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Oxygen concentration in sodium is the important factor for the corrosion of FBR
structural materials. In this study, the experiments have been done to clarify the effect of
sodium contaminated by oxygen on corrosion and low cycle fatigue strength of the materials.
The materials for use of the experiments were FBR Grade type 316 SS (316FR) and Mod.
9Cr-1Mo steel. The corrosion test has been performed in sodium containing of 1, 10’ and
10* ppm of oxygen at 650°C for 500 hours. The fatigue test has been done for the
post-immersed steels at 650°C in air. The strain range was 0.35 to 1.0 %, and the strain
rate as 0.1 %/sec.

In sodium containing high concentration oxygen, Cr-O formation was observed on the
surface, and the corrosion rate of 0.2-1.0 mm/year was estimated by the weight loss
measurement and the microstructural observation. No difference of the corrosion rate was
observed between 316FR and Mod.9Cr-1Mo. It was considered that the Cr oxide formed
on the surface was sodium chromite (NaCrO,).

The fatigue strength of the post-immersed specimens was approximately equivalent of
the data band (factor of 2) of as-received materials tested in air as compared with the same
condition of the total strain range, although slight degradation of fatigue strength at high

strain range caused by Cr oxide formation and its crack initiation was observed.
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T Fe OIR TR L Cr OEMMARD HIToH, ZHRUSO RS TIHBEE e biFBlE sz
MmoTz, Na ZFNEIEBERIREOFM T TR+t um £ THEMEL TV, 1 ppm BRRIRE
DR CITHE SN o 72, Andrews 5 [17]OFHA TIX. BEFRIEE 300ppm OiE) T
FU DA (650°C) HT 500 HFfE M L7236, 10 um~15um (FRME) OEE SNTZJE 8
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LHINTWD, £, BIEENTBITIE Na—Cr 250N L < BESNLTRY ., ARBR
Fl O & HRESPERRL L 7R A b N Bl s Tz,

FRZIRE DOEF B U 7 A TlE, NaCr0,(Sodium Chromite) Z2E L CTIEET D Z & 3 #k
HENTVDI18, 19],NaCr0, X IR 2 ETe T N U A LMEEREDOC r & DORIE (NatCr0,
—NaCr0,) 12X > THERT DEFCOFELTH Y, Nay0 L0 HIRWERBHZ R LE—Th
%, Nicholas &[18]%° Shaiu & [19]1% NaCr0, D AEREIR R 2 B 2200 FiENHRDTE Y |
ZOWEEHRTHE Fig.3.1-9 0L I THD, ZORNBHD K H12, SEORERIEE
650°C TIIME4a 10ppm LA EDOEEFRIRE BNFAETAUXLE L C NaCr0, BFIET D Z &127e 5,
JE BB DFER 72 3BT 24T - TE B TRIEIT R T2 A, SEM/EDS 2047 #E SR T Na—Cr %
DU N L < BESNTND Z b, KB TR b AL NaCr0, ThH D &5
X Hivd,

3.1.2 Mod. 9Cr-1Mo sHlD EE 1%

FHENDOBEEEE ST IR 5 Mod. 9Cr—1Mo #io> H B4 213 316FR # & A%, 0=
REREER LIEDAERERCIIR» o7, £z, BREEDNE VI EHEHKRE LM
LTWe, ZHAHIEFig 3.1-10 {8 L 72 R mAMBLBLEE S Fig. 3. 1-11~Fig. 3. 1-14 Okl
MBEE D bR A, BERIREDNE < R DT E RiFMEOWT Ak o Bl w7 TR e
BTN TN D, RS, ZAMIB I OBLERE 1ppm OB BIZH R & ek LT, MR RE
10% 10%ppm  (Fig. 3. 1-13 B L O Fig. 3. 1-14) TIIBEERF H IR T 2 LA BE 124
CTW5, REIHFIZEIT @R EEREIL, 10°pn O — AT v F 7 SN TR
WIRBLOBEE T E (Fig.3.1-13) 2L X VR TH Y | BEH LORWEITl/INa & Cr &
G, 10-15 um FEEDOES £ THEEL TV, ZORIE 10ppm (2725 & 50-60 um FREE T
OTESIZTER L, Mk 523 REE L 72 o FE 2 2 LTz (Fig. 3.1-13), Fig. 3. 1-15
N, ERRTTHRARZEO FEICIE, & SICEWVERE TRESNEROBMENE 2 5, £
OFEIRIT, 100~200 pm DTES £ TR ATV, EDS 9#r (Fig. 3. 1-16) TiE, ZHHITHHY
T HHEE T Fe & Cr OFWESH) EFAFRIEIE lppm THA Lo 7z Na NI SN, 2D X
I IRERREREE TR A2 FEEEOUT < Ok D2 kiX, Crouch & Bussey[20]? 9Cr-1Mo
# (650°C, 2,000h, 20-40ppm 0,) IZHFHRBRERTHRBENTVD, / —< Ll
WL AT ) =~ VOB OEEFRBE L L TORRE A S = X LOE T, EEEFE L LTI,
FILHEEBTREOBWHIC L2 REEHED Cr DIRTTH Y | mWVEER LTl RO HIBEZ D
RD XD IRRIRA~DBIEN T 2 v 7 EBZ LY, Na BRI L VIEWIGIT CBIZE I
7elz, 0,05 LTNDZ EEREBLTWD, AR TIEL, RA~OT X v 7 BRAET TN
HMNE I IEHET S Z EITREETH -T2,
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3.1.3 BEEEEODKRE

