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MABE L~V A2 (HTGRAY o 4) hizg it 2 BA&#E I %IFd Mn, Si, B,
YRUTIOEMDEA*ZEHIRFAXL i, SEHEDONI—18~19mass% Cr—20~
PVmass BWES L AEBRAME &L LT, #4727 vEBEAER (NS 100 FEicET 5T
LREBELAREBEOROR YA I VEE L ARE) £iT- . ABRREE. 950RU
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Cr-W %A% LnBATO
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Effect of Minor Elements on Corrosion Behavior

of Ni-Cr-W Superalloys in HTGR Helium

Hirokazu TSUJI, Tomio SUZUKI
Takashi TSUKADA and Hajime NAKAJIMA

Department of Fuels and Materials Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka~gun, Ibaraki-ken

(Received July 30, 1991)

Research and development have been carried out on the new Ni-Cr-W
superalloys as a component material for HTGRs with coolant outlet
temperatures of around 1000°C. The basic composition, Ni-18 tc 19 massZ
Cr-20 to 22 mass% W, of the exXperimental alloys was specified in the first
step. In order to examine the effect of addition of Mn, Si, B, Y and T1i
on corrosion behavior in simulated HTGR helium, corrosion tests were
carried out on eight heats of Ni-18 to 19 massZ% Cr-20 to 22 mass% W
alloys at 950 'and 1000°C. Thermal cycles were given at intervals of 100h
between room temperature and the each test temperature. The cumulative
period of exposure to simulated HTGR helium at the each test temperature
was 1000h. Based on the results obtained the following conclusicons are
drawn:

(1) All the Ni-Cr-W alloys tested showed better resistance to general
corrosion than Hastelloy XR, and also indicated better stability of
the surface oxide film and less susceptibility to intergranular
oxidation than the conventional Ni-Cr-W alloys.

(2) The addition of Mn and Si showed no advantage. The alloys containing
Mn and Si rather showed inferior corrosion resistance in simulated
HTGR helium.

(3) The addition of B and Y was effective to improve corrosion resistance

in simulated HTGR heiium.
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(4) Although the addition of Ti was harmful to corrosion resistance in
simulated HTGR helium, around 0.08 massZ addition of Ti did not
reduce corrosion resistance in the environment.

(5) A new Ni-Cr-W superalloy, which shows extremely superior corrosion
resistance to conventional Ni-Cr-W superalloys in simulated HTGR

helium, has been developed.

Keywords: Superalloy, Ni-Cr-W Alloy, Alloy Modification, HTGR, VHIR,
Corrosion, Oxidation, Carburization, Decarburization, Helium

Coolant



JAERI-M 91-136

1' % g‘ .............................................................................................................. 1
9 ERTHE  evereerersreesienieniie s P 2
2.1 BESREE e e f e ha e teearane e rerenbe et aean e e eaeaiaains 2
2 92 ﬁtﬁﬁ&véﬁ’%%ﬁ T R R LT R TE TP 2
2.3 ERERLLME e e e et eee et ieeeeeeedeeiieeetrenetarerr et taraean e arans 3
2.4 BUERTEIE  coererereereeoes oo e e e 3
3 EERERMUFEER OO P T 4
31 EAEFRIEEE e e e ORI e 4
3.2 BETALMUBBEEBR o TP PTOTTORTPIO 5
3.3 EALEBE R OB EAEE o S PPN &
34 ﬂ%ﬂnjii@ﬁ;& ............................................................................................. 7
3‘ I E‘@ﬁé}*ﬁ ........ R R LR R R L R R R AT e AR R R R TR R R AL R R R AT R AR 9
3.6 HEONI—Cr—W BAESEDHE 11
A FE B e 12
% P S0 B O P T PR 13
BRI STER reereeerereee i oo e 13
£F B eeeeereene e 17



JAERI-M 91-1386

Contents

1. Introduction .....veeceeeeneanenes erennn et e et e te et ettt e e, 1

2. Experimental Methods .......... e e e e Ceeras 2

2.1 MateridalS cuveviensescerennsoasrsonnatnsnneacenns I
2.2 Specimen and Experimental Apparatus ...eeeececsssss e irar et 2
2.3 Test Conditions ....icieeivienenarnas Gt e et it es s e 3
2.4 Experimental Procédure f bt a et i s e s et raat s

3. Results and Discussion ...eeieiiverrirasessassssararssssones D
3.1 Corroded Surface .....oiveeneianssernnnans e a it a et 4
3.2 Mass Change and Carbon TEANSEET wrvvvnnnesensensenaseneeneeneenes .- 5
3.3 Surface Oxide Film and MicTOSETUCEULE tivisvunrevosseansnanasonnns 6

3.4 Effect of Minor Elements ....eveevennncrsnss s e rara e 7
3.5 Multiple Regression Analysis ............. Ceeraree e P canenes 9
3.6 Comparison of Corrosion Resistance among Tested and Conventional

Ni-Cr-W Alloys .veevevnvansn reesesaaaes U N |

4. Conclusions ..veveeeinsarassrs ceenen e e meretas e e veee 12
Acknowledgment . ...iiveeritiresissnisrerssansaiassasnsrssrtnrrnses cevaeens 13
References viiveviveanesnoensnnaa e et ras e s Attt t ettt e s ves-ees 13

Appendix v.i.aiivan e r it asamasmeeaaer e e e it s e 42



JAERI-M 81-135

1 . AE =1

RAYE OB H A4 (High-Temperature Gas-Cooled Reactor, HTGR) BHFIC B W T,
FEFFHEDGHHRENICoBBTEARVAL (High-Temperature Engineering
Test Reactor, HTTR) % J\#MICEBR I > LA TEEH, BICHAFFAWRBTAED
RFCEVTEORBFBBEINTNS 2, = OHTTRO HRMERSH L L TR, /N
2504 XDREFHFRBRBEETCHINATHAXRPDEFEHATEILEANATEZLTS
Yizias  BHEFTCIOGEORGEERRA QAR T ORI, #BUSHLEDR
REEBLLLTEMEh TER 2.9, '
BT AALX-—oFEPHALOIBAL»S R, RETFFHORIHBENLYEERTS
BEREARS— FMLRMAREN LSS 2L, 950C: LHAEHRARTZ 0
GEEHTAEZLR, COALORMEASHFELIRVEVWIHRY, LEOREEN
RBoOLBRNIPOBRBTELOHEE, ' |

