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Evaluation of Properties of Low Activation Mn-Cr Steel (1)
-Mechanical Properties and Weldability-

Shigeru SAITO, Kiyoshi FUKAYA, Shintaro ISHIYAMA, Motokuni ETO,
Ikuo SATO*', Mikio KUSUHASHI *', Takeshi HATAKEYAMA*', Heishichiro TAKAHASHI*?
and Mitsuru KIKUCHI"

Department of Nuclear Energy System
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

(Received September 10, 1999)

In JAERI, JT-60SU (Super Upgrade) program is discussed. In the design optimization activity
of JT-60SU, it is required for vacuum vessel material to be highly strong, low activated and non-
magnetic. However, there is no suitable material to fulfill all the requirements. Therefore, JAERI
started to develop a new material for vacuum vessel together with The Japan Steel Works LTD. (JSW).
Chemical composition and production processes were optimized and a new Mn-Cr steel named VC9
with a non-magnetic single 7 phase was selected as a candidate material for vacuum vessel of JT-
60SU. In this study, characterization of mechanical properties and weldability of VC9 were studied

and the results were compared with those of 316L stainless steel.

Keywords : JT-60SU, Vacuum Vessel Material, Low Activated, Mn-Cr Steel, VC9, Characterization
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1. i

=

BfE, ARET AT CUFER) Tl B FOEBICHAT TERF LB E
(LLFIT-60SU) Ofkat - FMBEEZED TNWB[1], D IT-60SU DR DRIRSMA &
LT, BT IT-60U OEBCMHRBERKEADFAT LI EER>TVDS, £DD
BREENEREINDZ &R, HLEBOH DI EEABMIIISHAEOMEZHER Y
B ENRDEND, TOM IT-60SU OEZEEBMITKDSNDREE L T, EHE
{6« JEREME - EREDDIR N KO ZA MR ENRH D, BEICEGFOMEDF 05 TI %64
T4 FEPEMn SNSRI EINZY, TIREETIRIAXNORETHEKEEDR
SR EDORIE, 751 MATISREEMEIN TS XTI G 2EENKATHDIER
ENS, EMnENEGEME L TET N, LML, BEFEOS Mn eSO % <13,
F—Z2FF14 bk CAFy) HEEDOEDIZNIBLIUC, NWNEMENTHO., Ni KK
FEEWSES T, C. NOKERMIBFEECHEEO S TRHERH S EEDNTWS,
ZFITEREERZBA-THEE LT, BEFE (B BAESATIIIERE TN, Co DVERMT
{& Mn BOEBSHEIERAEROBRREZED T E -, HOICEEMS EEE TRORMZT
W, R IEEETIIVCY EAMIMENELETHEH ENIHREB/ETNS[2, 3], F
A1 OFEELIEIXZ D VCI 20T JT-60SU HZEASMICEA T 5720 ORI & L
T, BEMUBORRIE - VAIEME - RN - HEEMR CRARRBRETo TS, AREERE
NS OERDPMSHEMABEEBIVBREEII OV TELDEZD D TH S,
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2. WBRAE

(1) ®WERVRS HHE

AR THW - Mn-Cr#i§ (VC9) 13, Fph8~1 0FEIC (bk) HABMAT oG S
NebOTHD, UTITRT DI, OFsg - @, Q. OHMMELE, @EE1L
WEOHEHETEEZRETHEAMZRAEL 2, 2L, BRERICL— RV, ER%ICS
Fryrnatfizefrof. UFCETERORGEZRT2].

O - 5
RIS AR AR T L DTV, FLE 25~50kg BASRICHESE L 7= BEERR 41T Table 2-1
D@D ELT,

Q@ hissE
1ton N\ —IZ X DEEZTV., BURICERE L=, F8E A msst ol & —
Bxi7,

@ EREAE
JEX 30mm ¥ TRAMEZEET- 7,

@E R 2R
B B EE S5213 1050°C X Thour T, FDHEKE EITH 1=,

OF v 7ot
F v ZTIEJIS-G-0321 IZHEHLL TITb, Fx v 7 oD #EEId Table 2- 1
ICRY,

SERk U7 S HEEMITRABR RIS T U T, SRR RS R St Uz,

(2) HRRIRPEER
AR BRIIEER D v IV E—BR, Ry OB ER 2T o 72, UTICE
AROARBRF R, RREKEERT.

