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Irradiation Embrittlement of 244 Cr-1Mo Steel at 400T

Yutaka NISHIYAMA, Kiyoshi FUKAYA, Masahide SUZUKI and Motokuni ETO

Department of Materials Science and Engineering
Tokai Regearch Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

{Received May 13, 1997)

The present paper deals with irradiation embrittlement of normalized and tempered 2'/,Cr-
1 Mo steel to be used for the pressure vessel matereial of the high temperature engineering test
reactor (HTTR). Irradiation data were generated by 12 capsules using JMTR and JRR-2. The
results of post-irradiation tensile and Charpy impact tests are reported and analyzed to assure the
irradiation embrittlement sensitivity at the HTTR operation temperature of 4007T and provide
implications on ferritic alloys for fusion applications.

The irradiation hardening was small at irradiation temperature of 400°C with a fluence of ~2X
10™ n/cm?E>1MeV, No significant increase of the shifts in ductile to brittle temperature (DBTT)
was observed at those higher temperatures. Additional neutron irradiation with changing the
temperature from about 3007 to 4007C durig frradiation induced substantial recovery of the irra-
diation hardening, irrespective of the prior hardening Jevel at 300C. Continued irradiation at 400
C to a fluence larger than 5X10% n/cm? altered the fracture appearance from the entirely
transgranular to mixed transgranular plus intergranular which resulted in considerable shifts in
DBTT. Thus, irradiation embrittlement of 2%/,Cr-1Mo Steel at 4007 is mainly caused by irradia-
tion-induced impurity segregation to grain boundaries. This was confirmed by electrochemical

testing.

Keywords: 2!/,Cr-1Mo Steel,Reactor Pressure Yessel, Neutron Irradiation, Embrittlement, Shift in

Ductile to Brittle Transition Temperature, Hardening, Intergranular Fracture
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e, AARETFHRER (U, B SEEzED T sHRITFHAERDEN
HTTREEDSEHNOBR T AFTH S, HTTR ICHV A ETHLE DRGSR ET
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L 28Cr-1Mo SAASEE S 170, L L, AMIEFFEENEH S LTOBEMIRD
BDTTHHI DL, FUFRERAFEELFMEEEO -2 Th o, T 72,
MCr- 1Mo BN £ 5 77 = T4 ML, —#iC, 375CH 5 S50 CDIREERIZ &M
RIS ND & AP TEORRERPRRNE 2o TRALT 2 Z &L {HMsRTY
278 T RETRAL & 72 & CBBEIIRAL O M AT B e O R e HERF M I I R
LEBETH T,

RSB A L, BB REMNEE L 2. BKIFENESRHR L
BB ELL I EELLNED, 40T E V) EBWEROBITREICBIT S
54 NROEREFEE -7 BT v, FIT, BT, 1977 £
24Cr-1Mo S O R ERFI FFHEAR & 847 L, Z 72, B InEUERAR (1988 4F) R UPSRaAR (1988
M) R BLE L. HREREE V7 2Cr- 1Mo MO B IE T — ¥ OFREH o 720 X
Mo TR O T2 BHIE HTTR O RBEFRTEHEIIEATD 107vem’ & BIR
boMTWVAD, BEHEE 400CIZB VT, ~1X10"%nem? (E>1MeV) & V> ILBIRY
TR T CORRREY v V¥ —HREMIC L o THEF BERICOE Z
RHEBT A2k E Lz, F0%IE. RMER D Ik L, B8R CHEARE * 2L
K. RMTFREST— 5 FIE L7, Ch5DEERRET— Fid, B HTIR
FEHAEMBEFPHFREECBTAF— 7y ORRICOAERATH S & L HIT HME
FMHEE LTDT =54 MIOEEF— 5 OBHEP L EETH 5, T 72, BFDIE
(LIZBE L Tid, 400TH 5 550CHRBEHFATHRBMRBRTER L, Yy VE-HE
sz BEESKER. 4 — U x SWFEIC L D R{LOBMEEET S L £ 1T, HTTR D
wEpHEE LTHESE L2 20 TSRO EEREEREED LA 2% L.
WEPEREEE i A RAEEOFM ATV, RS DEREREFFLLTIE LD TS
(3)

