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Integrity Assessment for JPDR Pressure Vessel
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Tosihiro OBA, Ryuichi KAWAMURA, Masakatsu MATSUMOTO,
Hiroshi NAMATAME,* and Fumio SAKAMOTO

Tokai Research Establishment
Japan Atomic Energy Research Institute

Received November 21, 1973

Abstract

Steel pressure vessels of the Japan Power Demonstration Reactor (JPDR) are constructed
with stainless steel weld overlay liners on their inner wall. Since the stainless steel overlay
cladding is subjected to thermal and internal-pressure loads in reactor operation, it is
desirable for the cladding to have higher ductility from the standpoint of structural integrity.
In this paper are firstly included several fundamental surveys concerning the mechanical
properties and metallographic observations of the overlaid weldment in order to investigate
the hair cracks which were detected in the inner surface of its top head in 1966.

This paper also describes the experimental results of three pressure vessel models of
JPDR pressure vessel. These model tests were carried out concerning two 1/3 scale
models of JPDR pressure vessels with two same nozzles and one 1/2 scale model with
four different nozzles.  Firstly, the strain distribution induced in the nozzles by 120, 150
and 110 kg/cm? static internal pressure respectively was determind using many strain gages.
Then, after machining a notch in the inner sides of the nozzles, in which the maximum
stress exists, crack propagation length under cyclic internal pressure was measured by an
electric resistance probe (Smeck) gage and crack gage. They were compared with the
experimental results which were obtained using the photoelastic models and small axial
specimens, so that it was verified for them to have some close connections between their
experimental results of stress concentration factor, fatigue crack initiation and propagation,
fatigue strength reduction factor and etc.

From those results, the following conclusion was drawn; The number of cycles to failure
for the JPDR pressure vessel was estimated to be greater than 60, 000.

* Tokai Laboratory, Kobe Technical Institute, Mitsubishi Heavy Industries, LTD,
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TaBLte 1.1 Specification of JPDR pressure vessel

Inner diameter

Inner hight
Thickness of shell
Thickness of cladding
Pressure, Operating

2,083 mm
8, 535 mm
67 mm
6.4 mm
61.5kg/cm* G
77.3kg/cm® G
116 kg/cm?* G
343C

Low alloy steel
{ASTM A 302B Mod. (A 302C))

ASTM A 336-Code case 1236

Design
Testing
Temperature, Design

Materials, Shell and
heads

Flanges

FRIL, XD, ~NT « 77 v OETEDHRHES I
BB Th, FFEEOSTIcRLT, EASS
DM ICERBEELRIFINNCEEWHET S L
¥, BT ay =7 PRESME LI

JPDR [T JiR2%03, Fig. L1 IGRT LS BEREHL
T3, BEARBOESHEL TABE L1 ITRTEB
DTHAB. T7bHH, Mn-Mo ZEAGHMBTH - T

ZONME, AF VLV AMAERICE -T2 5 v FIRHE
EWTLUTHS. #0727 7 v FHTORME, HRL
DOE&EED &, —RAEMHKAKD X CNEYQ T EEER
ELTWA. ik EHEBI/ I v FTE, a—n-7
5.5 F, TEATF/LAHEEO ARy MREREICEK
D TR E S B -7, TABLE 1.2 1TRT X 5 KBS
DEFFICBNTENLL DD I 7 VEELTED,

RAETE, JFHBEBROZ 5 9 FI>TNTHEERED BT

»no X 3

CE->TEBINTLS.

JPDR EHRRORT v vV AEGBERIC LB 5 9 F
TR, FEBELAEEE (VY7 ~—Y « T—7HEE)
KE->THITENTWS., Tihb, @I~ T 309
RIEHNEIC X DFABETHIL, % 2, 3 FIZHSARE
DFHERBAIEABAER, MRFHEBECI->THIEO
T3, HTERKEE, AREEEENTE 774
VE—ILICE>TH RS, IRy Y o244 ) —
KX AREE EFEARKCTE > T 5.

77w FHlELH, HEHRBIREEFCD N TIHE, 600~
625°C, #y 30hrs DIFEEHBIINE, HE L VIETICOD
T, 8 1, 2 BICDOT 600~625C, ¥ 12hrs DK
BRBO ST IN, § 3/ 0 TIRAERBLM
RBELINTHI.

FEAGFHDOREID, RrsRGaRER, 877 0k #F45 K
B, (ESRERBRE L OHESERREEEL TT T
BRLTNS. ZO%, HEDEHERDKITRERAHE
I hi.