FoEY, FARTHARAFRTRERORTFFE D GHHEE1000CHEOHTGROBE
CHATAZIFOAXREBIIOFAEOMBICLMUMATERL D257, ZOHE
GOMBICHEST, HABEEISHMAERET CER I N EmmHERE THIMK
ORBEISarz s TBRBAAAFRACI 2 EENGEENOW R TRoLER
RO py, BRAMICEN-C-VROAEERATIZLEL, BBTORALMEDH
HioBEAthad% BHELT, —HORBRMREToTEL'Y, TOH 1 BB
BT, ERLRBNI-Cr-WHREOBBEHEANI-18~19nass¥Cr-20~22massiHTH %
CEERELED, HLRMETR, CORESN-C-ELOA ST 5 BERED
TROMBEEATHD, L, Ni-18~19masshCr-20~22massfHEEDBRAAF1
ROHMEEAY 9L H 2 (LAF, HIGRAY T L EIRS, ) HicEiT 5 BRFENCRIE
3 Mn, Si, B, YRUTIOHRMHMR*WREZRZ2ILDEDDTHD.
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2 . EER OS5
2.1 fEtReE

Hertat R, 8 MM ONI-18~19nassCr-20~22massiier & (A &X, Y, Z, X-T,
Y-0, Z-0, YZRUZ-I) L ABOLHO2HBONATHAXR (Heat 1 RV
Heat 2) T3 W, TO{LEMMETeble 1IC/RY, 8MMAONI-18~19massiCr-20~22
mass¥W& &, Mo, Si, B, YRUTIOHRMHREWRDILDICHEBLEGETSHY, ©
Ty EEI5nno RN @G RRMEEL BIFABOBELLEE S ORBRA 28I =,
22T, MERUSiR, MEERMTAZEICkoT, Ni-Cr-WR&E QHTGRA Y ¥ AFRICS
R RMAKEENSE NI LAREINTNG O TRTHY, BRUVHE R
OHECHETHDLOBEFS 2TV OIKHLT, Tilk, HIGRAY ILAHRICE IS &
Bick o THETHS EEALNE UL 0N, AHONEERCHAREOBAD S I,
HFHLTHESOAAELOLTRTHS 2 1%,

Az%u4XRu,MWAUwa¢n5wéﬁﬁﬁﬁﬁ;<ﬂ5nruémﬂzz@
&rmﬁmpaﬁuﬁbtﬁmfﬁu.::?ﬁutZﬁﬁmnR?n4XRu.£$
%Em&ﬁ%ﬁaﬁﬁ¥m%%7ﬂﬂ?ébt%if;w,&8,Nk&#%@ﬁ%ﬁm
BISICHEWT, HIGRAD T LROBERNNAT IS XREFAFULTHEZ LAHR
D Ll2EHBEFLNTHE T,

2.2 REBARURREE

'mwtﬁﬁﬁm;mmx5mxzmm¥ﬁ?&u,ﬁﬂmmﬁmmﬁ:xu—ﬁc;
DB TERE AL LT,

AouERBRERIE, N ILAARRY A 7 VERERRER ' TH5. CORE
RIOOBENEABATLIEORBRA EABCMETEL L LBIC, MRFCHER
Aoy s BEtBwe @ icARTE > MEL 2o THD, &, MMARKF
ODETBBHCI > THRREROBEL(LEBL I LA TE S, Photo. 1 RUFig. 115,
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EEONETE L RISEBORER 2T EART,
2.3 RE%e

ABRFHAIHBTN AFOLKMHAH E2EBLEAIMAY T LAIFTHY, AU
LAHAHRDOARMYERE, ZhETOBBAAFHBORERED LICL T, Table 21
RYMEICHAL LM s, ERAL - TTHHBLE, ZZTHOAERMAY TLAHZA,
—RCEEOESFFBHAV I LA ALRER T B EBAROEDTH L, AU
LAABKBHRIE, THAOLICIC L2 HEFIRBREICS O TR LR TSRO
HEOEMAELELCLRWEDICERL, BREBARA Lem® Y2 Y 160nl/nink U, RE
EHRIBEALETH 2. "UTLAZFORHY O, R0 L THBEAR
B > — i F o §& 551 (SHAW HYGROMETER) %, oMl L TIHHIDF A v b I3
7 (B4 G-1800-1) % A v 12, |
CRBBEGISIRVINICTH 2 KETHY, ERICSIT2EE - BIEOo®BY (7 L%
MEMICHEBET 220, MBRMIEHZ LIcRBERLEBOMOBY £ 7V %L
AT, REMBSM%Z 1000MME U, #Y 4 7R EHRO—#lETig 2I10RT,

ElcilREzE SR, T THOERREETR, 1 20CHEBATLEORRN %
RRFCMATE 52 LD, HHLE 8 @EONi-18~19nassiCr-20~22nassINe & & i,
BAODNATOAXRELTOS DI -2 THRERBR 2T =,

WLV —-X: &€X, Y, ZERUNZATF24XR (Heat 1)

B2 —X: A4&X-1, Y-1I, Z-TRUNAFTOA XR (Heat 1)

B3Y) X AGYZ, Z-TRUNAFTHA XR (Heat 2)

b, H2RUHI VY - XOBERRIIOETI0CTIT o2, 12U ~-X0
B BB (21000°C 0 & TFF o k.

2.4 RBRFHE

L REG ETHEBEORBRAE, BREZE N VR THTRESR, HIEEE FEOHE,
RIGBEBHNICEBALE, RIEBEBEREMEI(~10Pa)tk, REBANVYLH A M
WAL, RICABOMADKCSTAKSBRENE—Ch > HICMBz G LE.