316FR B DA 1T, KD EAEMY O EFEOKB L — M TCITEENEZ RT L &
%:\%@f%ﬁ%#?®%ﬁﬁ%ﬁ%#%\fh)ﬁhﬁﬁ%ﬁﬁﬁmfﬁ%ﬂﬁ@k%

DEESNIZ@RRD 5=, £7-. Mod. 9Cr-1Mo SIZBWTH ., EEEFRRESMN T CRFH
%ﬁﬁ%ﬁmmﬁ XXz, 2O, 22Tl 10°ppm B L OV 10'ppm O EERFE IR L D A — A
T, W OARRBIZE ) DIE ICAE (RR) SNTCEOEI S BREBAE L LTI,
ZEME L TR, ol BEAMD O AME Cr(mm/hr) 23K D 556121, Loz
ELAY

CR = AW/Sy/ p/t
ZIZT, AV : EEREK ()
So : MIHIOFRER A R imAE (mm?)
o R (g/mn’)
t o R (hr)

AEIORER HE LN EREE X Fig. 3. 1-17 1277, EX%WK)[DiE%ﬁ%%#
HROIZETH Y, BB 0@, B) T LOERES MO ROTHEETH D, iz

R IIRRIRHAE ARG - RS (REP RS a>ﬂ*l\,Jt7zstPO)F”fiﬁEEZn¥ﬁﬁ‘t[21]
MOERDTFFBEHEE AR LUT-, P27 1ppm 3 L O 500ppm DAEFRZ DWW TIE, EEOE
R OB R IRE O HEH A2 B 2 TV D 72010, BERIBERTT O A7/ ME ) 5K
DI-HEEME T 5, 500ppm DIMFIL, BEFRIEE 104ppm %) %ﬁﬁ%ﬁOD%@Tﬁﬁ 3B HTE
(G81ppm) IZITVMEE L TR LTEH D TH D, £, FEFRIEE 100ppm T TRER - BEt0NTHI
72 Thorley & [4] DFEERRERA 0 HRDIME S TR LT,

TERIFIRRICE ERL R DR O TZFERIRE 1ppm (2617 2 B R 1T, Rl BRI &
BoN-EEAERERTREO LT, iﬁfﬁlum&f&#%umé@ﬁfﬁéo_n
O DRI, 316FR 8 & Mod. 9Cr-1Mo $ TIXIFFRHFE Th o7z, HEHEDE O bl
Mod. 9Cr—1Mo SO G, MERIREDOHME & BITFEHENRKE 20 £ 0. 2mm/year~KJ
Imm/year OENFF BTz, ML HRO -G REEFEE LRFE CEE R LTZ, 72771
Mod. 9Cr—1Mo SO GEIXRL D FIFfE & b DA R FHEE TREZ SN TEHY . _n#%ﬂ
FAEDK R & 725 AlH %#WAéhéo_®ﬁuow1iﬁ@®rﬁﬁ%®ﬁ% BUISONZN
Fo, AR L7z X o ic, BBRE TR 7Y U 72 X D Wik S Tl %ﬂﬂ;ﬁ{)i%f 10°ppm T
¥ 11ppm, 10'ppm THJ 580ppm TH B A3, Eﬁﬁﬁﬁﬁﬁ'ﬁ@ﬁﬁ TPE D BB ERTRIREE OZEAITH
ETE TRV, BRRECKTNIX. BZOLIHRAROERZEO T, RBRPICBIT5E
RIBETOMREOWEEIZLDI LD EHESND,
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3.2 BHEHE

P F R A KT R0, SN T N U AREDTZDIZT Vv a— gL BB Ok
HH S ZHE L, etk o 316FR Sl K O Mod. 9Cr—1Mo #f D% 55 Bk i DAV 5 H %
Fig. 3. 2-1 12”7, EAEMERT & RIFRIC, mEEFRIRE ORI T OB RIS A & i LT
KRB KDL, BEILELTHWDEORDLND, ZORELIEERBR CROONTZFMERF U TH
0. B DOERIZE DD TH S,