ElEH
(DIIS HrgidEr b
ABR T : @10mmXG.L.50mm (% : JISZ2201D14A=# 5. 200C~

300C : JISG 0567 OISR )
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ZOANy REE : 0.5mm/min

AERIR : iR ~300C
SIS D K&
(2)/NBLEABR
BN o : $3mm XG.L.30mm (MTREBHAD/NEEEF . Fig.2-1)
7 OANy REE : 0.5mm/min
AR : iR ~500C
SRS : K&RH
Ty )V E-ERRAE
HBH - 10X5X55mm, 2mmV /v F (N\—T7H1 X, Fig.2-2)
Al BRI D EiR
FHK s R&H
Al ER b : RE30kgf-m v )L ¥ —E B
&Y 1 7 ISR
B : ¢10mmXG.L.16mm (Fig.2-3)
BRIRE D Eil
FHK : H72 (4X10”°mmHg),
R AHEHH : 1.5, 1.2, 1.0, 0.8% HEE
BHHEE : 0.1%/sec
B AW C SAEERD ., BESHIE
B OVEIE AR ALY THA

MR DR LEND 13, SRR ANERIEHDTSHBIE T LR R E Lz,

RN A AR
ASTM E813-89 (WE¥INE], DRES ) « BREI 2T 5A 7 2 AEZEHA.
ABRFr : 1.0Ta> Ny hedBFr (Fig.2-4)
A BRI : ZEiR~300C
FHT D R&H

(3) AR
vatEtER B INon-filler TIGHE 2%, b5 2 ANV A R LA ikB. TIG. TIG+MAG
BEUEBAEZIIDOWTIT o/, 2L, MOBEMBERBEED =D, TIGAE T
15Mn-17Cr iR OE#ESE % . TIGHMAGIAZIISUS3I6LA RSB Th T AN
ro AFICERBAIEIIDNTIENRD,
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(ONon-filler TIGIE#Z: 8k

Fig.2-51ZNon-filler TIGIE RSB i 1£ % R . IEHEENIL120A, BHEE1220cm/min
E LTz, MBRARISAREEUN - L., WMroSMBR., 7271 hEHE (K1 Fh
DT T 7oA MAa—T) RUWELFOBRERBEEZIT> .

@FrS VANV ANLA VB

Fig.2-61C b > ANV A b LA VB A E[4,5) %R T, IBHEERIZI00A. BAEEER
6.5cm/min& U7z, WICAMT H5EADOHMEIZ0.56~5.0% & L7, BlEEB I NEL.
HNETELE,

@TIG. TIG+tMAGH L UEBiEH

Table 2-21ZTIG. TIG+tMAGH L UEBE DAL ERT ., SIAHKE bW 2 E
L. &ML EXHMEUE. 7271 baAHlEFICL2HBERETo 2, TIGB X
UTIGHMAGIAEIE TIIBIRD - v WV —EERHBRBITo 2. NI AIEERT.

SR DRSS, X100, X400
F XA BR B - AEEE, fE=1kef, RIEFFFRI=158

71914 FEBIFE : Ferrite Content Meter 1.054(INSTIUT DR. FORSTER)

Sl5E DilER
BT . ¢$3mm X G.L.30mm (MTREBH B O/NREREH . Fig.2-1)
ZOAANy REE : 0.5mm/min
ABRIRE s FIR~500C (TIG) . =im (TIG+MAG)
FHS s KRR

v )L E-ET R R

B : 10X5X55mm, 2mmV /v F (N\—T7H1 X, Fig.2-2)
ABRIRE iR

FH : K&

AR : HE30kgf-m v )L ¥ —EHEH R
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3. BEM OBBEIR R B R

BMERERR & LU TE5IR0,. v )L E—@, K31 7IVES RUOBESEAR %
To7z. UTIHRERRD,

3.1 &IEAR
OnsHEABH
NSHARRBRAIZ L BEERV AR DO EZ Table 3- 11773, FiRICBWNTVCIDN0.2%
it 771 3SUS316LDFI1.81%, BIERDBEDKNSMEH D, MEEOMETHEIEN D
7zo TN B DIEISUS3I6LITHA D EFEF /NI WA, HNE50~60%. &0 H60~70%
B, THREEZREDMETHL LN Mo T,