_3_
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BERBRKTE RBRACOREAXBOBRLRENEZITo =, T08#, ¥BRAFZ2Y
AV BAYR-TZACHKLE, TO—KE, XPHMSICLINEEBEREEIC
Hw, io—FREEFETFHRMBCLIIRAIIJUBREEFREEOHFTICAWE,
EERBEROSITICIE, MEBIMAPRE - FARBRSNEICIIERFRBESTER
GRBRERTENIA-11100 % F v =,

3. SEERER B T

3.1 BRRERKE

Photo. 2 ~ Photo. 612, MY A4 J B ORBORBAXBL oM a 5ICHM
E7E bR CHERESERLEZRORRAREOERENLLT, BBV Y —XH
CRY. BEX, Y, Z, X-1, Y-1, 2-1, Y2RGZ-D0nThs makBes
CREMICEEOHBEEEL B o £, &4&X M, 8i, B, Tk, YREM TR, &
SBOMALY I, BHRENSY, RBKTHORBA B CHBREL =, Photo. 2 ~
Photo. 8 S4B &SI, BEERRICE>T, BRIABOMILBEERT 500,
NWTROSECHVTHEARBD OBMIERBAFET 2L VI Cdadok. Zh
i, CRETICEEEATNS VS O Ni-Cr-RRA & OHIGRA Y ¥ A 513 5 B & %
BLidRE-THY, AMRONKLELESAERIVWTADLERONI-Cr-WREELVE
MIEEBEOBHENBLATVEL WA S,

BEERRIC I o TERLEMEDORBIEZ R 2Table 3IKRT, 220, &%
X (Mn, 8i, B, Tidkyl, VREIM IOV TR, bEiC@RzLdi, BRRERTEORRK
BRI YR OB EREL, TORBREL ZBIEDOERICKRKLEES, WERE
BEVY, 2RBEZECTHRESVEERTH o2 EELTE N, Table 3ABHD 5
Edi, RAIRELBEASOHTHE, A4€X-T10n, Si, B, ¥, TiRM) OBERILYER
AEESHL, & Z-0(B, ViR, Mn, Si, TIREMOEANRL DLW,

FEMNETHMMICLIXEI VURBOKE, MEBFMLEEGEX, X-T &Rty
LLTOMMBHEBRAPRSH o A& Y TR, 1000CTomBEORBRAREICIE,
Photo. TICEDHERT L DS, WML T4 XA -KRBRIEHIEHLTWE, §&€XT,

— 4 —
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BERBRATE RBRFOREXBOBRLRBEANEZT . TO0H, EBRAZ2Y
AR AYR—CHICHKLE, TO—HFiE, XEBFRBACIINEERERBREC
Ao, io—HFREEEMUEFHEEMSCLIREIIJUBRBELEFREROFFICAHWE,
EERKREROHHTICIE, BEIAPMBE - FARBRIFECLIOIERFRRTER
(B M PERTENIA-1110) 2 H =,

3. BRI BUERT

3.1 BaRmRE

 Photo. 2 ~ Photo. 61, MY A 7 NiInMEORBoORBRIRELEOHRS SICHM
E7E by CBERES LA RORRAXEOERERN LT, BB — X5
CRY. AEX, Y, Z, X-T, Y-I, Z-I, Y2RGZ-I00T At uMsB
CREIEEBEOHREZEC 2o, §&X (Mo, Si, B, Tidkin, YREIWDTE, &
SRBORILDIZ, FEHENSY, RBRETHORBRA BNEICERL =, Photo. 2 ~
Photo. 6 D AAB & DK, AFUKBICLLT, BRIBMORMIEBIIERT 500,
WTFhOBAEICEVWTHLEERBAOBMIEEBIEET I LI Z LR 22k, Th
u,:ﬁi?cﬁ%znruéﬂ&wwrmw%ﬁﬁmmwauoL@tswéﬁﬁ$
B3R -THY, ARRONKELESASRVWTALERONI-Cr-¥RE&L YD
MILEBOTHENBATNELE VLS,

MEERRCL > THERLERIEDORBUERR 2Table 3ICRT. 220, &%
X (Mn, Si, B, Tidk{l, YREM SOV TR, kiclirrzLdiC, RRRTEORRN
EUEC MY B OB EREL, TOERL 2RIEYOERICEKL £ED, WEHE
BV, SRBEBLCRLSVWEERTH 2L EXTEY, Table 3HLHD5
&, AEHEEB-E6&0F TR, §€X-TMn, Si, B, ¥, TiRM oEKR{LYE
HEELHL, & Z-0(B, Yikd, Mo, Si, TIREMOEALSRL DLV,

EENETHEMMCLIREI VORLORE, IhxfMlEeaeX, X-TL Y
LLTOMEEHRA PP 2EA&Y TR, 1000CTomBBEoRRFREICI,
Photo. TIC 2O HlZRT & OIS, WML Y1 A A-RBEHIPERLTWE, §&XT,

— 4 —
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RBETHORBA BN ICERELEZBRIRORIEDE, COoMMRY 1 2H KRR
BTH 5,

BERILDOERE W OBRAISEATRONGELESGE&ERKRT DL, F&X
(Mn, Si, B, TiFin, YRR TE&X-TMn, Si, B, ¥, TIiRIMAELY, §&Z-
I (B, Y&HN, Mn, Si, TIREFEIMABRLEBALTWELVWASD,

3.2 HEEERURBRBE

Fig. 3 ~ Fig. 5ic, My A 7 k& OREREL GEREM{LYOHBREEG., ) %
RE L) —XYIRT, Fig. 6 ~ Fig. 81C, AMURRTEBLWEREITHRERT,
Tr, HERELLRESFKER> S, Bk 2REENL (LT, BMIEHEEMES, )
AR fEREFig. § ~ Fig.111<mRY, Fig. 83 ~ Fig. 5 RUFig. 9 ~ Fig. lloF
—a%.ﬁ~&U—XEEH6A1?U4XR@ME@E%?%&%%%T&:&K&
o CESLL 7 BB EFig 12 ~ Fig 151077,