IR 2 AT O e, WA ORMM S DT F B KETHENH DT 7R
ANC R EHL S 2 0E LRE ORI Z RS 2 Z &2 L, JIEIEEEEREER (2 hafla
¥ b L—H CP-400) ZHHWTIT o7z, HIERHTAREREZ W TR IE L7z, JIEHEE L 0. 01 mm
/ B, HIEIEEEIRBR A OPATEM O bmm & L7z, #EE%E Fig. 3.2-2 (289, 316 FR D
A, lppm MERBEORmMSIX, ZAMEFLL TBY | BEREREM I OZMITRD b
Mo Tz, T 10°ppm BEFRIRE DLGA HIFIEREETH 72, LA L. 10'ppm BEFIRE DA,
LROFERICHE_RTREM IO IRV BBEFICHLD, fRkEmS (LTER & RER L ORI 1%
K 15~20um ThHotz, ZIEOfHEAIE Mod. 9Cr—1Mo FADIFEE THREIFETH D . 10%ppm FLEE
LN ORI ORBEH S X, S AMOZNL EHBERZERPEO biZehrodlz, 10'ppm BER
BEORKREMIIL, ZIKEITHR 10un MINTH -7,

J& Bl O KRR A 7 A 973l (R&UH 650°C) & FEhi L7z, 4 H DR % Table
3.2-1 (2R, KV A 7 kB OB OBl 5 E % Fig 3.2-3(316FR #i) 5 L O
Fig.3.2-4(Mod. 9Cr—1Mo #f) IZZNZEHRT, WL bBA OEAHNTH -7,

3.2.1 316FR A IEFHHFE

O BHPH (%) &R E TOREK LI (NF) & OREfR% Fig. 3. 2-5 12”7, KHIZIX, Zh
F TR —MBO RKKAFEY A 27 9 573 BRI Tﬁ%ﬂkxkﬁmfﬁ%f%ﬁmmk 54
W 57 Wit ds K ORKEHN#R (23] 27T, BRSRIEFE 1ppm O B O 7ML 1T, Bl 57 dhR
ERLS—HL, FEZANM ELABEREIRD SN Motz BEEFEEE 10°%pn & 10ppm
DA IX, Bl 57 AR AN HE L T, S OT AL TIIocmFa i, KO3 i
BCCIERFMMNT 2 2GR0 b7, M LEITHE D IR ) D2 k% Fig. 3. 2-6 [T,
SAMMBIOEREM & B AT 0 U AT A DL D8R LI OBIG 30D b,
Fo, WTNOOTHHPASET Th, EEFRRE OB M, BRRIRE lppn OB AT
e U CHt MPa FREE O @ W LS S1E A R Lz, Wi & blR—b— N T, »oE CiRED
BB ZZ T COWOMEITH D Z L 2B 2T, SN TV DEHEOEWITEERBRFICE
T DR FFOMMENTH Y . T OMBEEL R LIS NI EHE LT D Z & D HER
Sha,

B lppm & 10%'ppm (ZDOWT, Z4 5 OREErds K O o U £ o W i #5524
Fig.3.2-7T~Fig. 3. 2-12 [ZENEIRT, F7z, BBFEIRE 10'ppm (ZOWT, FEXH L 2D
EORFRI 7 SEM BB % Fig. 3. 2-13 3 L M Fig. 3. 2-14 (TR, BRFEIESE 1ppn TIEWFh b
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KINDN G D EZO8A LERPBIZE SN, BBREE 10'pn Tlk, EERHOY 7 2HJIIK 0T
FEFA G TRIN D BRI T o 7223, RO BP0 —F TITRIR» B 7 AW 54
LTCWBEATS A bz, £2, REICITERRBRIFICAR SNZRIEE I EIE Sh
TBY, ZUIMEZ N L TRA - R L TWD

P SRR 10"ppm (2331 5 35 & 20w > SEM #8142 F%%MgSZ%%iUthZMKT
T, IEICIEA T A =— 2 a VEREDSBIE SN TEY , MNZZR/ADPERL -2 &
INZDOBEENS NS, ERAEMBENLR 4m £ TORA NTA T — 3 OERMEE
Fig. 3. 2-17 27, AR FH M O O B EiPH SR (0. 7%) O H BN A T A =—3 3 D
PE2NA LS, MOXEFEEMENLBEN DX EMBEAIALS o THRE L, EICE-> TS Z
EDBOND,