72T, AFEETIE, ThE T 2C- Mo HOHFEF RS 2o 2T NTDF Y
Fel (12 FvTEN) OFUTREERBRER, Tabb, FlIR, Yy -
EESREAE B L AEE | SRS DT — ¥ b SRR 290C~400T, HiE T HibTE 1
X 10" n/em?~3 X 10 nfem? {2 BiF 5 2%Cr-1Mo $A D R HEHRALZEE 2B S 212 L
P S0 LD B ENERO PR CEERCOBEE L D IERICT A0, FETR
e s BRAHEEE % 300°C 7 5 400C 1T L B4 5 &\ ) Hl G bR BSHREHERE 5
HiL720 2512, KBRS ECOREFRINCB L TIHAROFEF LRI T 5
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2.1 HEEM

P -T2 B4 1S 25Cr- 1Mo S D RIS - BEF 2 TR (1977 4F. 1988
BE) | VEEEES (1977 4EBLYEGEATICHRBIE GMA ) RUBUGEERS, E7o, SUER
B2 RN (PPN 1988 EEE) Th o, BHICOoW TSRO L - BERLL
BAH L7 . 2 DHEOFES . BULEER O R BILEST T Table 2-1 12
T, B OB, T T4 FEELR—F A MIBTH), HT - AT F A
MEBEEE IR 6.5 Th Do £72. VL DDDF ¥ T MIBVTIE, TR
B A b L 7oA R o TR TR R AT o 2.

2.2 ETEE
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2.3 BieREER
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Feab, SRIBIE T b B HF5E OAT IR (RATHISE O BRI L 2 BRI F A
etk & B I CEA L7z

75, WEEFBAT R0 EEEERIC B ARURIM R DR RBRRERIC OV TR
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2. SEERHE

2.1 s

e B AT S 72 S 1S 2%Cr- 1Mo SRS - BEM 2 FB8E (1977 4E, 1988 4
BIYE) | VAREED (1977 EELEM PRI GMA ) RUBGEER. £, SEh
B2 R (ZRER 1988 EBE) Thod, BHICOW TSRO L - BBERLL
WEH L. 2O OMEOLFES, BULEEE CEHEERLESRIT T Table 2-1 12
T, MM OMEGIE. T 294 FERELR—F 4 MBTH D, 0T - ATF A
MEBHEEIH 6.5 Th b, T2, VW DDDFx TEMITBV TR, TR
B A e L oA I oW TR TR 4T 0 7

2.2 T RAT

Wﬁ%ﬁ%dn&QRWHHRKEwT%nﬁm#¥fkwm;D@ﬁ%%%%
ﬁoto%n%ﬂw#kfkw%%\%ﬁﬁﬁﬁ@ﬁﬁ-ﬁ%n&namﬁ?o

2.3 BlIRFEER

R EESLERF 1L EATERE K 22 mm, AR 4mm ¢ TH Y, FEM O5E 5 RET T
WEHE L EA (TH) &2bkHic, TREEHMOBEICIHERT ¥ 7 ORGRIC
B b k3 IR 14T FHED SR 720 FIBRABIL A v R b o BG[sREUERE
% F\ve. BIEEMEE 0.5 mmymin TITVe, 02 %77, SIERIAS . MU ZHEL .

2.4 Ty VYRS

Do ¥ SR JIS 22202 4 SRR TH Y Vv FENIIEATEC
I oo T EIF7. D s OBERA I S REROFBVIELEHIMII—ET 5 &5 iC(TL
HE) KRB AT D WM L7z ¥ v VE—HEHERE, F=30 kegf -m D
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BEAbFHRBICELAREBAIE, 10X1I0X~5Smm @7 — Ry 2 FEICY — FiE
ENYTT L. TERFVBIRBICEDAATHER L, TORERF T, BRHIIC 1
pmDIATEY FR=AMIIWGEEELEZ L, BEET /- FomRfllEicft L
2o B BREAS S0 — Ry LRSI URIEE OBRICHESBE 2B
L7z,