&&X, Y, Z, X-1I, Y-O, Z-0I, YZRUZ-IOoWTAHNAFEISXR&
DHEMEHMBIEAA RS, LERRCHNLUTREARE#ESEEEL TS, SHEHEOCASE
OHTIH, &4 XM, Si, B, TiRNM, VRKIMEUSEX-T (M, Si, B, ¥, TidRMW
YOBMILHEAZ VI LS, MBUSIOHRMICE HZHTGRA Y U AHICE 1T 2 RiEHR
OB G AYERICEERALTVWRVEVWALS, A& Y (B, TiFRIN, Mn, Si, Y&
FI L &€ Y-1(B, Y, Tidkin, Mo, SIHEM)DOLEEHS, YORIMIZHTGRN U D LH
LB AMANORBICENTEAEVWAS, & Z (YERin, Mn, Si, B, Tifkikm)&
&4 7~ (B, YR, Mn, Si, TIMHEIDKRUCFE&&Z-T (B, YiKM, Hn, Si, TifE&KID)
FOEEBEAD, BOHENGHIGRAY TLFRCH T2 MERICRIVBEEZEALVEVAS,
&4 Y (B, Tidkin, Mo, Si, Y4#¥RIN), &&Z (Y#RiL, Mn, Si, B, Tif&&M), &Y
I (B, Y, Tighpn, Mn, Sid&¥Rin), && Z-1 (B, Y&, Mn, Si, TiM&KM), 6&Y
Z (B, Y, Tifkdn, Mn, SIMFEMRUE&Z-MW(B, YERM, Hn, Si, TifHFI) & LRY
By, 0.2massiBEOTIABMLESEYRUAEY-TOHIGRAY T LFic BT 2R
M, TIREMOSEZ, FEZ-TRUVEEZ-T&YVHE 5, 0.08nass¥DTi% KN
LES&YZOHIGRAY T LHicBH A MEKR, TIRENOEG&€Z, 6&Z-TRUS
GZ-MOThrAELEIEKY, T4bb, 0. 2nassPBE OTIFRMIEE, HIGRA U W L

_Si
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BT MRMEICHBFLDESBOONEY, &Y ZICHT5&31C0.0BnasshBED
TIHRIMZHIGRA U Y A IC B3 2 MEMEBET 20 TRRVE VRS,

8 B DNi-18~19nassiCr-20~22masstHE W Fhb, BICTHHTIRBR%,
000CTHBICHMEEELTHD, HRUEEOREORFLE VWOIBERIBE, YL
BRSPS TEHCHBIC R I bdan. —f, RRICEL TR, RIEYWoRHEICEoT
BRCBTLHMEZEMTIRBONMRESC L -THBRABREBRTER/S 1819
DHBEAELDL, LALRAs, ZZTHESRONI-Cr-ROBHBEGRICS VW THE,
CrRUVOEE L a-VHONENEB COFTELH(LBRTHLI LIS, RIEBOHT
HiICEBHEEEHBFELCH R, #oT, WV0CTRESLEARRER I, TEACH
Wil TR &R OTRAN,

3.3 ML BTER B U N DAL AR,

Photo. 8 ~ Photo. 122, MU 4 7V NMKKORBF ORELEFIC S T 2HEERD
HEFWBEERERARS ) — TSR T,

#4X, Y, Z, X-1, Y-, Z-1I, YZRUZ-IOowTFheNnAFO(XR&E
Y BBMILEBIEH Y. RIEEKBOFEE 2RRS U - XINCHBT 58, UF0z LA
WTED, H12U-XTR, §&Z0EM Mo, Si, B, TIREM OMILEENRL
W<, E&XMn, Si, B, Tid&M, YEEMELA&Y (B, Tidkin, Mn, Si, YREM O
BMUEEBEOES I, FELELEY., 22U -XTR, #4€Z-1(8, Y&, Mo,
Si, TiEMN) OMILEBEARELEL, KWTALY-I(, Y, TidkMm, Mn, SifaFm)
OBMILEHEANAEGE&X-TMn, Si, B, ¥, TIRMOEThIUL#HY, F3 2V -XTR,
A& 7-M(B, YR, Mo, Si, TIMFMOHAEEY Z(B, ¥, Tid, Mo, SifwHimn
YEYUEHLTAICRIEERABEY,

WTFhOE&RICBVTE, BITTORRARBORBICHATREYRBEEZLL Y
A, LONCTORRABREORBICIEEA S W0 unDBR S E T/ BIEHABRES
o, TONERILHORE, 0. 2nassiEROTIZRMLEGSEX, ¥, X-TRUY-
I, TIREMOEEZ, Z-IRUZ-TEYHRPB0EL VA S, 0.08nasskDTi% ik
MUEAEYZICBIARERLEDERL, 68X, Y, X-IRUY-T&VRSALS
oD, F&Z, Z-URUFZ-TL0ELTIFZEVWAD, 8, WTFThod&cd

—_—f —
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WTH, HRAUAFPEBENCELIRET LD RERNEBDE LD oL,
3.4 HMTEORRE

Fig.16 ~ Fig.23ic, Ni-Cr-WARA & OUIGRAY U AFIC BT 5B L& % Mn, Si,
B, YRUTIOEHBROMBEL TRT, ChnoiIck, AHRTHEZSGRZOT— X
KIAT, ChETCCHEZATWLIHREEORH-RREAGTTHET -2 (T 19%
BEHTRLTH D,

Fig. 16X UTFig. 17T H 425 & 2, MRUSioHEMmME, Ni-Cr-WR&&ZOHTGRA Y 17
LB oMERICIELAYEEREATHAY, MRTSIOARERME, NATO
AXRIEBENVT, OCr20:0BELEBE O RICHnCr0s A X NVBEHERKL,
HnCreCs b Cr20: O RBICB W2 ERMNLMERTF VO v VEETEHES, OF& LML
WOREICRRDSI0: 2R, B&EMEKRIBMMICIAYSCI LR &> TRIER
EOEBEMEBAL TS, E0HEBT, HIGRANUDLREBT2MAREEHBETIHE
BRHy 31T T ORBEAN-Cr-RESLBVTEEHNTHEIE VW IBRE D b Hok
B, ARRTCRTOHEPHELZHR IO LR TELL 2L,