3. 2.2 Mod. 9Cr—1Mo S D& 35414

O BRFIPH (%) & AR £ TOMR LI (NF) & DORfR % Fig. 3. 2-18 (Td, KHiZ -
AVE TIZE— BB O REAE A A 7 V9% 57 3BR I TS © 4172 Mod. 9Cr—1Mo S D=2 AH@ﬁ
SREERRE(24] & ol oy Mg K ONREHIRR (23] 2o d, IR OTRFE O A 1T 316FR 4 & 1
FEREECh o7, DE V| mEBEFRIREOEEM ORI7REIL, T AMIREEF IR Lppm DOJF
B &L T, @O AEPAE CIEeRmEM RN, RO AR TR FHF Ml
7R DMEMDFEO B ALz, 7272 L, B oy it BIIIEME LTl Y, AERZER TN
IO 2%, Mk L ﬁ?ﬁﬁ@wk%FQSZIQpT? Mod. 9Cr—1Mo S DAL,
— AL B AL DR LIILOBE G B LTz, MR LB, mEERIRE OB M
HFRIFRICERD H AL, MR UG DB OME & F B R 22BN BE SN0 Tz,
FESEIREE 10'ppm (ZDWT, MW R L O OB OW m % Fig. 3.2-20 B LW
Fig.3.2-21 ICZENEHIURT, F/o, SEMBEE% Fig. 3.2-22 B LUV Fig. 3.2-23 1T d, F&
HBIOY 7 ZHZORAIL, —HERE, FEAEPRNTH -7z, BBERE 10'ppm (2F51F
% 5 & ZURki o> SEM BlEhE % Fig. 3.2-24 B L OV Fig. 3. 2-25 [Z"d, MEMICIZA M T4 =
— 3 URRERDPBIEE ST Y, 316FR Hi & FIERICRIN Z S ADER L Tz 2 &R D
BEENMNODND,

3.23 EBRREF NIVLEBBICKIZEFEHE~NDRE

316FR SIS . mEEZRIEA 10%pm & 10%ppm O FMIL. F—OTHAEEICBIT 5% A
AU CHA R R L 1ppm DOFERFNIZ LG L T, |\ O3 I CIEEH MRS ROT AR ClIEH
AN 72 2 M 233D b7z (Fig. 3. 2-5) . 24D DI J7FFn & B3 2 EIRIZIE, SR A
FHMNOLEOIHIF oD, EEHTHECBOT, bunl LoV 7 HoRAKZ W 2
DAEARIC L o THIZR LT, ZOREEA Fig. 3.2-26 IR T, ZORNSHLNRE ST, V7
EHOFELBUITERMEFIRE SR T LV b EBBRERE TOEITRBRA TLEBO LT
Do ZOMMITOT A L 5. mOT B HIROT B & THE R R
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WOLNTWD, EERIIWE I 7 wflfECHKE DA T A =—3 3 URREND FEITRINZ
ERLTWDZENEZOND, RETHICERSNBLYEIL, 316FR SHOME LG 7]
ZERF OIS (Fig. 3. 2-6) LR HE X HOFAEREND I L 0 Ll < THEWL = & 23 HESR
TE 5, THETICHEMS - KR O 57308 R (256] Tk, RiEIOBLA 7 — L DIk
EEDFEINNERAELFHE L, REICZHOSHNBEIN, KBBEREDT M) U LR
B TREAF THEFHFMOETRRD N TND, ZOKK T O T FHm O TIIE,
BRALIC L 0 ZREOHEME TN EERNE LTHEG L TR, SRRAEROERER T
HLTWenEEZ LN TWAI26], Andrews & [27]1%, FESEHRE 300ppm DF ~ U w7 AHIC
BWTEY A 7 VG738 % i L T 5, £ ORERIC ZAuE, BRSRIREE 300ppm BREE T D%
FEREEIL, AROT IR D SIREERIRE T R U 7 AFORATOZEN L LY bEFMANLC
R HMEMAEZ R LTV D, BEERNCITERESRM R ED LEZR 5 TV D2, Andrews H & ARG
BRAE RN ERN B BN D, RRBROGAEIL. @O IR CI3E BB TR S - R
M DR ERLRBRRE O KRR OB A Z T TRmME RN EL G, ERBAEICEDLFH
MPMETF L, 2> TERBZPHM BT L2 Z B HEREIND, BkWE cREL-& R
INFBORAEE CITER L TR L TV Ay — A b b, —F, KO AP C
MR DIF M O DNMRIEHRRE DB EMOZAM L0 bR FEMPEL RolcBlh e L
TiE, BOTAHEPHIE & FRIC SO S 2 AENAE T D0, 20X ST R OB LY O
NTHESTND Z L0, BEROETHOTWRNRIZ K 2 T RBAEDEM28] 2 EN—KH & L
THEE SN DD, WHFMICAFNAER Uz BERIIAFE R S STl Rno 7z,

Mod. 9Cr—1Mo DWW TIE, [Al— O el ORI EL 1ppm sRERA T LI L T &=
OF A TR HEM M, ROT AR TITOCEHFMUNI 2 2B H 503, fmdg o7
B E O CIIFBEREZRCITRVWE Bbhd, /o, MK UG HZE) (Fig. 3. 2-19) 128
WTh, BRBEOREIIFE L2 RERBRRIENEEE 2R LT\, 2F0, @ik
FRETOFT MY U LOEEIZ L > CHAKE T CHME (LB SN Tn, IR~ D
ATHIRIZBEN T RN EBZ 2 DD, 7B, ZAM L b 2RI N5 6 O TEm
DIHHLILHN, ZIUFIMEIE — FOEWCL DD EBEZ NS,