T — PO, BFriaRyy b, BEEERE, WBRERBEH W3
BEANCID, BREAEN»S, BHm (7 /- FE) 1205 mVis OHRETH
Bl A LI VHE L. 2B, RRAOBEMNZRZ:0OBEERICIHISE
A L7z, BFERIE 55%Ca(NO,), TH 1 SHBGENICH | FE OB ERK 1T
VW, 1 IOEEECHE L, RRTPOERBEOWRITERMICL Y 30 1TITHIB
L7ze BLEOFIERZ TR TERBRECL VITo 720

3. EERRERLES

DT wRT e RER ko B8, BEREEERFE IO WTOERIL, BHR
B MR ERBHICOWTORTH D, BH. RPE K R ETRTEIFEI O
BirownwTit, BERCEF—FrRT I b E L7

3.1 BT EEHRERE SR

Table 3.1 75 Table 3.12 I2&F ¥ T VEDT | ERBER T RT . INHDERPL
B EFIEEE O S E DS 380°C 5 425C E T BT 5B OBARIE S (oy) RU5IRE
& (o) O LERBEOBESEEFMS Figure 3.1 IZRT. SO 6, R - lgkl s
o FR (B X, AR TREEE L EHIES D ENRIVPHEINT 2 EEICH
Do — . BEIED1.7~6.0X 10%n/cm? DEFH 2 B4} 5 BEFIL O BEHREEAF T %
Figure 3.2 128 T o ~—#%iC, BEHREA® 25 LHLEINSI(RDLENTND
A, 2Cr-IMo SBIZ BT O AL R E B o/ Db b, HEBILIZE L T,
HEHEES AR L 5 5. ERD SRS T ELBAKEENEEMOMILEE & —
HLTWwA, |

FEMEESE ERRED L T b

Table 3.13 75 Table 3.24 & X v T VED Y v VY —HERBER TR, 2
NS DENS, M TRIEES 357C~405CTH 56O EREHEREED v
7 N BEOBEEREY % Figure 3.3 127”7, 72, Figure 3.4 [JHGTED 2.2~3.0X
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2.5 BRALFHRR (77— FOBIMREE)

BLEALFR RIS U FERA 1, 10X10X ~5mm D 7 —~ %/%Hﬁ 1 — FH
BNV L lfﬁ’#&ﬁfﬂ‘é’ﬁﬂib:&k’ﬁ’ﬁ%bto ORI, BERMIC 1
pmDTAXEY FR—AMIEINEEMLLZ L, BEERT7 /- FomBlgicit L
e B BEBETXTAD Y R LI RF VBIRE OEFICHERRE R

L7z,
7 — P%ﬁﬁ%ﬁ ERFVVaAy v b, BEEEEE, WREREZTHW3
BRI Q%I%ﬁ B, BHE (77— FE) 120.5 mVis OEETHR

51452 <‘:b~.at V)(E'JEL?LO LB, AR OBN TR L -OOHEERIZIHT IS E
BAEH L7, BRI 55%CaNO,), TH V), sHBFLEHTHZH 1 R OB ZEHA 21T
W, 1 [EDEIEEICREL 72, BT OEREOEIRITEERMICE D 301 TIZHE
Lize LEDOFIEETRTERBRECI VT 72

3. ERERLEE

TR T ST Bttt e, BHEERFE IO W TOZERIL, BHH
B HSBELRRFICOWTORTH D B, BB R TSI 2LBFEhA O
BizonwTid, EHIETF-FERTIEE LT,

3.1 HHTEHEEHBRER

Table 3.1 75 Table 3.12 IC& X ¥ T VEDT EABER T RT INLDERPL
REHEE O FHED 380CH S 25T E TIBITHBH OB (oy) RUTIRE
X (o OIRBORYEBEKAEMT Figure 3.1 2R T, CORP»H, BK - GIREK S
O L& (BEEAL) 11, B TREEE EHIELD2EPREWPHEMT LENICSH
Bo —F. BEENT1.7~6.0X10%n/cm> D#BH I B) B BEEAL O BEHRE KT %
Figure 3.2 I3 Yo —#%IC, MBEHREAE 22 LELRBIINS (BRI LSNTNS
5. 2Cr-IMo BRIZ BV T LA R L o7z Bl s, REBLICEL TR
RENEEHEIEL 50 ERP LANOATELBEAKFENRZFMOMEILET & —
TLTw5, |

