthnkLndﬂu,iﬁ
B BRERSTMET T, ChLOEN 6, B
BoEiEH30rtm THHZ LG5, Fig.-15, 16 T7m v AN T35 Fe, Ni, Or
DEBREMER, RKE» SENThOESOM TCHRBEINIEBHY -7 ( 5~6 4 ) OFH
BEz7e s b LEdDOTHD, KEFLOVWTR, i HARATCORRS L FEMcoBESE:,
BEAEADNBRP D, REEECRRRICLZLELIONIREEOHMAAR LN,

LT ey b LfERFRBICBT 32 X.MA SHETH 5,

§.7 REMOEREHEMG

Photo- 5t Na BRERIEOHBEEORFHE MO LEBHEM T, BAOXE~( 7 =
7R - TBAICTHES N 3R PR SEL L ERTEEEA S NA VY, BEEEICEVE
# (Photo-5, HiHi$M, 2000hr BEH ) 2, NiEid 2 VEABE@MESTOZHL I
BLT, K<KbOLTWBZERBEIND, IbiL, THANN LBEEER s HET5 L,
mER 2R (65 0CHEHBDR) LI LEA MO RYOHHEBERB LT TR
hbicHohaz b, FoREMIBCAE CHRESAED Strain marking 23472 < 2 5 h
FREHEBRLTWE 2 b hs,

3.8 AAHOERICHY B EEMETOBLL
ChETHRESNEARRESVEBOVSECRETEE O M T30, EEEL
HELZTARSEB1om OV v 7REBRHF >0 T, BECIERBRETL - AEELHEE
HERcFig . 1Tem¥o JORICR LeBAE, RBRIORG A BEEIEY - o810 L Y
By -vRIADHEEL TV, BARAHENTH 5, BHBONBEETE,ASLEL 1k

—10—
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X5, BEH CRBRIENORY, MU OMMAEE LY, Fig:17 O] -BAlHRs S *
DI EROEE 2 RTEE Fig 18 FET, 2NN, BREM TiZ9ER X 0, nEd,
GRS, HOAROKERRS, BUEOEIAR GG, ThbOBRIOEEOEE, + b
)Y A LABREMRLEECIAYR (65 0 CRERRCIAMIHREORY, TAbS,
E 5 UL ) OHER L3 HEEFTOOLEA OGNS, MEOHREHHET 3D
A, BE, FFEFTH B, ‘

Photo— 612V v 7BIIEH%OME, Photo— 7itAEBMAMKERT Y, BREEM P B
IETHEIHBRCEIRbDh TVAY, A8, FEOLAE® Na BERXE TH 52, ERT
OHESHEEEO L, SRR RUNZOHEBEIASNE LV, '
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4. # =3

ERORFELTE, Vi, REBEEBDCoWTHLY, kic, NEERL*NARAR
KURHMATMBRIZS T TRHE L, BB, BEoBRIMEC RS LiFTHESIconTEE S
AA D,

4.1 XEABRLERIRED
411 BELEOCEHIZO2WVWT ,

Pig 191, @ bniBE AR Awnmu£3®@f—a(@ﬁ)a#mafﬁ,
PNC7 - 2R3 &BIREETCORESBIRLER» bREI AN TR VAW EE R BN B,
Fig.8, Fig.19 fo‘i?ﬁE-L-Zebroski(@B@f~ﬁb‘6%5ﬁ6ﬁ=iﬁti5&:@§&§ﬁ:i-o
T, 2F0ERELLE L TRELALSBRHE (FEIFHVR ) BNE LI HEsgIs L
3, BREFHRACRTIBRRENTEAREABR:EELTVWSd0LELLAD, L
L, TEAERTGED S bAlAE, Ni K 2WTERT 5 Table— 40+ & 5i- N i
DEWHFERZREREN 0, BBRREREH IR L THNHRBEELS 540