BT OS5 SRR HoR EHFEME L ZhE TITHE LTV D KK Y Fm O I8k
& DR Z, Fig. 3.2-27 127, HFIZIE, AR TR ORI REDFERELZ 71 v
N U7eo B yr i, /ST A —% (400~650C) B LOEHEOME e — NEDT
— R EN—RATRESND, 316FR#DGA L, i [Factor of 2] OHFIPHNIZINE - T
DM, AERIZEFQUICHS O CTTIE X 0 & ERIED 7 B D Ffm, D F D RSFHOFH
x5 2 5B H Y, RRBFER b FEKEOEMZ R LT D, LaL, EFaMTiTEn
WOME 2797 — 2 b —F TRl B L7, Mod. 9Cr—1Mo SO A1, AR R A2 80 T
Factor of 2] DIELOEFANICIFIEB S E-oTWNDEZ Elbnd, ARICIIE, E
W77 v MO X9 RO AIRICRB W ISR SRR E OBREE FIC—RICR S - 5E
THEFHMOE LMK TFICERET 2O TIERLS, T—X DXL X FFHNICINE 5 &
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EIND, 7272 L, MEORE TS Tl Cr Bk DA 72 EOBRE MR N BT 5 2 &
(2720 . ZORBRHEICOWTIISBOMETH Y FR MR N nETHIHEEZ NS,

_10_
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4. ¥

AWFFETIL, Hie D ARG 2 A3 DG B & LT, 316FR #il & Mod. 9Cr—1Mo #lZ-DW T
BEFIRIE DT N U U AR FIZBIT 2B RRES JOMKY A 7 VT R 2 iR 5 7o i
BRI OREFILEE 3 L (ERFRFR IR BE SR ¢ #Y 1ppm, BRI BE SR« 10° 38 L U8 10'ppm) D
TR U v AR (650°C, 500 FFfH]) & BUBRE OB M E W Io KRS A 7 V953K
B (650°C, 0. 1%/sec) & i L7z, FERIFLLTOL > TH S,

(1) @ERREOF MU U LABRE T Cid, Wil & bR T Cr BLE DA% 15 813
IRARRZEAL DGR bivlz, Cr B bMfEIE, REERE T CTLE L TAEBR IS Sodium
chromite (NaCr0,) & &z L5,

(2) MERFRE TIZBWT, B OEERKER L OKHBRZ R S 2 D HEE U 78 28 3
120.2~1.0mm/4ETH o7z, KEFRE FTIX. ZHETICELN T DA A L [FREZ
2l (W) WROFEEZRL, HEE FM’J L m/FRREE & IR/ E < TR S AT HiPH
WTHoT=, ZTH DI, 316FR £ & Mod. 9Cr-1Mo $fl CHE R AR TR SN o T2,

(3) iR T O IR RE X, ﬁlﬁéﬁﬁﬂzﬁ IARTAT— g UHERDFRD biv, FEITHL
WO EHERICEDWHEThH o7z, Fiz, P T RRARAA VR R — B4 B AR R B D JE &
&g U CL SRR m I 2 B oY T %ﬁ”@%%ébﬁéﬁﬁ ST, o, @A T O 316FR
PACIE, MR LIS HEOEMATRD b, HERKEEFEOMMELORELZZ T T\WHZ L
NEZ LD,

(4) mEFEFRIRE T O ﬂﬁr“ X, T & b Rl ABEO R GTIRE T — & DN T TN
(Factor of 2)IZIRIFNLE L Tz, 7272 L. ZAMCERIRERE T OR-—RMEOW 575 E
T 5 & r—JU\'a—j“}vkﬁ:f TR EMANS, AROT BRI TITOR R FEMANT 72 D
M358 B ALz, ZOMEAIX 316FRIA TR VAR CH o7, AU, HERELEE TR bl
7 Cr (kg & R EICEET 20D EEZXLNLIN, SHLICHRFBKLETH S L Bb
N5,

_11_
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M

oIz, AR AED H12HT- 0 | HAREF IR IR 177> 2 7 L4
JEMP OB flF K, BB SERICAERRTEYE, CBEEBY ELE, £ FRU DA
Hh g R AR OU 57 B 72 D DN - IR S O FMICB VI W7 2 RoEHk # K,
Al BRE RO BOLRBIOWI E—RICZKR2WHIESE L, 2 JICEHOEER
LET,
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Table 2.1-1  Chemical composition of test materials (mill sheet) (mass. %)

Material C Si Mn P S Cr Ni Mo A% Co As N Nb,Ta | Al

316FR | 0.01 | 0.59 | 0.84 | 0.026 | 0.003 | 16.19 | 11.19 | 2.23 | 0.08 | 0.06 | 0.004 | 0.08

Mod.9Cr | 0.10 | 0.40 | 0.43 | 0.014 | 0.001 | 873 | 0.07 | 0.96 | 0.22 - - 0.051 | 0.09 | 0.013
-1Mo

