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Fracture Toughness Reduction of Nickel-Based Alloys at Low Temperature
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Abstract Fracture toughness reduction of nickel-based alloys in water with dissolved
hydrogen at temperatures below 150°C has been reported for nuclear reactors used abroad.
Domestic nickel-based alloys that might be made by different manufacturing processes than those
employed abroad were used and constant extension rate tensile tests were conducted to examine
the occurrence of fracture toughness reduction. As a result, it was found the maximum load and
elongation decreased in hydrogenated condition compared to the pure argon gas condition. From
this it was suggested that fracture toughness reduction would occur in hydrogenated low
temperature water. The reduction trend of the weld metals was remarkable. Also, the
J-resistance (J-R) curves of TT690 and MA600 were measured for the hydrogenated water
condition and fracture toughness was estimated to clarify the effect of cold work on fracture
toughness. As a result, it was found the fracture toughness of TT690 and MA600 decreased by
introducing the cold work, but cold worked TT690 and MA600 did not show any remarkable
fracture toughness difference between the hydrogenated water with dissolved hydrogen condition
and the pure argon gas condition, and no remarkable environmental effects were observed.

Keywords nickel-based alloy, cold work, fracture toughness, dissolved hydrogen, PWR, Low
temperature crack propagation
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1 =y rVEEEORE B L OVEAAKE Z & EoKBREDh O B Al
LRk TR TN THE SN =y PV EAEETDH T € 59k B 3Bk (constant extension rate tensile
BN, B HENLETRLRDEEZONAEED= v test, CERT) 4T\, mAME S MO ZME L, B

VG4 o LTCP 386 N Lo 2 13 C
2\,
Aifge i, EFEORMHE= y ¥ VIEEEZHW, &

BVER T O et 2 50 L 72, F 7% N Lok
PR T DR E LIRS 5720, 20% G BN %z
72Uk B L EE (Thermally treated, TT) 690 &4 &

HFARF R TTAK, KEATAMBIOT VT VI A IV 7 =—)v (Mill annealed, MA) 600 & 42\
#1 CERT 2 X 2R E B L O OEHH oA (1) 3 X O IEE ()
Hify : HE %
C Si Mn P S Ni Cr Fe Cu Ti Nb + Ta
MAG600 0.03 0.36 0.35 0.005 | 0.001 | 74.70 | 16.23 8.35 - - -
TT690 0.023 0.29 0.28 0.008 | 0.001 | 60.50 | 29.80 Bal. 0.04 0.22 -
82 0.03 0.14 3.01 0.003 | 0.002 | 73.63 | 18.50 1.34 0.01 0.50 2.70
182 0.035 0.27 2.36 0.004 | 0.003 | 72.37 | 15.21 7.96 - - 1.22
52 0.026 0.15 0.24 0.004 | <0.001 | 58.82 | 28.91 10.53 0.02 0.55 0.03
152 0.047 0.37 3.44 0.002 | 0.003 | 56.20 | 28.88 9.37 <0.01 0.10 1.46
Ti %3 600 0.028 0.27 0.35 0.014 | 0.001 | 74.50 | 16.10 8.23 <0.01 0.51 <0.01
Nb #h1 600 0.025 0.33 0.34 0.005 | 0.002 | 74.80 | 16.00 6.55 <0.01 | <0.01 1.95
TiNb #1600 | 0.028 0.35 0.35 0.009 | 0.002 | 74.70 | 16.03 6.05 <0.01 0.19 1.99
0.2% 1)) | 5lRmES oy )
(N/mm?) (N/mm?2) (%) (%)
MA600 243 629 47.3 -
TT690 285 672 49.5 31.9
82 333 600 24.4 26.6
182 366 618 20.7 22.7
52 300 579 29.7 27.3
152 303 642 44.7 27.3
Ti %N 600 270 669 43.9 29.7
Nb #1600 372 762 41.1 29.1
TiNb #1600 371 790 42.7 28.2
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2.1.1 HERMH

AREAFRHE, MA600 A4, TT690 A4, 8244,
182 42, 52 fr4x, 152 74, Ti kN 600 &4, Nb
NN 600 A48 X OF TiNb #1600 &4 % 72, 82
BEBLU182 6413 600 AERDBHAETH Y,
52848 XUN152 5413690 GERDBHALETDH
D, WHEMEICZSBMEN TS Ti % Nb 0%
i 7212 Ti %2 Nb & @3 L 72 600 & 4 b 7lBi i
L7z, ENRZNROMEOMIK & BEITEE 2% 112
R