B, FOREVZIERG D, TOKERE, Table— 4R/ LENI OEREIC BT 5 L
BEfE R 5R® SN TPREL, $2bb5, Oy, (MERBEREM) /Oy, (EBREE
BEM ) Offid, £2REBFA—L 05 FEREGE T CO-ETIE, 3o/ cA5THS5, @
MR Lo TRETOWMEBRILT LS Na PREBECEKELEY, Thbb, 545K
AEZRBENBRRBERTFELFTIIOTRAVILERTIDOLELAONS, “hit,
AW-Thorley” 50N &S OEHENBEBELKE LA L5 FEEE L G.D.
Wozad ldVE 4 A7 v VAR OERSERN I, Cr, Fe OEHEROBRRBERE I
DPOTEBRLTWEZELBEUT D0 TH D, HERNI &SP ToNI oBEizown
THRTWB L5, Type-31688 260Ni OBEHIEOVWTE, BILHHBEL OB
T2 < T, atomic dissolutionTh2LdEALSNB, H:RAHM Type-3168Sn:
ZHETHEPe, Cr, Ni @35, Ni OBHABREECKELAVD, & L, KR
BLRCOTHENT, BEEELL LTRD o e BB R EERER I EETH 50
Zirb, BYDFe, Cruk, 5V, Fbbr0TE0BEHREEBERERER
T TH5I LRI, COERCOVTOERNABH TR o CBLAET -2 0
Z HIEB S 2 TR,

412 FRIFLLEERS S ZOTEIAEBHENBELAC B LETEE T
Na CL3BROOBEEREDOH & a0ET 3, Rlb b 2 LB HEOT I EE
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BIUFENBRECHEYS 25LE20N5DT, M-2 4 - 7D 100008H,

6 50 CHRERICE>EAS S IFLicT 2ENEKEEL Colebrook & White oRES
T XV ERERAL, CORCRBIENe/d E  ZRALRe K& A LoBMFES
Py b+ BLFig.20kR B, e, M- 24 -7 D Re HiF 1.39x10* A5, 22T
Re B OHBEHKOMEE B\, v=26m sec, d=13mm, ¥=243x10 ' m®/ sec

(650C), LT, MLOARIEN1EZ£4002928X0700298L2Y, R
B0 ENBET DRKIZ 2B LR B,

OFWAREBRIVAONEFEAES LILLEE JTOYO) £ECER LENBRRE2HET 5,
FJOYOI1 4tk & Colebrook & White O3 Fig.zl-@ﬁu< 7ay b TED, Ak
e LT, Re # (v=5m/sec, d=3.15mm, ¥=285%x10 ' m?! sec...510C) %%t
B3 E553%x10% ki2Y, Fig.21 FVAREEO ELKH 4 002168XT700222L
7Yy, ENBROERFEHNIELED,

A B ERLAREL AT -2 Na 10 0 0HBHOSDTHY b b 3T{bn
HEga v, Lavl, KD ERMOBEREBVWIRRE S S IFT(MNERL, Thickhk
WEBENRBRET L LSITEAL, FIEoNa B A6 2 25BN b 5, Fig.
2 1RBREHSEXF 5 ,rm OB (FALCNIRAH LI DEMEOVTOHED DD
REF) DRe e 1:0FETr o b Lk, Z0HBAE Re $5526x1 0O, 4
00252k 2 Y RRAMBLBVTL 7 POENERERNTFHE NS, ML I RROR
FREBOTRERABERY 7D~y PR, Na BBETSLUFHAK &> TRBKHE
vOBBBHEOTEEASY, RBRPOENBLOTLEMET s LABEL £ 2
Do

4.2 AREER
421 PAKE
Fig.15, 16 RLAKIiE, Na RERE»SOREIN30Lm LAOFH TORNRT
Ni, Cr ® Depletion, Fe® Leaching BRI 5, ZNET, ZDDepletion layer
EBWTIE, NAESIFEEAI MEEIN TWS, flAid, Type—-3168SSD 6507
Na REEOEES LV 6 5 003 ERRE & - CBRRHCRCHRAMAIE LA,

' esd 251
#~5 Colebd k & Whi t 1/ Vi==21 —_—f —
olebroo ite X, v og(s'l7 Re.\/I)

J;ﬁﬂﬁﬁ‘ e REHLE d ; SEEE

’ .d
Re(="u-);vw»xasc viE 0o BRI
B -6 EIERICAA LAEEDS b2 OEREEOT m t2 k, 340ME ( 3EROTHE ) £ B,
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RHbNB,