MuR OFSio BRI = & HHIGRA Y &7 A ORISR R OBREES, Ni-Cr-iRE SIS
WTELENTH 2L T2HE D THWLRATWINI-Cr-WREGE L KR THWEN]
Cr-WREE&OHESRELT, @ﬁﬁ%mNi-20~22mass%Cr‘—15~16ma§s%W“§fbZ)(Dti‘\}‘b
T, HEINI-18~19mass¥Cr-20~22masskWTH 3, QM BRBIEEAOHWOTIZEHL
TSt LT, #Ei30. 15nassyBEOTIAEHLTWVD, L2 EZLIETL
had, cod5, QILBETFECCLHVDFELOER, HIGRAND YL ORAKICKELE
WrE5x, APFRCHVAENI-18~19nass¥Cr-20~22nasskiNO FAWHRIEICEBL TS L
EABNDOS AN, MR USIiOEBEMIC & BHIGRA U W LR O EIEHE OBIBYH
BMCEHTA2AEIRZWMETIERLEEALICS W, £E2TC, Qit#BITEE, Tabh,
BLEEOBMOTEESELTWDA2EE& TR, MEUTSIioERRMIC L SHIGRAY T 4
MO AR B ORBAEHIHERALCS VOTRALDMEND ZEHNEALAB, L
HLAEDRD, NATFOAXRDOEETE, TitABCHMELEROBWARTH A1%
0.4mass¥BEETHEHLTVWAIHALH I OBRMBERCTFEALEEW I Z L AHE S
hTnad ", TikAld, WTFhbARBRLEPRAREEIIEEZ T LV IRBOER
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24200 —FC, TIOAAFABMEHEF~OBBICL > THRIELHEE2Z < T2HAASH
UV ENIRE-LEHETI—ELH LN, TiLAIOEI LESHOEN, 0.4
nass{FBEOAZEH L TWAIBEICIIERMCIERLUZ@BELY, 0. tnassiBEDTix S
HELTOABACREDCEALAVEVIERELED T LEERICLN, #o T,
TZTHoERMNOBETE, NATFO A4 XRPNi-20~22nasshCr-15~16nassiWic B
TEHTHOEEINDH B USIioHEEFRMNIC & BHIGRAND U LA H O Rk R O #
B, AHREOMRE LENi-18~19nass§Cr-20~22nassERIc BV THRICHER L &d ok
HEzBETEILETERY,

Fig. 18R UFig. 192 & 443 & DI, BOHME, Ni-Cr-WRE &OHIGRA Y » Lfic
3Hémﬁ&&&§¢é%%ﬁ&é,%—amﬁﬁnfuéﬁﬁ?%ﬁ¢éa,%@%
Bid, 0.004nass$RE QWM TRAL, 0.004~0. 006nasskDFEH T3, MILFBIIBD
BEMBICEKELRVWE WA D,

Fig. 20K UFig. 210 403 & DS, YORME, Ni-Cr-WRe & OHIGRAY 7 LM
B R AL NET DDRSEE, F- OB TWAEETHNT 2L, 0%
Rt 0.002massYEE DEICHAIL, 0.002~0. 00TnassSOWH Tid, M{LEBET0
BIMBICEKFELLRVWE WA D,

YORMAH RS OB B ERILEL A L 58 8E LT, OIABEPOCr:0s W
CEENICHEAZOh, FTORRE BMtWbCEBTr A A YyORBEREETEED
(20) DEASGLBILYORBETERL EL060XERLYOTEELHET LY, &
30t #HFoRiL mﬁi@eiﬁmﬁéiﬁmﬁiﬁ%b<&i§3?L®?ﬁﬁ%ﬁ&@émﬁ3@
LR A OHBEOWTFhA»C &Y, WEOHR LA A FREREZAB TEI LICL D
TRERCYOFEULERLHET 2 P22 L oI ENFRBEINTH D,

FIT, BEYZREUZ TOKERREZEOBRBEHVWT, KERECEEFCET LT
KOBEHHEXBIA TP TIATF—THY, YOBLPELTWELEI D ERAL,
Photo. 13K UfPhoto. 1412, B&Y ZR U Z-IDL00TCTORERBEOKEE L ERH
FEEORETFOEENETHEHMER LY, CrRUTIOREXBEREENLETLTRT,
S EM LR COrO B L IBE AN, YOMLHEEIAL Y, AEYZ TR, ®
EMEEERCTOE L BEELE, ZITHOWTWAHETIE, HIGRAY 7 LRI
BHAMEARZRBET IHNROS SLBOERERARLIILIEBETHLIZ ML, BO
TR EFbRh o, YORNER, &&Y 2 T0.004massy, && Z-11TO0.007massk
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CHMBTHDZ DD, XBYAIVUTPFIAF—CL3EIHCHEBRBER Do R
A, FUVHBEOBWHERTO>CLEEBHLT, Ay b AH(E-—LBRNS um)E £
L7, Table 4 iCZ DR EZRT, Table 42 BRHB3EDiC, TOHETH, REM
LEEFTOYOE{LIBEE LMoL, 28, ZOAKIKENTY, &Y ZTH,
HEMICERFCTIOB L2 BRCeEL, YORNBREHECHLIED, G&KHBLER
BILEEREDOAECEHTL THD EI22RBICNL TR, NoSHFRICEDRFTIHL
BrEAZDILD,

Fig. 22RUFig. 282 5425 & DI, TiowMiE, Ni-Cr-WREEOHTIGRAY 7 Lric
BUTLMEHEETIHRNB S, 0. 2nassHEBELUL EOTIEHRME, HIGRANY T LHICH
FAMRELVDIBADLRFEFLLAVEND L ABEMTE S, BILFAORWTI
OFmEMiE, AMBREPHNAREEFIEEC TV L CRIEBERP~ADREBICL ST
MIHBEES< T2V ZLDBHIRANY Y AHDORAERICL > TREEFTHILBE
ENTHY, AMROKRE-BLTVD, HL, 3.3 THNELIC, KFRONK
ELEARTIR, 0.2massYBEOTI2EMLEASICSVWTE, BRRANEENICHE
BRTDEHLEAMBELACRD D hd ok, T, 0.08nassiEE OTIHRMIZHTGRA
DO LRICBITAMEEEZ2FETILOTERV LW Z LR TE S,

3.6 EMEBIH

AR THESAGDOT 4L, ThETCLHETATHWIRAREGEEOR—RBEL
FER/ET—& T 1005, (LEMRLHTERAY & LHICH T 5 BILHBOMFOEE
RO ERSE EOBR, FAHRRETEORMIREWRW ¥, i, B, YRUTIiD b H
DEERERPERE LTHRALE. 50RTL0CHE L ICHT 2 EERSFTOKES
Table 5 RUTable B iICEFHhEFhRT,

Table 5ABARB LI, BICTKSTIRMIEMBOTFHABLUTOLI LB,

OP = 0.4576+0.1570Kn+0. 35748i-41, 1173B-17. 0747Y+1. 7029Ti (1)

0=Mn=<1.18, 0=Si=0.33, 0=B=0.008, 0SY=<0.007, 0=Ti=0.54

{HL, OP : HTGRAYU Ak, 950°C, 10008 MIIn&ic & 2 Be{Lid &, ng/cn?