IEHEE ERIREDY 7 b

Table 3.13 7° 5 Table 3.24 I2&F v+ T LV ED L ¥y VY —HEBRABRER T RT, &
heoEPS., B CHRENRED 357C~405CTh 256 DM EEBIRED
7 N BEOREEMHRIEY % Figure 3.3 10RT . £ 7. Figure 3.4 (LB ED2.2~3.0X
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uﬁw&mﬁ@mﬁﬁévwwe—@m1$w¥~fMJmmmm%%ﬁﬁwiﬁ
£ (A Ta11. Table F T A vIno £ 52) L IRFHREOBEKRER T,

B ASEEICEL7ACERS. BRELD LI, KOENPWR DY —~RA 7>
27—y HEOF =L T v AF—F KU IMIR DILEEEERERT— 5 & v TfE
&éht%@%ﬁ?wﬁ#%ﬁméntzamwmﬁw3%@K£H%ﬁﬁ%ﬁ%ﬁ

A RTNor (C) = -16+1210P+215Cu+77y (Cu - Ni)f f 2004060
P, Cu, Ni: %. f:1.7X10"nfem’ (E>1MeV)

HIED FRIZ19.7CTH ) SEOEREERIECEER L T2H 5, 24Cr-1Mo
%@%ﬁ@&ﬁ@ﬁ@ﬁ%%ﬁ?mﬁﬁ%ﬁ%%ﬁ@%ﬁﬁ@ﬁ%&ﬁ&ﬁ@%ﬁa
IZFAETHLLEZOLND,

éT\%%ﬁﬁﬁmmtﬁ%mﬁﬁ%axan3mt®%%ihméwa%i%
néoT&b%\%%ﬁﬁﬁmmtmﬁﬁ%@ﬁ%ﬁ%%%ﬁVLUvﬁzwﬁmm
;5%®ﬁ%5t¢nd\H@mazuﬁbttﬁb{%%ﬁﬁﬁ%<th@%ﬁm
ﬁ@tﬁ%@ﬁ?t%w\ummﬁmmmmv@%ﬁﬁ%%%éﬂ%iﬁﬂ%@ﬁﬁ
@Lﬁ%%¢é<&%k%i%ﬂéoL#LJ@mﬁAwﬁ%ﬁ\ﬁ%ﬁﬁﬁmﬁC
SEEED A Ta1r i, 00CBEOHE LD EETFREVERE Bo T2, PRz HREY
Eﬁsxm%mﬁuim%%\%mﬁEﬁﬁﬁﬁwﬁw?—&N—x#%ﬁwﬁén
CVWBBERET O LR (Aoy ) LEMREEERRED LR (A Tay) ORICIRAR
RS LR AL O FAMEL D b RE VA TIIFTRD LML,

A Té1l= a XAoy a=0.45~0.85 T/MPa
é%K\ﬁ%%ﬁdﬂxm%mfﬂﬁmfd\%ﬁﬁﬁ?%%ﬁ%?ﬁﬁ%tt??
V¥ — RS ORI AT A HENTH 201 L, BEENFENZED
LN (Figure 3.5) o $&bbH, 24Cr-1Mo 8D BEEHREE AT 400C 2 BT B IRftid
BEFEOINciEVy. < Y v 7 ADFELIZL Lfbr o< b 1) 720)@11’,%14:2‘9&
WAL BRI NEEET B S ORTHFEENERHOMIMRALIC DV T,
ﬁf@mvﬁyﬁ7®Eﬁ§%ﬁmomfﬁ%éh1méoé%um\%mﬁwﬁﬁ
Eﬁﬁ%ﬁbtﬁ?&ﬁ%ﬁ%%o:@EE&LTM\ﬁﬁﬁ&WQ%ﬁ?%%%E
EAICRES b OEAZ L LRBA, ThiZoWw T, 33 8BV TERILFNHEK
DRERIZIVERT 5.