212 HEFE

2RIy 7 & CERT iR 2 1EK L,
3RS IR AT  BR S SRR i 2D 10T,
IR 1X 0.0006mm/min (A2 O FEEEIX 5 X
107/s) T CERT Bz ML 7. BUERBRBHIEIRO
0.1MPa 7 )V I ¥ # A, 1MPa K#ZEH AHE X OFliK
+ 4ppm E 7K+ 500ppmB + 2ppmLi, (B (%9
B, LildAKEB LY Fw 2 LTHEmM melLz %
B, @EDOTZ ¥ MEEE LR ORI T OB KER
FEZIZIZ0ISE WD, KREBRIZBWTIZT7 v |k
SRR IZ BT B R dppm & L7z, RERICH
WCIITE E B A+ v T4 Citdk L, IAMEE
MO RRE L7, KA EOMERAE L RS 720
2, 82 & v TEIRAL S 200°C O#iPH THAK
FrELAKBETIVIT Y H AT CERT RER % F i
L, HBOORRTHEFAFEEZETER2VAKHTHR
Br& 9l U7z, plokd BEARAEVE 2 BFAfi 9 5 72912,
600 & 4 & v T 5l k% 0.0006, 0.006,
0.06mm/min @ 3 BR§ CEAL S &, RBAKEF A

Unit : mm
ok A

2 NY 7 E CERT B IR B L O

Ar T A =

TR F—rrL—7

|

KEHA
N

ht

THXablL—H

® I
A f | Er
- #ﬂ

RIEEREAN
3 5 IR0 B AR R A




98 INSS JOURNAL Vol. 19 2012 NT-6

TORNKMES X OMOZ GG L 72

22 AEMIMEICE32BHEHEEDAE
T
2.2.1 HERMH

AERA BHE TT690 &4, MA600 A4 L U852 &
@& L, TT690 &4, MA600 &I HEEIZ LD
20% DOWEM T2 MR 72, OO EmILz L
? TT690 &4 & 52 &4 d kBRIt L7z BB #
DALZRUE,  SRAR BB, o DI T e O BBk

THEZE 2R,

222 HERFGE

RE X 1/2TCT & L, REIR, 24
AR, EEOFAIE ASTM (E399) I E S L7z
T-L (1 5) & U 7= # 3 8 % X B2 13 ASTM
E1820-09 (Z# L, & T O 0.008mm/min M5l
P, DR LUBIE 3 THEML A RBRIREE, X
RIS Vo d 5 54°C ICREL, REFIT VI UH
A H B X OH K+ 4ppm ¥ A7 K F + 500ppmB +
2ppmLi H & L 7=

K2 W E AR OLERIR (1), BB () SR ()

HAL D EE%
ok C Si Mn P S Ni Cr Fe Ti Cu
TT690 0.01 0.1 0.1 - 0.001 61.23 28.8 9.03 - <0.1
MA600 0.04 0.20 0.17 0.005 0.001 74.75 15.80 8.42 0.40 0.02
52 B4 0.028 0.17 0.22 0.001 <0.001 60.6 28.5 9.06 - <0.01

R A% B ER
TT690 720C x 10h 284
MAG600 930C x 1h K&
52 &4 As weld
o @I fii} 71 7RG X Y s =1
(%) (MPa) (MPa) (%) (Hv)
0 256 619 57.0 149
TT
690 20 641 762 32.1 262
0 266 675 45.8 163
MAGOO 20 787 834 19.2 274
52 &4 0 284 490 45.0 200

* 11 Hv0.3kg @ 5 3P
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E%I6Lr? Q2EEDOT VT Y H AR ORI IX
IS T 4 Y TR LN, EEgEmEE L Tw»
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WICIZIFEAET 4 TR R LN, BEKE

EOART EKFE N XL OV IFEEE TlE R <,
ATV FIA MRS RSN S, TT690
BE&DFEOMERD DY, TVIT YT ARTIET 4 ~
TURELN, EEmHEZZE L TWEY, BHEKEE
GLARPB L UOKEF ATOBEIIEZT 1+~ T Vi3