RETKOBEECHE T AW, EETEOBEETY, Fig-22BRT X5, FAE
EBCETOMMAR SN 5, EREROMINE, 2.5 —HATHSAr #AROTHM &
LTRERALTWAEZBERSAN, Na 24 LT, BATAZLIFBALNABN, BRIZHO>WT
B B ATV, BEAMERIZ ST, FREHRCEVYT, BEFEFIRESN (0,
a ) RINiC X %5 He O ~BEBEEOHES, »2, Bt loHESLLVIBEENGS,
SOMBRERENATRERLEVTSES 5,

BRAE 2 CRMAFMCOBERETHE, Fe, Ni, Cr O Depletion 5
LeachingBl @i 4EORBR T, M5 pm~104m A THSB, 7%, 2/3TmE"7
AT iR ERE TOREE T, Do RKEEBIRE ) > Do B FRILHRE ) > Dol BTG
H) Th Y, MRLHAEOLEICH LTEERRALEDS L vbha, abi, <
NoOEMBMITHRD Leaching BLF DepletionFHiF, WARSFHRL CoORBICKET
5 kuaEANE, EFRAEEY, 7T00CUTTHsERFREEE ( Type —31688)
KOWTHREER 2MECT38563, NABRBOFECES TH2 LtEA LD,

43 HPRECHELETEAODS
T/ AFY 50 e —TREBY BBADREGE L LTHICHT & 5 KIHHEH L ERRHE
o ThibaAN5360DEER NG,

HEEE jLdiiE Sy BEHR
il N a S -7 S R
AR (BRREL L) (General corrosion— FIEy%E
(BEEEL SOBTRM)| | o , . S35)
o R L NaBE . KFRER - - ----- -B
FhALER rays] %E@@éﬁi<
LB BlE HARER------- C
(FETZ¥) o (Leaching, Depletion)
B RS Bi, Bf-- ---=--=-=-c---D
iR 23] 2N

Na FToEABRCBIFTEERT

mc:ne@%ﬁ@%oag,—%Eﬁﬁﬁﬁﬁwﬁﬂﬁﬁmﬁ;&?%goﬁﬁmaur.

HE-7 Told#ENBEERRORS, Pz, ceTHAEEILTWE316380HE402-3Tnid 1113XK~ 10096
°K (840C~823C) T35,
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- 8.
MEEEODHRILETE LD, BHiARE A5 L FRERT XS 28R (Na o
—EFEAEOMBEEORL ) E L N3, T Tk, A, BOWy -2k, -3 icx
LU Y R AF{EROEREFSHE LTS,

Na W T 1 EEREROHFHE DR
(FtHEIcE, ¥1000 BEFEROT -205 bORKEXER .. (AR 32KR)

A . B
“) SIRBEHEE 2 BERTE .- -_TOT%R), 8%
(m) EREBENERE - -~ - - - - -- - -10.5%m@]) ., s %l
Y 7Y -THERES - - - - - ey , [30%HEU

A ERBEEE (2 -4 Fe b F»7REL150C, S5ppm O, )\ BEOES
B: BEREE (2 -2 F« }J > 7BE2007T, 12ppm 0, ) BEVCEHS

& -8 Na®REIC X AHERER D OBH % TP
W) SUEEE 22 RBAREORSE K, —1-oF

WO
Wo= =(D& D) “p(or gy )--=" - -~ R OF AT (HBRAE )
T
We= Z(D% L) p(oray) .- - -m- - R "
P
(0) SRR ERREREE OB = Ig=1_P_t
G
DZ -Df _
Fo= 3%_—1315 »OBn ---- - - - - - - RIEATONERREE
s] i
DE_D.E g
Pt:"f,{é_—D:izLi“-”Bh seme-- oo - RWHR 0

0 2) —TREEROBSE K —1—1C

tro

c
tr=(5=) e e - BENOZ ) —SHEAS

Q

n

e BEBE 0

C
T\, pEp:
7'Dg D

z&T, Dp=63mm ... BEMNE, Di=56mm REIIOAE, Di= .. Na

(63-0.034)mm
(63-0004)mm ~
REHRONE, dp=~ FHEVNIMSE, o,= BIREE, dpy —EREREHERRT (BX7-7IEH), C=41,
o=7... 2V -7EH T, Avrice, nOfitid, B—w= . ' EBEC65 0CNaF2 ) — 7Rl