JPDR (3, A 3848 HIERICGELTXD, WF 41
RS ROEWME T T, EMH IS 5, 060hrs O ifix
Mt bt

FREMBREICBOT, EENy FDOI F o FiKAT »
7797 BRELTNACEMNMEREN. REDIRN
3, LEO 77 v IIDAy FHEIK % - T, 500~
1,500 mm ITh 7= 5 FEEFICAELTEY, BEHRER
WIREEAEREL TR, AT« 759 /7DEXIR
TP 5~10mm BEEAE L, - EBENHDT 25mm

TABLE 1.2 Examples of occurances of the fine cracks on reactor components

Reactors Elk River EBWR | Yankee I Savannah River
Types of reactor BWR BWR PWR PWR
Out-put power 22MWe 5MWe 175 MWe
Components Pressure vessel Pressure vessel Pressure vessel and Pressurizer

States of trouble

Occuring on the
flange cladding,
and especially on

the manual welds.

Pressure

Occuring in the rear
of spot and seam
welds, especially on
the steam region.
Crack appearance is
both intergnanular
and trans-granular
types.

Source of trouble

Probably stress
corrosion
cracking, observed
austenitic and

structure.

Badness of cladding
performance and low
cycle fatigue on the

component.

Occuring on the spot
welds.

Occuring intergranular
cracking on 2 locations
of the inlet nozzles.

Experience of a lot

of oxygen contents
in the pressurizer.

Probably stress
corrosion cracking.

Treatment for
trouble

Repair welding.

Monitoring by testing
samples and survey on
the source of trouble.
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imm
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(b) Microphotograph of hair cracks

Fig. 1.2 Hair cracks in weld overlay inside of the top of JRDR pressure vessel,
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BT, 7274 @M 2.5~7.5% THYH, 3k,
COFETIZI 7 v I MRET B EEZ SN - 1.

TR ESREOERSE Cr/Ni Bh 1.7 BETH
D, zhid, Cr/Ni b3 1.9 DT THBEX2 T 92
ERET S ETIEMEABL TN A.

77y FETICER L BBEROAERSIC DN T
i3, Co/Ni lkhs+aKkEh-12m5s, Cr/Ni Lomb
RBBBEHLAHEOEROBOIDEEL 2 & NT X
L. DL, FEREDO Cr JIFERHSHATSH
HEEHRTEMMEBL TS, &5, FhHRRE
MORBERBIRICEE 7 274 P EDETO Y, 2
Ty I REBRENSBIZCEBUSNATHS.
F2OHNELTBHBRICEDEA~T « 75 52 D3R
HEMEZOND., Db, 755 FIRICE, W#teo
AR OMBIC I DA NRET D, cORY
ISR HRBRMBEIC L - Th, BET B EIIRTEE
ThH-T, BPOLHBIH 20kg/mm? L#£2 S
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oo TOXIN, WhHEITLAF VLR8I 7 v Fid
IR MINE AT SRR E LT 308, JIT-HIC
RT3 — KM HEKOHE IR & DD TR T, &iUL
igE <lpQ/em, Cl 4 4 v <100ppb ic{fHF&h, %
DOMAMBBAEL THISHERENEHLT S K5 0KE
RITITIL - T,

VI EOBINBRDIENEBECRBICHT 5 hihT-Mghe
KBEBICONT ORI LIk, hHEFREERE LY
TENOTHEE UTIN W 2 BB R - 1.

CNOSOBRERELT, 77 v FBCRETE~T
77y 7 DIRINOENICHET 2N AR EESDFTH
H»ot, FBIEZTORENERIYIO,EL TS,

TDEH1E, HADBENEBERICEIE~NT - 27797
DOFRAR, MIERDOTHICENTS, 2<AKHEE
ABDOMIELL, FTHOS B &I, RHEER X
I—FREBIPTH S L ERIC, FERECKD, 77
y FEHETILUTHWSEDT, EEEGLES, ~7 77
v P BRAELTOAHEIREVWEELONS.

ENEBROLED 5 o FIICRRREINIA~AT « 7 5
v i, BHEBRBELREBCORELTHECE
MR XN, D, INLDOWHADBREEZEHL
fr. ERWKEIBHTER > TOBIHRHER ) AVvB LT
75 VI OOTRFMEKRESTEIDONI. RED
Fikid, K7« 2a-FICEIEREFEUE, HWHELR
BEXURAA v 7 « =YV MABLTEREEINL. Th
SDHABKREOKE, =20 Fkick-TR—D4 v
U - g v RBEER ) AvD—Rickh bbb, £
DT 7792 DERBELL 1.5mm, £ 6cm
FEEED S DMNL ODEHETEEEDONDE DT H

& 5

5. INSDY 7y 7 DRRERBT LS, /X
I —F OIS TRV E S, BRI EEERN
HBICE o TBd, /AN a—FOEEIEHTICE
WTHNT « 77 97 BEETHWHERREL QLS
AN

ZLT, ~T 7797 DEJEBOHREANIZTE
BICOOTE, MEERLIT, v« a —F D NE RS
WIC, ~"T 779 I MRBELTOARENELT,
TEEFTIE D T LiCiE - 1.