LA SN, Mo R o8k b Fk O A
Ronz.
EMRORIRTOBRGEREE GLARR, KEH AR
BIOT NI A AR ORKAGEEMODORER R E
M 7123, %8B, NbiRh600 AEDKEN AT
—5i7—9@&kb77w IORHELTNS
IEFTRTOMECTHIFRE LD ﬁﬁ¢®ﬁﬁﬁ$
7NV ARICHRTEL, 8264, 1824
TiNb #0600 &4 TR T2HZETH - 72, 152 &%
BZALD o tz. KETAHTETRTOMETT
VI HARICHRTRRMENMET LTS, 82
B4, 182 A4, 52464, TiINb RN 600 &4 CTT
PHHETH o7z, BAKREELELKPEKETAPT
DIRAMEIE, FIEFRALTH-72A, 52 HE&EDOKE
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7o, KRFEH AT 82 &4, 52 &4, TiNb @M
600 A EDMUDKTAHETH - 72 WAAKRELEE
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52 G DIKRFEAN AR TOMNIIBAKREE G LK
IZHARTE D 5 72,

82 A4z O fe KA B O I FEARAF VR e A R &2 X4 8 12
R KR OFERDE LRI ENENEFKFE LS
oK & TV T 297 A P ER R O e/ A AE
WMCTHD., TIVIT T ARORKIGEIZREDLT &
EBITHIIML 7228, WAFAKFE L 4ppm B LK DK

P oS & &
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MY () OREHMELE

KA FE AT AR TS PR 2 2 g A7) 2R L 7.
200°C TT VI v AW L HEfFKREE GLKRPORK
W EIXIZIZE L CTH o 7245, KT ISR 120°C
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HY, BRTORKMEIIBAARICLVETTSS
EDHER I NI,
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HPEEARLAE 2 W8 L7/ R 2 B9 1R g, IKIHiZix
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1.5 mmBAIMROHPH O 7 — & Bz Aok g 52
Hw72)
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#) 14% K722 > 72, 20% & [ 1. MAG00 & 4 0 %47
KFE % GO TORIEW A Jolk 250k]/m2 T, T
VT2 I AR ORI VA 253k]/m2 & 122 U TH
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10 20% & N TT690 &4 J-R ik
3 MRV (o) MEkS

R CW/% Bk AR PEAE Jo/k] - m2 Yy

0 BAFKF T K 689 661 700 683

TT690 20 BAFKFE T atKh 263 220 219 234
20 TIVIT VAR 327 253 239 273
MAG00 20 BAFKFE " oK 224 286 240 250
20 TIIVIT VAR 232 276 250 253
52 0 WA FZ TStk m 82 54 48 61
o7z WML Lo TTE9 & anifikEr &t 4, BE

AKHCOBIER VA Jold 683k]/m2TH Y, 20% i
A &) B s AR 34 66% IR T L7z, 52 & D
BALKFE 2 G LAKRP TORIEPEAE Jold 61k]/m2 T
DR #E & Hg L TRA o 72,

20% %5 [N T TT690 & 4 O o fl % 2 11 (2R
. OBAEKRFEEEULRERERCHER LBmIZE L
T, WAEKRFEZ ELKP OBEIZIE—E AL 0 E
NSNS, TN T Y AhOWREICHEEFEEO
FnEA S o7z BB, 20% % HNT. MAG00
GEOWIHICIE, BHHEAFEEZGLKBBITT VT Y
A AR E BT, 20% 6 BN T TT690 A 4 DA% M L A
LN/ &) REERMOENIR SN h o7,

FiMTONY 7 & CERT B R T, 1213T
RTOMBCHEAEKRFEE ELKPRLAKFEAT AR ORK
PRI TV TV HAFIZERTEL, HHiC 82
Ea, 182 BEF ORISR L TIND @ 600 &4 T
TR EEZETHo72. CTHIFENTHEE SR =2 v 4
WHRAEESEITBWTH, KR THAEKEEZ GTLKPRK
FA AP TIIBIEWPEDMC T 3 2 W HEME A RmE L Cw
5.