* 316FR : B11 Heat - heated to 1050°C for 0.5 hour and water-quenched
* Mod.9Cr-1Mo : F2 Heat - normalized to 1050°C for 0.83 hr, air cooled; tempered at 780°C for 1 hr, air cooled; stress-
relieved at 740°C for 10.6hr, FC

Table 2.1-2  Mechanical properties of test materials at room temperature

Tensile properties (MPa) . s
Material Elongation (%) Reduction of area Grain Size
& (%) ASTM No.
0.2%YS UTS
316 FR 260 559 62.0 - -
Mod.9Cr-1Mo 487 680 29.7 74.3 -

(mill sheet)

_14_
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Table 2.2-1 Details of sodium exposure tests (650°C, 500hr)

Total test specimens
Material Corrosion specimen Fatigue specimen
1ppm O, 10°ppm O, * | 10*ppm O, * Ippm O, 10°ppm O, * | 10*ppm O, *
316FR 3 3 3 4 3 3
Mod.9Cr-1Mo 3 3 3 4 3 3

*Initial oxygen concentration

Table 2.3-1 Details of in-air low-cycle fatigue tests (650°C, 0.1%/sec) after sodium exposure

Material 0, level Total strain range (%)
(ppm)* 0.35 0.5 0.7 1.0

1 - 1 1 1
316FR 10° - 1 1 1
10* - 1 1 1
1 1 1 - 1
Mod.9Cr-1Mo 10° 1 1 - 1
10* 1 1 - 1

*Initial oxygen concentration
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Table 3.1 -1 Metal loss of 316FR and Mod.9Cr-1Mo steels
Material Initial oxigen Meas'd weight(g)  Weight Loss rate(*1) lofsStrl;?:::ﬂ
(ppm) Before After (2) (g/mm2) (mm/year) (mm/year)
| 9.161374 9.161071 0.000303 2.84E-07 0.0006 na
9.180677 9.180486 0.000191 1.79E-07 0.0004
316 FR 10° 9.166051 9.158396 0.007655 : 0.000007 : 0.0158 021
9.185130 9.177226 0.007904 0.000007 0.0163
10° 9.058860 9.086496 —0.027636: —0.000026: -0.0572 : 0.61
9.192587 9.217809 -0.025222 -0.000024 -0.0519
| 8.969816 8.969228 0.000587 0.000001 0.0012 na
8.964135 8.963422 0.000713 0.000001 0.0015
Mod.9Cr-1Mo 10 8.970225 8.887132 0.083093 0.000078 0.1710 0.44
8.966568 8.879628 0.086940 0.000081 0.1788
10° 8.952350 8.483677 0.468673 0.000439 0.9645 105
8.966034 8.499701 0.466333 0.000436 0.9597

(*1) based on weight loss method, (*2) based on abservation of oxide thickness
*=adhered oxide, (-)=metal gain, n.a=not applicable

Table 3.2-1  In-air low cycle fatigue of sodium exposed 316FR and Mod.9Cr-1Mo steels
[650°C, 0.1%/sec]
. TOte.ll Plast.lc Maximum | Minimum Total Failure | Failure Half . Initial Oxygen
. Specimen | Strain Strain Stress Failure .
Material No. Range Range Stress Stress Range Cycles Cycles Point Concentration
oo | e | o | o | SR | o) (ppm)
HSH3G2 1.00 0.63 226.7 -228.1 454.8 1641 800 A
HSH3GO0 0.70 0.38 210.6 -212.1 422.7 3786 1800 A 1
HSH3G1 0.50 0.23 182.7 -182.1 364.7 11397 5600 A
HSH3G7 1.00 0.61 258.3 -272.4 530.7 495 240 B
316FR HSH3G8 0.70 0.34 230.5 -234.3 464.8 2674 1400 A 1000
HSH3GS5 0.50 0.21 203.6 -208.1 411.7 36447 18000 A
HSH3G9 1.00 0.58 267.8 -282.7 550.5 777 400 A
HSH3RO0 0.70 0.34 236.8 -246.4 483.2 2794 1400 A 10000
HSH3R2 0.51 0.18 216.0 -225.8 441.7 38141 20000 A
HUH6G3 1.01 0.77 177.0 -179.6 356.6 1391 700 A
HUH6GI1 0.51 0.26 168.9 -170.8 339.8 4261 2200 A |
HUH6G2 0.40 0.18 154.6 -156.1 310.7 12313 6200 A
HUHG6GO0 0.35 0.15 147.1 -147.9 295.0 21126 10000 A
Mod.9Cr- | HUH6G4 1.01 0.75 182.2 -188.6 370.8 924 459 B
1Mo HUH6GS5 0.51 0.26 177.5 -179.9 357.4 4435 2200 A 1000
HUH6G6 0.35 0.13 149.0 -150.6 299.6 30976 16000 A
HUHG6G7 1.01 0.74 180.2 -192.8 372.9 955 476 A
HUHO6GS 0.51 0.26 179.0 -186.0 365.0 2574 1200 A 10000
HUH6G9 0.35 0.12 149.5 -151.0 300.5 29788 14000 A
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(a) Corrosion specimen for 316FR and Mod.9C-1Mo steels
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(b) 316FR fatigue test specimen
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(c) Mod.9Cr-1Mo fatigue test specimen
Fig.2.1-1