Q/NEGRER T
INEERBR T K B EIR~500C £ TO SRR DR ZTable 3-212. HBRIBEKFME
%Fig 3-1ICENEIURT . JISHAAHBRA OB EUKT D L, HOREIET SRS
DD, 0.2%fMiH. BIERVEE, ROBIFEAERZELS, RBAY1 XHRIBNAEINE
A%, ARREKREEIR, 02%M . 5ROV EE, HONTRBREES EBIKTTS
N ROIERBRTEREL, 200C~500C TIRT0%HIETIRIFE—ETH 5. —4.
SUS316L & H#d 5 S RIBMN 5200C £ TOREDE TFIZREND, 500C FT0.2%mt
u 71, BIERDBREE, HONT EEID, D IIE T TES 2 &5 - 7. Fig.3-2IC Bf OSEM
HHEZRT, BRTIEEZEONEZZ0ET, T4 207N E/hE<EH P, 300CL
ETREONEFSZEVDRLSN, T4 TNBRESEDHEZ N, 200CIEZDOFHTH 5,
HERA-1~3ICRM OIS - R Z R .

3.2 Ty )VE—EHERAR
T )V E—EHEABRDIERE Table 3-3 IT/RT . SUS316L & HEET 2 L H8ME, MEH
BIIT/NE WV, Z3UL SUS316L DMETREE @M DM B THEEBENFICRKRENI EARSTUIC
Fig.4-6 X U\Fig.4-10 DHEEETT 4 > TINVIERICR SN K 1 mBEOESBENEY
DEBEEEZ OGNS, £, (18B-1. 2 ITHM OAME- AR ZRT.

3.3 Y1 UIVEFHR
KA 7N IABRDOIER % Table 3-4 BL U Fig3-31CR T, £EA-Fard -1 7 )VEKX
IZBWTHRNARZEIZK o THTIED 7 Manson-Coffin A 5RO LERIBA ¢, (A ¢
=A e 4A e ) IRATEHEIND.

A & =46.482NF""+0.902Nf
(SUS316L[6] : A ¢ t=22.772Nf0'“M+1.7485Nf"‘|8u2)
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T2 B VCO DEIR TORER G FMIIFR —EAHDEE. SUS3I6LI61D 2 5L L &H D BN H
o7, Eim, WBRH OB SEM EEZ R C-11TRT,

3.4 MR R
BB BR O 5 R & Table 3-5 B U Fig.3-4 IR T, HiRD J AT SZW i£° R ERIE
[71 TS 37z SUS316L DEEHE T HEREVWETH > 7. ABRHENRIZDSDOTHM
BT H SRRV, BV ERDMETH S EE X 5. ABRIRE 200C~300CD Ji
{EITEIRD 0% EEIK TS, J-AafhfRz (T8 C-2~4 1R 7 .
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4. BEEHEARER
VAR BR I3 Non-filler TIGIAIERER. N T ANV A ML A VB, TIG. TIG+MAGH
K UEBEEZR Tz, 7220, EMOBEMMNENZD, TIGEREIZIZ15Mn-17Cr# A ©
HHESEE,. TIGtMAGIEHEICIZSUS3I6LA OEESEE TN ENA Nz, TR
DONTIRR S,

4.1 Non-filler TIGA i B

Non-filler TIGEHEABRBE DO SHBROFER., BESE. AEZEHOVWTNOMBEIZBW
THEN, TO—FR— IV EORMEPLHEEL TOE L WHEE LB Shaho Tz, £
7z, Table 4-1126 7 T4 hE, BHRRBEEDHERERT. "1 MDD T4 2T
LHHPETIR2%HDO 7T 1 MEROSNBE2HANELE N, LMALTIM A
A—TWEB6 7271 FEDHERHRER N BEREORERFIIEFITENHEERL TN
5o BEEKHRA M NII T4 TETE 72571 PERTWAHIIEIILERLE Y
DoHDEOBIHEOHTHSHEEZ SN, LIEN->THEESBTODO 7251 M
REZISENTHDHEEDNS,

4.2 FSUANVABMLA CRAER
Fig4-1 (@) ~ (c) WK ANV AMLA VRRBROBERE, AWEHALE () BNEEK
b) BRAFNEIRL ) FFHENESEOBFREELTRT, SUS3I6 OFEER[5)&
T5&, TINERIT SUS316 OEEHZICHEHL ST, SEENEIIRIZEAEENEN
o7, ZHEBRAKENEINWNINI EHED., VCI OEIREINIL SUS316 RSB &N
SRENNEBARET HEANHE-DEEZEND,