(12ppm 0,), SERIC L o THORAF — 2 0 b OB S Ao
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Z ORI, BEE, B BROBELERCANE VBEOEMATETS 52, = ok
Bro, 035mEBE0EAHEELNRL TS84, NabBEEDEX, 10ppm0, BE
@ﬁié:k#ﬁ%?%ék%i&héoNaE%Kié%%@ﬁﬂﬁEtﬁ
LETHEOERMTMT, TITR, Vv RRRBRC Lo TERN S Es At B ¥
T, 2, BERBMAESV LS H-T, Fig. 18 0FEBRL LROMHBELLE L 0WIE
REZHISF 5hizv, Fig. 18 0EROBRIE, MTOoXSkEabhd, Bl 0EE
BToETOBRCL2HE (MRBEOHN, BEEOETAI0BEOBRCREEENS
RHLT, HRT/ER, Tabb, HHRECHD, EXoEMIBEEIhs0E, 10%
WRIMIARY 6 5 0 CEERFL L -THAIL, BROBHBRITbHEE N0 LEL LN
3o CNLOBANBLBEERBEYNELSH L CERNCITHiTs - LIz - COERER»
BTHTETHY, ThE20WTRHASBORBERCEL -,
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5. 8 W

PEOEESEFREEBEORD Na PItBI 5 BERBERE,» 6RO - LREREN G,

0 —BEEEONa PREBEEER 6 50 CORAEETE, Na FBEBECLY,
BHOERLLTOEREL, Tabs, AERVCEREZERESZ LN (Fig. 8 )&
FRE ORI &9, WEHS S KE < RBo T, AIST Type -31 6 WHEOK
BERKGLELTE, Sa< s, Na hEEREL 10p pmBE, & LI, & 0EHE
CRET A I LBEE LV, | | o

@ NARE BEEFCHLEI ZAMTORERSEMA T, FAHARICHRCHBTO
Ni, CroDepletion, Fed Leaching(Fig.13, 14) 2L TVABAM30Lm
OB s (Fie 15, LR CRBIALI LS, ThboRABOMMIALL, £H

BOERFEHITHER S JETHBE 20T, 4B LMo LA LBHSS,
AEEH OLTEB (Depletion Layer) BMROTEBOBEIC S LTHVOT, &

BREOBRE0FMEHMROBEBCOVTITA > BESRS 5,

@ 774 M4 (@) OERS, Na BEEFCBTS7 =51+ (afl) HosR
( Photo—4, Fig.12 ), REMAME ( Phote~3 ), RKE7 7+ DM ( Fig.9)
BEITERCBT IBMOMBEOERS (Fig.17, 18 >WTERNWLMRNEOH
2o

- —18—
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Kﬁ%ﬁ%mﬁﬁpﬁﬁwﬁmoNa¢kkﬁ5ﬁ%ﬁ%ﬁn@ BRLLT EHahr
bOTHEY, BRABZN L TERPECOPRRERETH D40, ROLEERLESD
THZV, LAL, TIT, WHEZOIOESDVTHREER LTS 2 B LUF—ic
DVTHHBABASEETHA-TVE I LA ENnD, ZOERNAIBAREB >V,
[30YOI , MONJUJ E6§Kﬁ%ﬁ®ﬁ§%%%®tb®£%ﬁﬂ&Lfﬁﬁﬁﬁﬂk
ExoND, 4%, &BICRME, L0AETORREARSCLICLY, ¥ -2 OBRLE
DEREE EzE» ), SERFREBESEGEORI B LUVBLEFMO LD OE L Lizv,

ORBRHEERTT L H2Y, HlEEH-TOAFL W EENa BifEE, B Na 7
v =FY =8 -, IUEHEERER, HEERE - MBI/ -7 Y - F -, BEEEZEHRER
BE U LT 3BREMOT BT 5, |
Betpicr - 7EELTC 1BORBREIB AN Na BHISAR B HELEF 5,

g £ x

) RhERfE, b Y v AT EERBESCEEFARANBETORERTS L U7 v v SBARER, BRSNS
W (1972 )