Mn, Si, B, Y, Ti : mass}
ERFEEROABFLLF0DEDEC, BIEHEEZELIFROD LK (EREICES
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THELRTRK) &, Mn, SIRUTITHY, FCBRLHEBEEI IR (HRECE -
THBELTHE) &, BREYTHD L WO HERSEONE, 2025, M, SIKHTYICDON
T, EEAHBREOENERTFLENSNDNZ VI EALATLIEHVWEHRERIFT S
OTEEN, E5C, ChABO3IARLC2VWTR, EREXROBNEL Y LEBHRED
EHEZENAAKEVI LS, HREFEROASCHNTIBELEY., BY OBRUTIKDN
Tk, CORBBSH TR, BAMEECE S THBRTRTHY, TINHERECLLT
HEELRTRTHDEODWEREE V.,

(L) TR ZHIGRA Y 7 Lk, 850°C, 1000REMIMMAIC L 2B OTHELRE
MRCEBEMIEHBOMEFig 4ICRT. ZORMBHEPE LD, (DRBERMRF
HFPAEEEATHWS, 28, MMERUSiE RN (AR L1Z0. 0Inasske UTRYED
£.) LU, B, YRUTi% £4a-£h0.0050.007K 0. 08nasskikin Lz &% (UF, #
B ES LR, ) OHIGRAY 7 L, 950°C, 1000KFMmMMAIC & s M{LHAROF
WEE(DRTRH D L0.274ng/cn & 12t B,

hMesﬁaﬁ#éxﬁk,mmtnﬁﬁ&ﬁkﬁﬁm?ﬂﬁ@ﬂ?m&ﬁc&ég

OP = 0.8269+0.5684Mn-1.801381-74. 8233B-53. 8198Y+3. 3176T1 (2)

0=Mn=1.18, 0=Si=0.33, 0SB=0,006, 0=SY=0.007, 0=Ti=0.54

(HL, OP : HIGRA Y 2.k, 1000C, 1000BSMIONALIC & & R{LHR, ng/on?

Mn, Si, B, Y, Ti : mass¥

HBHEBEOFEI»L X 5L5K, BLEREFEOIHR OB LR (HNRMEKCE >
TH#EZTEK) & MRTTITHY, WICMIEHBAES I AR (WRECELSTH
) i, Si, BRUYTHD L WHIKRNBOLAE, 2035, YiIcD0Tid, K
LR EROBMNERET Lt AN EW I BB TULEHVWHIREZRIETSOTER V.
£, HFFEROENHELVLERBROBRREIREZVW LMD, BREROFS
R AR B EY, BY OMn, Si, BRUTIKDVWTE, ZoERRGIHITE, SikT
BAHEMICE > THBRRETCHY, MEUTIAHERHCE > THELRARTHI L
HBEEEH Y., HU, MEUSIORMMBREERTL LT, TITORBRBIFTONR

* Ni-18~19mass¥Cr-20~22massfWA &I SV T, KMTHNHE L THSHHIGRAU T A
i Rt E S BBRH AR OGO R UM AL EBL 2HSI1C, Mo,
Si, B, YRUTIRKCHMLTBRHATHH AL EAONDLEZEHBROEEY,
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ELEAEIRSOTR, HiheSiZNTHRMB LU EEBEMELTWEEDIK, 20
2OOBPEBHEMCHEOHEBENLY, TNEKHALTHERIFZT> THDZ L
KEETILENL L, '

(2)&, TROAEHIGRA Y o &, 1000°C, 1000REMIINARIC & 2BR{LIBR O TFRIME BR
RRTEEABIEHEOMETFIg25ICRYT. CORPLAND LI, QIAXFHERHRIF
BFUEAE5ATVS, 48, LICBRAERELEEREEOUTGRANY 7 L, 10007C,
1000 AnRRIC & D ERLIM B O T RIE% (D)X TR 5 L0.328mg/cn* & 22 B,

3.6 (ERONI-Cr-WRE&EOLE

MHFIAREEE A HIERGHEE F T h A BMEXEL LERWRORE =7 b
(GERTHARMAICL>EENGETOWRME) THEZH, SRNCROEAE
Rt EHT O L ORI 21T ENI-Co-WRAE&SSS113MA(NI-23mass¥Cr-18nassiW) R T
KSN(Ni-16nass¥Cr-26nasssi) (& CBIL T, KWL A—RBEETTHONT NS HR
A8 P KPR TCHEKERELBL TH D,

HESOEE O IcL Bk, SSSIISMARUKSNO WIS RICHB W TH, HIGRAY T L,
1000°C, LOOOBSHIMAICE 5T, AERMASMILEBAHET 2HESRZ o8,
hicH LT, BIK3. 1 TRAREEDIC, AHRAONKRLELESAERTE, 20L& LR
LEBEoREIE LMok, ThbE, AHRONKRELESAERVWTHLBRERD
Ni-Cr-WREEIVLBELEROERENELTHELVA D,

Fig. 2642, HTGRAU L, 1000°C, 1000RMIfN&RC & 5 ML MEBOHLE 'S 2R T,
COEIERPEEDIC, FHROMRKRELESAERIVTHESSSIISHARTKSNE YV &
BB n,