4.3 TIG Al Bk

Fig 42 L TIGIREDAESBRB L UVAFZETOSHERE L RT., WTNOMEICBWNT
HEN., TO—F I EORMEPHAZETTOEL WHEEIIRD sah -7,

Figd-3 I TIGIAHDOH I B LV 7271 FESHHERERERT, AFETTOETD
WX OBMIEED SNz, EREELBTOBIIAZEREESEN TR DIEDLDIZ
DUABSPNEFSH o7z, INSOHRIZHIMUADOKRESEEZANWZFIZERL T
WBEEZLND, 771 FESHHEDOHER. BESEHMRIRA3I%DO 7271 b2
ROSNZD,. XD 7271 MELIZK WEABSEZHWALESEND EEEZX 6015,
—F. BEELTIIT7 271 MIBO SN aho Tz,

Table 4-2 IZ TIG IFIEM EF O5R VIABRIER % | Figd-4 ICRBRIBERENEETNTIUR
T, TIGAZMETFIIRMICHART 0 2% HITETHEML TWAA5E 0 BEILIFIZR U
THole. MU - KOIIBMETE S, WHMNEIIBEESBETHO., KOEBEOE
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BeREHEATAILENDDEEZS5ND, Figd-5 ITHED SEM EEZRT, M &
RBENENT 4 P TNBEBGEL TWB I ENIND, (18 A4~ IZ5EE D RB DS
F-ZA R 2R T,

KIZ Table 4-3 IZ TIGAHETM O v )l E-FERABRIEREZRT . TIG OEFENOHE
i, #IgHEIRIVWTNHEMZ FE S/~ Figd-6 IZHE D SEMEEERT, fH&B-110
vV E-EERBROMGELMMBERT

4.4 TIG+MAG A%

Fig.4-7 IZ TIG+MAG A DIEHE S BB LUV ETOSHEEZRYT, WTHRDMEIZ
BNTHEN, TO—FR - EORMFEPAEET TOE L WHEBELIIRD SNho 7z,

Fig.4-8 IZ TIGtMAG AR DB B LU 7 2 51 FESHHEIERREZRT, BEEHRTO
HETOEEOHMMMNRD NIz, X-BEESBHOBESIIIM ERENENLLTOEE T
Holo, INHDFERIISUSII6L ADOBEEEBEZAWCHICERL TWSEEZ 5N S,
Jr o1 NEAMBIEDHR, BELBERTIZI0R%D 7251 hRDENZ, LD 7T
71 MELIZK WEESRBZHAWAILEBEENS L EEZZ 6N, —F., BgEHTIIY
71 MIBD SR T,

Table 4-4 IZ TIG+MAGAH DM EF B L NEE LB DFIR DB E 2 KT . TIG+MAG
AEREFRIIAMICHART02% M T ETHEML TV A HEIE 0 IEEE, BT 2 TE
D, BOIIFRETH o7z, WFNBRIBEESBH THo/2. —HBESBEBHDOBIERD AR
ISR SN D & 0.2% T ETHEML TWAEABERDRE, BUNE BITRM 2 TED,
WMORESETHo77, LOUKEFEELEND E0.2%M /. 3I5B0BEE DICHMZTFTED,
ROIFFEETHNE LB 72, 2NSOFBRITSUSII6L ADOBEERBEEZFERAL TS
THO, LOERECEESBEZFRATHILENDH DL EEZ 5N S, Figd-9 I ED SEM
BEHZRT, M EERDENZIWT 4 D TINVNEREEL. TNSOEICIIER 1 1«
m BEOMNFNRRLNDS, 77y I AE L THEERIIEMENTVSD YT I v ZRFHN
BELTWDEHDEEZLND, [HERAIICEIERVRBOISH-EMEERT,

KIZ Table 4-5 IZ TIG+MAG IAHEEHM D 2 v )V U-HRRBEREZRT, EHRHEITIRH,
BrER. RESEROETELS 230, MEHREIIM, BESER. SATELOIE &
7%%. Fig4-10\ZHMID SEM EEZ/RT ., REZETORBFIIBESBEI S BMOERIC
HUTRDITDHL TS0, BEEOREENERORE—RBBHER>TWVS, &
ELEMIZ, SEEVRRBROW M EFERRIC/NSWT 4 O NEREEL TWS, {8k B-2
v L E-EERBR O ELI B ERT,