Configuration of corrosion and fatigue specimens
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HUHBG2 (©10)
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Fatigue test HUH6G3

specimen HSH3G0
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HSH3G4

CRO1

CR02 Mod.9Cr-1Mo F2

Corrosion test CRO03
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FRO1

FRO02 316FR B11
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Fig.2.2-1 Pre-test assembly for sodium exposure (1ppm O,, 650°C, 500 hr)
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/ CRO4
HUH6G6 , / CROS
CR0O6

/ FRO4
< FRO5
HSH3G8
\
FRO6
CR04-06
FR04-06
] . ) Heat
Specimen type | Specimen No. Material number
HUH6G4
Mod.9Cr-1Mo
HUH6G5 F2
(910)
Fatigue test HUH6G6
specimen HSH3G5
316FR
HSH3G7 B11
(96)
HSH3G8
CR04
CRO05 Mod.9Cr-1Mo F2
Corrosion test CRO6
specimen FRO4
FRO5 316FR B11
FRO6

Fig.2.2-2 Pre-test assembly for sodium exposure (10°ppm O,, 650°C, 500 hr)
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(96)
HSH3R2
CRO7
CRO08 Mod.9Cr-1Mo F2
Corrosion test CRO9
specimen FRO7
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Fig.2.2-3 Pre-test assembly for sodium exposure (10*ppm O,, 650°C, 500 hr)
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Motor

798

Specimen holder
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—= <+—— Flange

SUS 304

Sampling bucket

A

Sodium

Test specimen

Leak detector

Mixer
Ni-200
[~ Heater
Q0000000
@142
$165. 2

Fig.2.2-5 Corrosion Test Pot Nacort700
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1 ppm O, 10° ppm O, 10* ppm O,

Fig.2.2-6  Sodium Exposure Test Pot 3 and Nacort700 Pot 1 and 2

10°ppm O,

Fig.2.2-7  Sodium-exposed assemblies
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316FR Sodium exposure

After oxide removal

As-received lppm O, 10°ppm O, 10*ppm O,

Mod.9Cr-1Mo | Sodium exposure

After oxide removal

As-received

Fig.3.1-1  As-received and sodium-exposed corrosion specimens
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50 pm

Fig.3.1-2  Surface of as-received and sodium-exposed 316FR
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v B

10415i>m O, — surface outer region

Surface center region O
T
Surface outer region S N
Specimen

Fig.3.1-3  Surface of sodium-exposed 316FR at 10*ppm O,
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Sodium side
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&

L.

"

.

As-received

Sodium side Sodium side

Y i 40 pm

40 pmr

10°ppm O, 10*ppm O, — surface center region

Fig.3.1-4  Optical micrographs of as-received and sodium-exposed 316FR
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e ey o Sy
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Fig.3.1-5 SEM micrographs of as-received and sodium-exposed 316FR
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Sodium side

V C Det WD —— b0pum
)k SE_10.0 FR9

10 ppm 02, unetched

Sodium side
T

A Det WD —— s0pm
16.0 SE 100 FR9

10"ppm O,, etched

Ac Det WD F—————— 10m
15.0 k SE_ 10.0 FR9

e

10"ppm O,, unetched

Oxide rich Oxide rich in
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10"ppm O,, etched

Fig.3.1-6 SEM micrographs of sodium-exposed 316FR at 10*ppm O,
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Fig.3.1-7  Cross section of sodium-exposed 316FR
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Fig.3.1-8 EDS analysis of sodium-exposed 316FR
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Fig.3.1-9 Critical oxygen level in sodium for the formation of NaCrO, on stainless steel
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Fig.3.1-10 Surface of as-received and sodium-exposed Mod.9Cr-1Mo steel
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A

Sodium side

Fig.3.1-11  Optical micrographs of as-received and sodium-exposed Mod.9Cr-1Mo steel
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S

Fig.3.1-12  SEM micrographs of as-received and sodium-exposed Mod.9Cr-1Mo steel
at lppm O,
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Sodium side

50 pm 10 pm

10°ppm O, unetched

Sodium side /xide rich in

103pp 0., etched — center eion

Fig.3.1-13  SEM micrographs of sodium-exposed Mod.9Cr-1Mo steel at 10°ppm O,
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Fig.3.1-14 SEM micrographs of sodium-exposed Mod.9Cr-1Mo steel at 10*ppm O,
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200 pm