%7, SSSIIBMARUKSNTIEw$4us, HIGRA U w4, 1000C, 1000ESRIfnAIC & o
TRRABEAMELTWEND OICHNLT, BIC3.3 TRRELDIKL, ANMEONRKEL
E8AETHE, KANASEENICEL<BRETIIDLERARBOO LRI O E,
RERREEDE, AFRONRE LEEER, ERONI-Co-WREE L HE L THIG
RAY I LAMOHEEADRVHRBIATWS, Zhid, OSSSIIMARTKSNA, ER{LIE
HOBWRECHETIRUAEAHTO. SnassIEBESHLTNBORN LT, AFED
HELLESEESTHBLELEELTVWABE (T4bb, &Y-1) TH0. 2nass
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FERECHABNTNSC LD, OSSSIISHARK FKSNA, WRHORECHEDE v KR
EFBEBDYEBELT VAR VOLNLT, ARRONKE LESESREOMAD L
BHFEEHLTND, LndbickbLEASNSD, &, Fig26icid, 3.5k
REBRCFHEASCHUT, (RTROENGRAY » Ak, 1000C, 10008 M 1k
o & BERLHE O T I, 328ng/cn? iR LA, Z O, RERONI-Cr-ikaE&o®
EHBEEVEARUEVEER> TS, Ni-Cr-NREEOHIGRA U & ARIc 81 5
MHEOHELELT, NAFOA4 XRTHEELVWHREETFTEMRUSIOFEBRML
NWIFEECD LRNOFHEERET 5 SEEERE AT R 2320, KFRIC &
5T, BRONI-Cr-HREE LY BHIGRA Y 7 LRO R AN+ HIcRE S hE S SO
SHMEROH LI ENTELLEVAS,

4 . K& =

Ni-18~19mass¥Cr-20~22nass¥Na & OHIGRA Y ¥ LAic H1F 2 MRS ENIC R 1T ¥ M,
Si, B, VRUTIOHEMHEEWALEHIC, 8 MEONI-18~19nassyCr-20~22masshia
SRERII L LT, MY 1 2 VRARBR (NAEEM AC00RMIC BT 5 Z & ISR b B
BREEOMOBY A 7NV ESEALRBIEToE. RRBEE, 950RT1000C 0D 2 K,
BB 000 M E L, BBnrfBRUTOLS Y TS5,
(DEAFRONKRE LESEEIVWThE, HIGRAY TLARICHS T 22HEBRICHL TE,

N2AFOLXREFSLEOFEN-HEEEELTWE, £, REMLEEEOEE

HEUNMABEORZHICIDWTH, NATOAXRERASETHY, EFDNI-Cr-Wk

EELUELTOVE,
(OMECSIORMOAHEEERT 22 LR TELA 2%, BLA, MnRUSikHuL

&G OHIGRAY 7 LRI B AN L 5 Tk,

GIBRUYO M, HIGRNU T LRICBTIMAERH OB ECEHENTH - =,
(OTiDRING, HIGRAY T LIS 3 HRMICL o TREFCHo £, HL, 0.08
nassYERHE O TIHMIZ, HIGRAU T LHICE T AR A ETHLOTURD oL,
G)REONI-Co-WRERE Y b, HIGRAD v 2RO b+ icdE & h AN CrWR

&L FEERERDITB LN TEE,
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FEEICHADATHEI LD, @SSSIISHAK TKSNA, HEREOR LICHERHE WS R/E
FHEBRPYEEFALTVWRVWOLCHRLT, AWRONKELESAERBRETOMATHLL
EEHERELTWVWS, LWdCEickdeEALND, 2P, Fig.26iCid, 3.5k
Ntﬁﬁﬁ?ﬁ&%ﬁuﬁbf}(@ﬁ?*@ﬁﬂﬂmUﬂb*.w%t,m%ﬁwmm
Ik SELHE O T RHE. 328ng/en? BR LN, Z OfEIE, #ERONI-Cr-WRE€O®
EHBLIYVEARVEVEERS TV, Ni-Cr-RREEOHIGRANY T ARSI 5HE
HHBEOHBELLT, NAFOLXRTHEZULVWHERETEMRATSIioBERM L
WAFEC T LPHOFEERET I HLEENREB SN THE 220, ARFRICE
2T, RERONI-Cr-WRESE LY BHIGRAY D hOHREN HFIcHFEETLEAE DML
BEBERODHBIENTELEL VRS,

Ni-18~19mass¥Cr-20~22mass¥N& & OHTGRAY o LAfRIC 51T 2 B RFEHHIC X IE T M,
Si, B, YEUTIOEMBREEARLEHIC, 8HIEONI-18~19mnasshCr-20~22nass &
&R HRIB L LT, B 1 7 VEARER (N AFMATLO0BEIIC Y 5 2k CHiB L R
REEOMOBY AL IV ESA2RB)ETo. RBRBEIE, 950RT1000C D 2 K,
SRR EEHIZ1000M & U, @lantﬁéﬁmuﬂfma BYTH 5,
(DAFRONEE LESEGIROWTAE, HIGRAD P ARICH T 2 £EERICHL T,

NATUALAXREFEULEOFRNEEEEFLTVWE, 2, REREEEOESE

MEURABREORZHICONWTH, NATFTOAXREFASTHY, HERONI-Cr-WR

BELUBENLTOLE,

(DB CSIOFEMOEHNELBRET L@ TELI-E, LA, MMRUSiHEML

EEAEOHTGRAY T LAFICB T 2REHENE > Tk,
(IBRTYDEIE, HIGRAD L hicB 2 HEHOM ELICHED TH - .
(OTiOHIMIE, HIGRAY YA BT S AMICL > TREFTH o2, HL, 0.08

mass¥BEE OTIHMIE, HIGRAU 9 A B it o A2 E T2 bOTRAD o2,
(B)RERDONI-Cr-WR& &L Wb, HIGRNY 7 LF OB RUENA T ICHBFELEN-Cr-WR

EEOILFHBER DT I LATEE,
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Table 3 Mass of loose oxide

Test Temperature Material ¥ass of loose oxide
series (C) (ng/cm?)
Alloy X net measured
st Alloy Y 0.24
1000
series Alloy Z 0.07
Hastelloy XR 0.61
Alloy X-1I 0.473
Alloy Y-1 0.004
950 -
Alloy Z-1I 0.000
2nd Hastelloy XR 0.080
series Alleoy X-1 0.511
Alloy Y-I 0.068
- 1000
Alloy Z-I 0.010
Hastelloy XR 0,286
Alloy Y Z 0.016
950 Alloy Z-1I 0.019
3rd Hastelloy iR 0,118
series Alloy Y Z 0.022
1000 Alloy Z-1I 0.049
Hastelloy XR 0.854