RER L 72AEHE 2 M WA S 5 7 5 D T,
TN T Y I AR B AR E 2 ST AR B LUK
FA AR T OR KA E & OO T3 THEA R 2 iR
L7222 121270772 KIZIE 150
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600 &4 D i KA E AT 0.4~0.6 & B ITMLT L,
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52 A %@ﬁTFAwimﬁm%%ﬁﬁm¢ 2T
KEw,
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182 A4, TiNb @bl 600 54 T#H 0.6~0.7 & B2
F L, MA600 54, TT690 &4 T ifEET@E"ﬁAb\
/N E v, MA600 A4, TT690 & 2 EHEE&DK
T 1X Brown b DOfER L IFIZH L’C%Zﬁﬁ, 52 4
DT HHA 0.47 1Z Brown 5 OF5E# 0.66 X b K

W, KEF AR TIE R &4, 182 54, 52 B4,
TiNb &1 600 &4 TH 0.4~0.7 L BHF I T L,
MAG600 4% TT690 A4 T T DA VAN E
, R2AEDETEAEVIIBEMFKEL SR
RTKREW,

R, R ONE M 8 (MA600, TT690) (2
REHESE 82464, 182 A4, 52464%4) TIKT
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SR TRECUREEAVRE SNz, TV Y H A
HARKFEA AR TORRMGERLHMOIPMET T2 &0
L, KEPRKRTICEELTVWDLLEEZ LN,
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OO TRPRELARD, I T & Nb Wl &R
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EBY, KRFEF AT AR RAE LM DML
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EXT LR, AMESLMOIMET L8 E R
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4 8 127”9 82 A4 D fe KA H D i BEARAF P 1D
T, 7NT Y HAPTIEEREL TS XD R ED
BMU722%, K FEZEGAKPTIRERERTICEDY
HETERTSAHENTH-72. Zhid, BERkEEZED
KT ORAMEITERA 5 200°C O TEILIE
INSWD, BHEARFERZEOKRBET VT YT AT DR
KWEOHIE, WERTFICEIVAESL 2B EE2RL
TWwa. 7z, BAAKERLOKBOERTORKAN
X, BAFKE dppm OEHITH R 28% K&EWZ &
TIEAFAKRFREDMR O EAPRR AT 2RI T & 5 2
LERLTWVAD,

BIOIIRT L HIZ, GIRAEBEAMRT 35 & AKFEH A
T D 600 A4 DR KM E & MO T 3 2 D5 H
N, ZOREITZ Herms 528182 &2 H W T Jic%x
W LA RO LES LTz KET AT TOMH
A M BRI L T b 2 L 2R LTV 5.
— ALK R G LT O BT IEAKFE DL HGE R A LS
W% 720, GIREEDSENT ML LR %52
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TT690 &4, MAG600 & 4x & 52 & 4 o filf 3 i Vil
KA THEAAKREDOKE L Brown S ORIERFED &
P T 1312”3, 20% & [N 1 TT690 @ 54°C &
BAFAKRFE % E LK TORBEMPEE IS BN L2 Lo
TT690 LI L CRECKFTLTEY, Wi
L OBIEMHEAMK T 54 2 RSN L
L, 20% % BN T TT690 D A7 K% % & te K DR
HWEPEMEIE T VT AR E R T 14% DT TH
D, 20% % N MAG00 & 4 ClIim A kE 2 &K
HETNT Y I AR ORI TEAEASZIZE T o 72
C U, WREINEM OBSERMEENOBRFEE ST
KREBEOEBI/NE W EEZRLTWS, TLVIUH
A E AR B L KBRS R ORI R i 2 e L
T, R ENA 72 TT690 A 4?75 %5 MA600 £
SR THIEREOK TFARE P22 L1220 T
&, RN TEINAZ TWARWHETIE TT690 &40
J5H MAG00 &4 & D BEIVE DR T AR E V& w9
Brown 5 O EAHE RO EELS L TWD. F7z, 11
R L7280, BAKFEZ SEOKP ORI 22
72 TT690 44 D Ak I O —E IS BB A 5 h
722 EMD, TT60 GED IR LY BREOHEL %
FRIT o/ EZOLN5.

BAEKFEZ G LK TO 52 e OEIME IR 61
kJ/m2 T&d v, 20% & BT L7z TT690 & & %
MA600 4 & i L TIRWETH - 72, Z Ol EE
3 13 12773 Brown 5Ol EE® & IFIFMZETH
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(2)  BARAE MO T IIEFAKEZ & OKER
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