3.2 HAE D RIHREHERER

ﬁ%fﬁtt;5m&axmm%mmﬁt%%uﬁwrﬁ\%%%ﬁsxm%mﬁ
uimﬁét#@ﬂﬁ®%kﬁ%EﬂLf<%ﬁi$%?d\%ﬂlb&&w%%i
=B B 400CES D= M) v 7 ADELIC X AR Lo g | AT ICRATRE T
00T 5 400CITEALSEAZ LIzt (LME, MAabEREHRERRL T 2)
Tz, T TTH B EE R RS & 2 BATR RO A A, 400CORILIZED &
N ET BT B L7 Table 3.9 122 OREBED 7 IR L7z F v 72 LDk
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REEER 2R, M AS DT BERERRICBIT L BRPETFHIER 5.2~75X
10n/em? T& 1 . FBEHEREH 200C T 28.2 h (HBEE 2.8 X 10" n/em® \2AHL) | 265 h

(BAFE 3.8X10%n/em® I2FHY) DHBICH 400 TIHFRELELZEAL O &
300°C K U#) 400C—EDEED 48 Y Th 5, Figure 3.6 iIZ I H BHFRE TOMR
SE L BRREGEREDO LREOBEBERT. £ 7. REREFBET2EC T2
D4, Figure 3.2 DAERTHHAS AL LB, FHBESFHVIZERIEEID S
v, LA L. BEIBEZ S84, $200TIKBiT 2 REREICHERLR (. BE
BRSO FRIEEAERSRARV, $72, S b ORIREND LR, Bt
BEEASH 400C T—ENBAITIZIRE LY, Thbb, BERELH 200CTOHEIC
&&Ltﬁ%k%ﬁ\ﬁ%ﬁﬁ%%4mtm?%:&u;ofﬁtU@%%ﬁ@@-
HWHRLTLEDI S ERERL TV, FFMll % s ORBEIRFED &R - HIR L BEHR
B L ORMGEIIo VT, ERNE FIEMEIC X 2 WA MEEE, b TRl s
CEEBOERERFLETH ), AEBROBWEN TH D, 2L, ALK IAE
O EED LS I BNE P ETFRIC L > TRE SR AENEGEROEEAT -7
b ARSI TRER T X D RER L7 L 25, # 300~350CICRMDEBA T — VHHFLE
L B2 iT R S — R EEARD L) T ) v 7 ADKEILL B D THS &
LTwh, L7855 T, 400CHEIZBWTIE, 300CHREICL > TELAT MY v 7
2 DBERIGESTELZDDEHEREI NS,

DLED&REE F L5 L, 24Cr-1Mo D 400CHSTTId, BEMBORMYEH
BOHEICE VT, BEED 10/’ R ¥ TIREEE 2 BEELIED sz,
UL, SEBHE. Thbb 5X10°ym BlETIE= MU v 7 AOBLIC L & vk
ER LA U5, HTTR ABOENEBHIC BV Tid, RFEBRTH L2812 T
SR L X N0 F 7 BRSSP FEHBIEEARTS 10"Tvem IT L RS 51
TVB T, EEO HTTR ENFEOBERBIIIZLALERTEZLEI 6N L.
2L, EREREAE IS BEEBLCE L TR TR ERVLE L 2 b,

33 T/ — FormiiR g e R

o 3O, Hio. 400TH S SSOTOREHMTRE 5 FRAILE L SBEFEA
BAERL. Yy VE—HERE, A -V EIC LD, BICEROHE 1TV,
KﬁﬁﬁkwiﬂmuV@ﬁﬁﬁﬁﬁ%%:t%%iiﬁh&@ﬁﬁ&ﬁ%%%ﬁ
b & W TERILZNEE % A IR R RS Ll B ORE 21T o 720
DR REEH VLY AEHBTT / — FOBHREEET 5 & AEBRRFICBY
T v OREFRCERT 2RO BROEAIC IS 2 KE— 7 EREDHINTEE
BHHI. D2 RYE — 7 BRETEME L EWRIEEBRED LRI RIFRMHRE R W
L7 o S COBSACEMDBIEL Y VBT 5 2 £ I L DHROBRMERZ R
HIEHE L LT a 720, R0 Rkt o E MBI, ) Y RATICE
2 RN ASRE D IRIE IR T A 2 HHEETH Bo £ 2T, 400THEH IZDWT,