4.5 EBBEZER
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HEN, TO-F— I EORMGELAEZELTOEL WHEBE IR SN -T2, BE
&EOEREIT y BH[BITH o720, —HICRWREHNS LEDDO DR SN,

Fig4-12 ICEBIAH# OB I B LU T 71 FES/HRAEMRRERT., BECRB I UVHE
B TOETOFE QEINED SNEH,. TIG BLU TIGHMAG FHEITHAR D EEE{LD
BEZNEN, 7251 FEMHBIEDRR, EBARETIRRESERN. B bITTY
51 MIe<Bovoshkanoiz, - TE£HEEEICASNSITEY S UEHOIIIERE
THO, RIEMEFIZoHEEZSNS,
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5. E&¥
JT-60SU HZEA &M & U THRENED 5 N TV EHSHERRE Mn-Cr g (VC9) 2
DT, BERES KB O 21T o /2. #RICDWTI ITER ORZEAHEHR &
U THWSNS SUS316L OfER & ket L7z,

5.1 HEMPEE

(1) 5IRVREBRDFER., VCO @ 0.2 %Mt 1113 SUS31I6L OF1 1.8 %, 5IEEDREDK 1.5
FERWEEZREOMETHB2END N o7z, BN, KDILSUSILIELIZ RPN,
¥/, AmESIERVEBROIERE. 200CE TOHEE DMK FITAZ WA, SUS316LICH AR
M5 500CETEMRET, HUBKEVWI ENGNHT,

(2) BRTOY v ) E—EEABRDIERE SUS3I6L & & T 5 S BRME. BFHE/N
W, ZHUIVCI MREITESWA, U - KON SUSII6LICHANE T/ NS Wz EE A
6“60

(3) EE. EZEFTLERIE0.8%05 1.5%HBMDEY 1 7 WVIEIHRBOBER, INHIR
BIIFAIC BN TETOE{L. TORKITIMETHZ ZENDhotz, &EA-FmY
AV NBRKZBWTR/NEFIEIZEL > TH TIEH= Manson-Coffin X 5 RD7=2ER
BA e, (Ae =Ace +Ae,) IIRATRINDEN M7z,

A & =46.482Nf 817 4+(,902Nf 00803
(SUS316L : A ¢ =22.772Nf %41 7485Nf*18%4)
Fiz, VCIODER TOREFFHmMIISUSIIOL ITHR2EUEHDENGMN T,

(4) ASTMES13-89 ML 7= 1.0T I3 >N\ FdBA IZDW TR L 258, J-Aath
BN S ROIZEFIRD I, fEIZSUS3IOL EHEKT D ERZWETH D ENDFNo T,

5.2 VAR
(1) Non-filler TIGIA 4%
Non-filler TIGE#EABRZ T o #R. BEEBHO 6 7251 FEII I ENMTHS
ZENbhrolz,

(2) FIANVARLAT RS
M UZANLVA ML VERBRETH R, VO OERBNEZMIT SUS316 LHAND

GERENEIIRERICTH 20 NERENDESHEHEET 2HEMAH DFNF Mo T,

(3) TIG, TIG+MAG B X EB I5#:K 8
O&MHEE
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WTNDOBRBIZBWTHEN - TO—F— VZEDORMEBL VDAL ET TOHBEEZLIZR
HuNBholz,

QWX 7291 FEBER

WIFNOBEZICBNWTHREEL TOET ORI OEINNED 5Nz, E-EESRE T
O I TIGAE T EREFENENLL T TH o7z, TIGHMAG B TIETEHM &
LENFNLUTOH S THo, INSORRBIIMEDBESMWRESBEZRAVWEEIC
ERLTWSEEZ LN,

WTNOBEZICBWTHAZERT TR 7 51 MIRDoNh -z, EREESET
13 TIG TI1E 30 %, TIGFMAG B#ETIIEBLU LD 72514 MEAENRD SN, LD 7T
71 MELIZK WAEBMOERALEEEZ NS, EBIBE#THE 7251 Md&<3R
SN Tz,

QA EF D5 R
TIG A EF, TIGHMAG B EF E DI EIIBESBRTH o2, Zhid
R LD BMENNWEIZSBEZERAL TWLODRREZEZ SN, KD EHREDOEEM
DEMPLEEEZLGND,

@ ¥ ) E—EERBRER
TIG. TIGHMAG & BICAZETRVNRE B TOERME, HEHEIMICHET 2
EHITNE L2 D,

UEDZEMS, AMn-Cr#l (VC9) 1303k D SUS316L # & i U TEN/ZEMARE %
BL., BERESRHFTHDZENDN o7, LAL, BEMIIDW TR T I MELIZ<
<. BREOHDNLEEELEZSND,

HEE
ARRETICNZD, ZOBRPEYSEEHEZELFLT I ATHERIFLT S X
RETEEDH LIRS NRFHI D7) 27 ORIURMIK &I IR Ea# vz L
7,
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Table 2-1 Chemical composition of VC9 and SUS316L (wt%).