@ V.J.Rutkauskas, LA~3876 (1968 )

(:;iAJ“KThorley,et al, Alkali Metal Coolant, SM~85,18, IAEA Vienna(1967),

(4 E.L.Zebroski, et al., Alkali Metal Coolant, SM—~85.728, IAEA, Vlenna(1967)a

(5) H.U.Borgstedt, et al., KFK—991(1969),

{6) ASTM Symposium on the Nature, Occurrence, and Effects of Sigma Phase
(8TP 4 110), (1951 )¢

(1) G.P.Wozadlo and C.N.Spalaris, GEAP-13544{(1969)

() HEfh, RFRETNF¥SEEHR D-9 (1969)

(9) HK@%&%,ﬁﬁﬁﬁmﬁﬁfr09A¢ﬁﬁwa%&5ﬁ&ﬁ%(%@1)ﬁ&%(@@@%ﬁﬁ%,
1972)g

W0 J.N.Aono and J.A.Walowit, Analysis of Conosion of Stainless Steel
in a Sodium and High Radiation Bnvironmeént, Nuclear Technology

1.10, January (1971 ),

(1) W.Hume—Rothery, The Structures of Alloys of IroniAn Elementary
Introduction, Pergamon Press Ltd.{(1966) )

(2 RhERM, - b Y Y A PHEERERI SEFRUETO2 Y -7HRR, BRERSHRE (1971)
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() HEFREABREONa 550
LZERTAWER T )Y ARREOS /A - T ORHEERERMI Lo Ta
NEFERTHDL, M—2 -4+ —71 00 0REEABREEMEMHHERL -7 2 5 0 0 B5R

Ao —IRE LTITAbRI,

EFEAFEARAL -7 25 0 0FEEGROF ) v AT 5 HrE

1= a2 -AFNT o TRE 185C
5 2 [ #r " 2587
HAL (ppm)
T F 8 1 @HR s 2 @R ' % %
0.54 0.39
Cr <1 <1 WX EE
0.65 0.6 2
0.6 6 } 1.18
Fe <1 ~1 n
0.6 6 1.18
0.20 } 0.2 4
Ni <1 } <1 _ i
0.37 0.32
0.71 } 200
Mo ~1 2 7
1.78 2924
81, 56 | EiBfE 9.6 F{E
C BREE~ A bV —3
3.9 5.9 11.3 105
10.8, 6.0 208, 220, 267
0 9.0 FiafE 86 24.2, 26.8 HKIRT = H LB
EE 241

4B OESIEHHRERA - 70250 0BMBLT L 00 ORMRREOT -4 F e+ 5
y7BRER 20 0CKBETELTEEEHA LN T, HROENRBEE»ONBIC LY,
N —FBEPOMBFBFRE L EMAKAGE» oKD D L, 12ppmi v 3ENRELNR S,
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Fig.5. Schematic figure of the specimen
for surface analysis due to Xray
microprobe.

~_Specimen

. Plate for sandwich

Fig.6. Specimen for Xray microprobe
" analysis of inner section.
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Fig.7. Metal loss of Tgpe—316 cladding tube
specimen in 650 C sodium.
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Fig. 8 Metal—-loss rate of Type-316 cladding tube specimen

versus cold trap temperature (in flowing sodium

at 650°C).
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Appearance of M-1l1.

Photo-1.
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Photo-microstructure {Longitudinal section) of Type-316 stainless steel

Photo-5.

cladding tube specimen before and after sodium exposure.



Fracture surface

Outer surface

PNC TN941 73—24

(A) Fractograph of the specimen as (B) Fractograph of the specimen as
received, 3000x% exposed in sodium, 3000X%
(1000hbr 12 ppmO2)

Practure surface

sod ium

Surface exposed
~

(C) Appearace of fracture surface of : (D) Appeavance of fracture surface of
the specimen as received, the specimen aseexposed in sedinm

400% 400x (1000hr, 12ppmOy)

Photo-6. Fractographs of Type-316 stainless steel cladding tube

specimen after ring temsile test at room temperature.
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