__5#



JAERI-Research  97-039

Fy NI ARICERE L ERBENERFHEEEY 2 EH L ARRITICDWTO
et R AT o 72

SRER A L 7ok EHE . 52484, 388°C T 1.2X 10%n/em’, 410C T 2.4 X10"n/cm® TR
BU7-b 0 RUFRFROBEH I LT 575CX1h OBRALHEEHLZb DT
i, B, TORBIMEEAZ, BEIES RARIEEES €S Z L 0L
KPTVED, Table 3.25 1T RTOFEFHI OV THIE SN 2 RE — 7 BREEHE
(mA/m2. L\ Ip) %757, Figure3.7 12, fIE & Wiz T/ — FoB#EEOM L LT,
388°C. 1.2X10%n/em? DEESHM O R%, /2. Figure 3.8 KA ZHALADD
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Figure 3.1--Effect of neutron fluence on irradiation hardening.
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Figure 3.2--Effect of irradiation temperature on irradiation hardening.
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Figure 3.3--Effects of neutron fluence on shifts in DBTT.
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Figure 3.4--Effect of irradiation temperature on shifts in DBTT.
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Figure 3.5--SEM micrograph (X 1000) of the surface of the Charpy impact specimen
irradiated at 4007C to a fluence of 1.7 X 10% nfem?®,
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Figure 3.6--Hardening due to neutron irradiation with changing the temperatures
from 290 to 400C during irradiation.
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Figure 3.8-- Secondary peak of the current density in anodic polarization curves.
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Table 2.2 --Irradiation capsules and specimens.

——
EEACTOR CAPSULE MATERIAL NUMBER OF SPECIMENS
TRR-2 VIM-32H NT-1 CVN:9, Ts:4,
VIM-34H NT-1 CVN:16, Ts:8, DCT:4
VIM-36H NT-F1 CVN:8, Ts:4, DCT:7
VIM-38H NT-I(pre-ir. thermally aged (450C|CVN:§, Ts:1, DCT:8
X 10*h))
VIM-40H NT-F2 CVN:10, Ts:2, DCT:7
VIM-45H NT-1 CVN:10, Ts:2, DCT:7
VIM-48H NT-2 CVN:10, Ts:2, DCT:7
ICM-89H NT-1 CVN:11, Ts:4, Hv:74,
ICM-104H NT-1 CVN:11, Ts:10, Hv:40
TMTR TIM-2A NT-1 CVN:12, Ts:-—-
HAZ CVN:12, Ts:——
WELD CVN:12, Ts:-—
80M-17A NT-1 CVN:18, Ts:-—-
WELD CVN:18, Ts:---
NT-1(pre-irr. thermally aged (475 C|CVN:18, Ts:-—
X 3000h))
WELD(pre-irr. thermally aged CVN:18, Ts:---
(475°C X 3000h)) CVN:18, Ts:—
8IM-33A NT-1 CVN:12
HAZ CVN:10
84M-35A NT-1(pre-irr. thermally aged (450°C|CVN:9, Ts:4
X 10*h))
WELD Ts:2
HAZ Ts:3

CVN: Charpy Impact

—--: not recorded

Ts : Tensile
Hv : Hardness
DCT : Disc-shaped Compact Tension
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Table A-1-- Chemical compositions (wt %) and heat treatment for cl.1 steel.

Designation C Si Mn P Ni Cr S Cu Mo As Sn
A387 Gr.22 Cl.1{annealed)
cl.1 0.07 0.52 0.009 0.12 2.32 0.0009 0.07 1.03 0.007 0.007

__0.13

austenized at 900/925C for.5 h, cooled at a rate of 60°C/h ,PWHT

Table A-2-- Results of thermal aging experiments.

[T T : : 1 : : |
Bhis W @ oy | UTS. (EL(%)} vIr30 § vIrS0 § vTrs ivTr3Smil.:vEmax i F.LF :LM.P
:149) L(MPz) : (MPa) SO IO TR TSI JEY O A€ L2 S
as- 260 481 §29.0% -17 9 i 16 -14 228 :0.00 i ***
seceived [N AT DU S TV N N S
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