Mn Cr Ni Mo C N Si P S Co
Nominal 155 | 16.0 | — |——]| 0.20 | 0.20 | 0.30
ladle |15.38|16.02 | 0.02 [ ——| 0.20 | 0.221| 0.30 | 0.025 | 0.005 | 0.003
1990 product| 15.31 | 16.02 | 0.01 | ——]| 0.21 |0.205| 0.30 | 0.026 | 0.005 |<0.01
vVC9 ladle |15.38 | 16.05 | 0.02 |——| 0.20 [0.219| 0.32 | 0.025 | 0.005| 0.003
et product| 15.50 | 16.03 | 0.02 |—— | 0.20 {0.226| 0.27 | 0.024 | 0.004 | ——
ladle |15.70 | 16.00 | 0.02 |— 1 0.20 [0.210| 0.32 | —— | — |{<0.01
199 product| 1590 | 16.00 | 0.01 |——1 0.19 |0.190| 0.28 | — | — | 0.007
sus| IS sPee <2.00[16~18[12~15| 2~3 |<0.03| —— [<1.00 |<0.045{ <0.03| ——
316l product | 1.07 | 17.16| 12.07 | 2.14 | 0.011 | 0.07 | 0.51 | 0.021 | 0.001 | ——
Table2-2 Welding conditions.
Welding CU(KBent VO(lage Wiﬁ'&?ﬁﬁ“ Position | Sealding gas
TIG 240/280 11~12 80 Flat Ar
TIG+MAG | 220~280 25~35 200~500 Flat Ar,Ar+20%CO,
EB 140mA 110kV 400 Flat/Horizontal Vacuum
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Table 3-1 Results of tensile test (JIS spec. T. P. ,Test temp. ; R.T.~3007TC)
Testtemp. | “02 O uTS € R.A. —_—
(C) (MPa) (MPa) (%) (%) . size
VC9 R.T. 438 779 59.0 63.4
(H8) R.T. 438 782 58.6 60.9
VCOD JIS 72201, type 14A
R.T. 433 772 54.4 64.0 (6105506, )
(H9) R.T. 425 768 56.0 65.2
R.T. 410 756 54.8 65.2
VC9D1
(H10) 200 246 615 58.0 68.6 JIS G 0567, type I
300 234 591 54.0 66.4 | (¢10X50G.L)
R.T. 406 754 56.6 64.0  |JIS Z2201, type 14A
VC9D2
(H10) 200 253 615 56.2 66.4 JIS G 0567, type Il
300 240 595 55.6 68.6 | (¢10X50G.L)
R.T. 237 549 62.0 79.0
JIS 72201, type 10
SUS316L R.T. 233 548 61.0 80.0 (6 12.5X6OG¥E.)
R.T. 233 548 61.0 80.0
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Table 3-2 Results of tensile test (JMTR T. P. ,Test temp. ; R.T.~5007C)

T. P. size ; Total length=55mm, ¢ 3X30G.L.

TP No. |Testtemp(C)| 0 ;,(MPa)| 0 yrs(MPa)| € (%) | RA (%) | Loc. of failure]
M-1 R.T. 424 872 62.6 47.5 A
M-11 R.T. 414 858 62.0 58.3 A
M-3 200 262 621 60.1 70.5 A
M-4 200 262 623 63.0 72.7 A
M-6 300 241 606 57.1 62.8 A
M-7 300 235 595 61.8 73.9 A
M-5 400 230 542 52.0 76.9 A
M-8 400 231 548 55.0 79.2 A
M-9 500 214 512 41.6 721 A
M-10 500 221 510 40.3 70.7 A