Table 4 Results of EPMA analysis for the specimens after
exposure to JAERI-type B helium at 950°C for 1000h.
(The number of characteristic X-ray counts)

Haterial Alloy Y2 Alley Z-10
Analyzed element Y T i Y Ti
Alloy matrix 251 295 242 201

Surface oxide film 174 1121 - 181 172

Nickel-plated layer 209 256 206 253
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——WATER

Fig. 1 Test section structure of corrosion test apparatus
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Fig. 2 Temperature profile of heating and cooling at each
cycle



Alloy X

Atloy Y

Alloy Z

Hastelloy XR

JAERI-M 91-135

after exposure to JAERI-type B helium

at 1000°C for 1000 h
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Fig. 3 Comparison of mass change due to exposure to JAERI-
type B helium at 1000°C for 1000h in the first series
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Fig. 4 Comparison of mass change due to exposure to JAERI-
type B helium for 1000h in the second series test
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1
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Alloy YZ o after exposure to JAERI-type B
helium for 1000 h
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Fig. 5 Comparison of mass change due to exposure to JAERI-
type B-helium for 1000h in the third series test
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Fig. 6 Comparison of carbon gain due to exposure to JAERI-
type B helium at 1000°C for 1000h in the first series

test
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Fig. 7 Comparison of carbon gain due to exposure to JAERI-
type B helium for 1000h in the second series test
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Fig. 8 Comparison of carbon gain due to exposure to JAERI~
type B helium for 1000h in the third series test
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after exposure to JAERI-type B
helium at 1000°C for 1000 h
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Fig. 9 Comparisbn of oxygen pick up due to exposure to JAERI-
type B helium at 1000°C for 1000h in the first series
test
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Fig. 10 Comparison of oxygen pickup due to exposure to JAERI-

type B helium for 1000h in the second series test
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Fig. 11 Comparison of oxygen pickup due to exposure to JAERI-
type B helium for 1000h in the third series test
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Fig. 12 Comparison of mass change due to exposure to JAERI-
type B helium at 950°C for 1000h in terms of the
ratio to the measured walues for Hastelloy XR
tested at the same time
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Comparison of mass change due to exposure to JAERI-
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Fig. 14 Comparison of oxygen pickup due to exposure to JAERI-

type B helium at 950°C for 1000h in terms of the
ratio to the measured values for Hastelloy XR
tested at the same time
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Fig. 15 Comparison of oxygen pickup due to exposure to JAERI-type B
helium at 1000°C for 1000h in terms of the ratio to the
measured values for Hastelloy XR tested at the same time
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Oxygen pickup due to exposure to JAERI-type B helium

at 950°C for 1000h as a function of manganese or
gsilicon content
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Fig. 17 Oxygen pickup due to exposure to JAERI-type B helium
at 1000°C for 1000h as a function of manganese or
gilicon content
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Fig. 18 Oxygen pickup due to exposure to JAERI-type B helium

at 950°C for 1000h as a function of boron content
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at 950°C for 1000h as a function of yttrium content
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Fig. 21 Oxygenvpickup due to exposure to JAERI-type B helium
at 1000°C for 1000h as a function of yttrium content
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at 950°C for 1000h as a function of titanium content
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Fig. 23 Oxygen pickup due to exposure to JAERI-type B helium
at 1000°C for 1000h as a function of titanium
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Fig. 24 Relation between experimental and predicted oxygen
pickup(OP) after exposure to JAERI-type B helium
at 950°C for 1000h.

Predicted OP = 0,4576+0.1570Mn+0.357451-41.11733
-17.0747Y+1.7029T1

0. “Mn:% 1,18, 0515 0,33, 0+ B::0,006,
0=Y=0.007, 0= Ti 0.54

.. 2 , ,
where OP is in mg/em™, and Mn, Si, B, Y and Ti are
in mass#%
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Relation between experimental and predicted oxygen
pickup(OP) after exposure to JAERI-type B helium
at 1000°C for 1000h.
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SEM micrographs of the surfaces of the specimens after exposure

to JAERI-type B helium at 1000°C for 1000h

7

Photo.
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Photo. 8 Cross-sectional views of the surface oxide film and of
the alloy matrix after exposure to JAERI-type B helium
at 1000°C for 1000h in the first series test
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Photo. 9 Cross-sectional views of the surface oxide film and of
the alloy matrix after exposure to JAERI-type B helium
at 950°C for 1000h in the second series test
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Photo. 11 Cross-sectional views of the surface oxzxide film and of
the alloy matrix after exposure to JAERT-type B helium
at 230°C for 1000h in the third series test
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Photo. 12 Cross-sectional views of the surface oxide film and of
the alloy matrix after exposure to JAERI-type B helium
at 1000°C for 1000h in the third series test
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the surface
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-type B helium at 1000°C

X-ray images of Cr, Y and T
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AR CHLBRERT — ¥ 2 Table A-LICTY,

JAERI-M 91-136

Table A-1 Results of corrosion tests in JAERI-type B helium for 1000 h.

oo Mass gain . .
S':ieits Temp(e'g;tur e Material {including loose oxide) Ca{ﬁ;;;mge;m 0xy{gen/cxl)nle§kup
(mg/cm?) "8
AMloy X 0, 44 ~0.17 ¢.61
1st Alloy Y 0. 49 -0.10 0.598
1000
series Alloy Z 0.18 -0, 17 0.35
Hastelloy XR 1.08 .09 0.99
Alloy X-1 0. 954 0.198 - 0, 756
Alley Y-1I 0.498 0.038 0. 460
950
Alloy Z-T10 0,485 0. 077 0.408
2nd Hastelloy %R 0.928 0. 145 0.783
series Alloy X-1 0,635 -0, 084 0,719
Alloy Y-I 0,374 -0, 168 0. 542
1000 :
Alloy Z-1 0.402 -0, 081 0, 483
Hastelloy XR 1.375 0,212 1.163
Alloy Y Z 0.276 0. 064 0.212
950 Alloy Z-I0 0. 309 0_.031 0.278
3rd Hastelloy XR 0. 569 0. 047 (0.522
series Alloy YZ 0.271 -0.102 0,373
1600 Alloy Z-T1 0.143 -0. 140 0.283
Hastelloy XR 0.825 0. 056 0. 768