Sodium side

1 200 ym
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Fig.3.1-15  Cross section of sodium-exposed Mod.9Cr-1Mo steel
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Fig.3.1-16  EDS analysis of sodium-exposed Mod.9Cr-1Mo steel
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Fig.3.1-17 Metal loss rate of 316FR and Mod.9Cr-1Mo steels
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Fig.3.2-1  As-received and sodium-exposed 316FR and Mod.9Cr-1Mo fatigue specimens
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Fig.3.2-2  Surface roughness of sodium-exposed 316FR and Mod.9Cr-1Mo steels
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316FR (B11 Heat)
650°C
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Fig.3.2-3 Photographs of 316FR specimens after low-cycle fatigue tests
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Fig.3.2-4  Photographs of Mod.9Cr-1Mo specimens after low-cycle fatigue tests
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Fig.3.2-6  Total stress of sodium-exposed 316FR during in-air LCF

at Ag=0.5,

0.7 and 1.0%
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Fig.3.2-7 Optical micrographs of 316FR (1ppm O,, Ae=1.0%)
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Fig.3.2-8 Optical micrographs of 316FR (1ppm O», Ae=0.7%)
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Fig.3.2-9  Optical micrographs of 316FR (1ppm O,, Ae=0.5%)

,50,




JAEA-Research 2012-034

316 FR (B11 heat)

10*ppm O, sodium exposure
In-air LCF at 650°C
Ae=1.0%

0.1 %/sec

SN ; ) Cross section
Main crack: 0.54mm from initiation point

S N y

. 50 um :

i 4.
Inter and transgranular (0-1mm down)

Main crack: microcracks

Yoo
5
.‘.
Nl

{59 [

Main cfaék: t1p7 - I v
Inter/transgranular propagation(2-3mmdown)

Fig.3.2-10  Optical micrographs of 316FR (10*ppm O, Ae=1.0%)
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Fig.3.2-11  Optical micrographs of 316FR (10*ppm O, Ae=0.7 %)
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Fig.3.2-12  Optical micrographs of 316FR (10*ppm O,, Ag=0.5%)
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Fig.3.2-13  SEM micrographs of 316FR (10*ppm O,, Ae=0.7%)
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Fig.3.2-14  SEM micrographs of 316FR (10*ppm O,, Ag=0.5%)
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Fig.3.2-15 SEM micrographs of 316FR main crack surface (10*ppm O, Ag=0.7%)
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3mm from initiation point Striations at 3mm

Fig.3.2-16 SEM micrographs of 316FR main crack surface (10*ppm O,, Ag=0.5%)
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Fig.3.2-17 Crack propagation rate of 316FR
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Fig.3.2-19  Total stress of sodium-exposed Mod.9Cr-1Mo during in-air LCF
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Mod.9Cr-1Mo (F2 heat)
10*ppm O, sodium exposure
In-air LCF at 650°C

Ae=0.5 %

0.1 %/sec

Main crack: tip a

Intergranular proﬁagatlon (2 2mm down)

Fig.3.2-20 Optical micrographs of Mod.9Cr-1Mo (10*ppm O,, Ae=0.5 %)
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Mod.9Cr-1Mo (F2 heat)
10*ppm O, sodium exposure
In-air LCF at 650°C
Ae=0.35%

0.1 %/sec
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% Cross section
Maln crack 0.6mm from 1n1tlat10n

Main crack: microcracks

Main érac.k:-tip‘ N B E Transgranular propagatlon (2.6mm down)

Fig.3.2-21 Optical micrographs of Mod.9Cr-1Mo (10*ppm Oa, A&=0.35 %)
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Mod.9Cr-1Mo (F2 heat)
10*ppm O, sodium exposure
In-air LCF at 650°C

Ae=0.5 % at 0.1 %/sec
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Fig.3.2-22 SEM micrographs of Mod.9Cr-1Mo (10*ppm O,, Ag=0.5%)
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Mod.9Cr-1Mo (F2 heat)
10*ppm O, sodium exposure
In-air LCF at 650°C
Ae=0.35 % at 0.1 %/sec
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Fig.3.2-23 SEM micrographs of Mod.9Cr-1Mo (10*ppm O, Ae=0.35%)
g
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Mod.9Cr-1Mo (F2 heat)
10*ppm O, sodium exposure
In-air LCF at 650°C

Ae=0.5 %

0.1 %/sec

Spot Magn
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B

2mm from initiation point

NN

Det WD b———mmm

M 15.0kV 4 E 101 HUH6GS8

4mm from initiation point Striations at 4mm

Fig.3.2-24 SEM micrographs of Mod.9Cr-1Mo main crack surface
(10*ppm O, Ae=0.5%)
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Mod.9Cr-1Mo (F2 heat)
10*ppm O, sodium exposure
In-air LCF at 650°C
Ae=0.35%

0.1 %/sec

¥
”
10 pm
105 HUH6GY

2 mm from initiation point

4 ‘ et b -
f l‘ / Magn t Wb ——— 10 um

10.7 HUH6GS

Striations at 4mm

Fig.3.2-25 SEM micrographs of Mod.9Cr-1Mo main crack surface
(10*ppm Oy, Ae=0.35 %)
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