TP No. |Testtemp('C)| 0 ,,(MPa)| 0 y1g(MPa)| ¢ (%) RA (%) | Loc. of faiIureI
T-17 R.T. 432 845 78.5 63.3 A
HT-1 R.T. 447 865 66.5 65.8 A
T-16 200 252 654 67.7 72.4 B
HT-2 200 276 636 57.3 73.8 A
T-18 300 247 615 75.1 70.8 A
HT-3 300 255 595 55.0 71.3 A
T-19 400 230 562 554 58.9 A
HT-6 400 262 560 453 74.6 A
T-20 500 210 538 441 73.7 B
HT-5 500 220 523 37.1 72.1 A
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Table 3-3 Result of charpy impact test (test temp. ; 20C)

Absorbd lmpaCt Percent Of Lateral
T.P. No. energy value ductile fracture expansion
) (J/ cm?) (%) (mm)
M1 85 211 100 1.78
M2 83 206 100 1.69
VC9 1B1 82 204 100 1.60
1B2 84 207 100 1.80
Ave. 83.5 207 100 1.72
susaieL | Ave 133 332 100 16
(6T.P.) :
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Table 3-4 Result of low cycle fatigue test (test temp. ; R.T.)

Stress,Strain at N cycle MPa, %

Spec.| ¢ Ag, N25 | Loc.of
No |%/sec| (%) N £p £ O max | 9 min oq cycle | Failure
LC1] 0.1 |1.468 | 3200 | 1.028 0.44 386 383 385 | 6378 A
LC2 0.1 1.159 | 8000 | 0.757 | 0.402 369 363 362 {18117 A
LC3| 0.1 |0.959 |[12500{ 0.531 | 0.428 390 390 390 27175 A
LC41 0.1 0.76 {32000 0.401 0.359 377 379 378 |60416 B

Table 3-5 Result of fracture toughness test (test temp. ; R.T.~3007C)

T.P. Test temp. load rate at tp effective yield Jic

No. ('C) (kN/min.) strength (MPa) (KJ/m2)
ET1 1 12.0 583 999.1
FT2 200 12.0 431 671.0
FT3 300 12.0 413 678.5
FT4 21 12.0 550 931.4
FT5 200 12.0 434 581.6
FT6 300 12.0 418 556.3

(T.P. width :50.00mm,T.P. thickness ;25.50mm,after side-groove processing :20.50mm)




JAERI-Tech 99-076

Table 4-1 Results of non-filler TIG welding tests.

d ferrite content(%) Magnetic
Point counting | ferrite scope | Permeability
As cast 0 0 1.003
VC9
DEPO 2.3 0.1 1.006

Table 4-2 Results of tensile tests of TIG weldied joint (test temp. ;R.T.~5007C).

T.P.No. | Temp.(C) | 00.2(MPa) | cuTs(MPa) | ¢ (%) R.A. (%) | Loc. of Failure
H-1 20 500 892 35.6 49.4 B, Base metal
H-2 20 493 884 42.8 33.8 A, Weld metal
H-3 200 348 593 25.3 60.5 A, Weld metal
H-4 200 322 597 25.3 67.9 A, Weld metal
H-5 300 322 585 27.0 63.3 A, Weld metal
H-6 300 306 589 28.3 54.7 A, Weld metal
H-7 400 257 541 30.5 56.4 A, Weld metal
H-8 400 262 545 32.3 65.5 A, Weld metal
H-9 500 243 480 25.0 67.7 A, Weld metal

H-10 500 240 469 21.6 65.1 A, Weld metal

Table 4-3 Result of charpy impact test of base metal and TIG welded joint (test temp. ;R.T.).

Absorbed Impact Percent of Lateral
T.P.No. | Position energy value ductile fracture| expansion
(J) (J/ cm?) (%) (mm)
M1 Base 85 211 100 1.78
M2 Base 83 206 100 1.69
H1 HAZ 58 144 100 1.29
H2 HAZ 56 138 100 1.51
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Table 4-4 Results of tensile tests of base metal |, TIG welded joint and welded metal
(test temp. ;R.T.).

T.P.No. | Position | 00.2(MPa) |guTs(MPa)| & (%) R.A. (%) | Loc. of Failure
TB-1 base 414 854 50.8 53.1 B
TB-2 base 438 866 50.2 52.3 B
TJ-1 Joint 478 623 15.8 53.0 B, Weld metal
TJ-2 Joint 466 627 19.5 51.0 B, Weld metal
TD-1 Weld 441 559 37.6 51.0 B
TD-2 Weld 446 568 34.3 59.1 B

Table 4-5 Results of charpy impact tests of base metal, TIG+MAG welded joint
and welded metal(test temp. ;R.T.).

Absorbed Impact Percent of Lateral
T.P. No. Position energy value ductile fracture | expansion

J) (J/ cm?) (%) (mm)
1B1 Base 82 204 100 1.60
1B2 Base 84 207 100 1.80
1J1 HAZ 33 83 100 0.55
1J2 HAZ 35 87 100 0.60
1D1 Weld Metal 24 60 100 0.90
1D2 | Weld Metal 26 65 100 0.93
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Fig.2-2 Test piece for half-size charpy impact test.
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Fig. 2-4 Test piece for fracture toughness test.
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Fig. 2-5 Non-filler TIG welding test.
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Fig. 2-6 Trans-varestraint test.
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Fig. 3-1 Results of tensile tests of VC9 and SUS316L (0.22% proof stress,
Tensile strength).
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Fig.3-2 SEM photograph of fracture surface after tensile test (base metal).
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Fig. 3-4 Results of fracture toughness tesst (test temp. R.T. ~3007C).
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Fig. 4-2 Metallographic observation of TIG welded joint.



JAERI-Tech 99-076

T/4 /2

T=30mm

400 N I L D I L B B

boundary Weldiné;TIG .

350

300

250

200

Vickers hardness (mHv)

1 50 1 1 l 1 L 1 i l L L 1 1 ] 1 I} 1 K} 1 ] 1 1 l 1 L
20 -10 0 10 20
Distance from the Center of Weld metal (mm)

Ferrite content (%)

Depth Boundary Center of Boundary
(mm) Weld
0 16 37 21
2.5 53 23 4.6
5 0.78 9.3 3.1
10 1.02 10 52
15 1.65 9 4.8
20 2.7 11 3
25 0.2 8.2 2.4
30 0 0 0

Fig. 4-3 Results of hardness tests and ferrite content measurement of TIG welded joint.
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Fig. 4-4 Results of tensile tests of TIG welded joint.
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Fig.4-5 SEM photograph of fracture surface after tensile tests (TIG welded joint).
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Fig.4-6 SEM photograph of fracture surface after charpy impact tests (TIG welded joint).



JAERI-Tech 99-076

Base

HAZ

Depo

0.1mm 0.025mm

Fig. 4-7 Metallographic observation of TIG+MAG welded joint..
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Fig.4-9. SEM photograph of fracture surface after tensile tests (TIG+MAG welding).
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Fig.4-10 SEM photograph of fracture surface after charpy impact tests(TIG+MAG welding).
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Fig. 4-11 Metallographic observation of EB welded joint..
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Fig. 4-12  Results of hardness tests and ferrite content measurement of EB welded joint..
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A-2. Stress-displacement curve of tensile test of VC9 producted in 1997.
(test temp ; R.T. to 500C)
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A-3. Stress-displacement curve of tensile test of VC9 producted in 1998.
(test temp ; R.T. to 5007C)
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A-6. Stress-displacement curve of tensile test of VC9 base metal and TIG welded joint
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A-8. Stress-displacement curve of tensile test of VC9 base metal and TIG welded joint
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A-9. Stress-displacement curve of tensile test of VC9 base metal and TIG+MAG
welded joint. (testtemp ; R.T.)
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B-1. Load-displacement curve of charpy impact test of VC9 base metal and TIG welded
joint. (test temp. R.T.)



12

10

Load (kN)

12

10

Load (kN)

JAERI-Tech 99-076

! ' ! ! !
:_ ................................. |B1 ................................................................................................. ]
el l | PSS N A
0 5 10 15 20 25
Displacement (mm)
! ! !
1 1 L 1 i ] 1 [l 1 l L 1 ' 1 i 1 I L 1 i 1 2 1 1
0 5 10 15 20 25

Displacement (mm)

B-2. Load-displacement curve of charpy impact test of VC9 base metal and TIG+MAG
welded joint. (test temp. R.T.)
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C-1. SEM photograph of fracture surface after low cycle fatigue test. (base metal)
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C-2. J-Aa curve of fracture toughnessn test (test temp ; R.T.).
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C-3. J-Aa curve of fracture toughnessn test (test temp ; 200C).
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C-4. J-Aa curve of fracture toughnessn test (test temp ; 3007C).
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