JETIREE DN i, B—ich hEREEIRCE T
EF -4 BLURFTHALEOLICLUTERL, &51T,
20> b, MEGHEAICONT, RN, B4 2
MENIZDNT, RBFICE P3RBT ERL 7= HEY
DIEAS 1 7 VENEHIT, HTLERBREFF—-42L—%
LIENWETAMBEDT, &I, FAFBEFVICK
ZHEFEURRERBLT, ~T7 275 v OENE
EICRIZ T AR T A LT

AWFFRICBOTIE, £9 JPDR EHEBONER T v
VAR 59 FRBELIAT « 75 v 7 OREFRR%E
BRT B0, RFVIVRE7 T v FOBRERHEERICD
WTIRELT, ~T 77 v 7 2 RETIRBERT&E
ZUREICT 5 &L & HIC, REERMAEBZT VLV AH7
7 v F YRS {LEL$ 2 REEBREL 1.

RIT, 779 F « <BOMBERIIICRIZT LD
T, BRBIIZTREY, IoEREFERICELDER
L&y 4 7 vENBEREE N BR T VONEREL
RBROEREZ LY, EROILNEBENGE LD TH
BREMEDFHMEEITIE-7cbDTH 5.
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2. RFVLRARY S5y FOBENHERE (N7 -
939V ERETHIERICONT)

21 RBOBRIEROHEICRIEZITE
ERSNBEOREY

WEDEBER TEE~AT - 259 20K >0T
I, BTLaicXiamaismisoh, 779 F0 Cr &
MOPBOETLTHEZ EbhD, FHELEFITDONT
EEREST b

JPDRIZHENT, T+ 75 v 72 OELETHHSDY
o FEYIEL, ENUTSEMABENREEZTE -
WMEE, DS kA I TV A Thickh
W, ~7 259271, BET—7WEHEI Ty FOF—
AFFAb+T7 274 (Fhid, =vFyH4b) D
2 MRc oY, F—2F+4 FEEOE—-F
KRELTED, ~T 75 v70—HIIBERNOERY
LB, BEAEL—RTFFA L FYFIA+EEME
LT3, #LT, 775y 27OfEERIE, 279 FE
T SR AD» - T, NBNEATO S 2T EAR
LT3, BETHESNERR, ¥l UXit~
4007+ 54— L2 TBETHOPTRERIS B,
HWEBDEEZ 79 0, DROGRINLCENHS L
ic & 7-. JPDR B Rk #ij 13, 6 ppb Cl-, 35
ppm O, (MBEHAST : € T THEHEKEKD 2 &
125 kO AHEE BN 3.) 8LU0.3ppm O, (M
WEMRIE) THY, ~T 7 7 v 7 3 EBERAEIC
ERELTNARCLE, BEULLEOBERENMS, I
JIE I XD Kl & E AL U TREM S SRR L
T 5.

CHICHLT, FEHORA—AFF A4 PRI —+
VD72 T4 PEERESE, ARSI
T o127 7 9 Fid, ISAERENIEZHBIEL, K
BHBE T OBREEKRETH, JGHEAHNICX
DAT « 2390 BETECERIBLEAERBNEELT
NB. WIERDEES 79N, ~NT 77 92 ICHET
BIEMDTIL, 77 5 FOBE, SHEI0UAMIC
b Uw D BATEELS BLENDHS.

2.1 TEHIDXSBHENS, LIAERRERICED
T, 77 v FOREM GRE, EMBXUUAN =%
CHABERD—DTH 5 EEZ LN EBEHRMNEICT
AL, PSOIREBOMEEICE LI TABRBNEDOE
AWML MCT LI EAE-INE LT, $8bb, ASME
Boiler and Pressure Vessel Code, Section I, Nuclear

Vessels (1971) iz kg, JFHRHELZ a0 B a5 1 B

LT, BEROKEHKFICONT, 1,100°F (593°C) L1
T, 1AV FHicb LR LOEERANIEZTTED
IOBREINTHY, MHE TR TELIFLE 50
WERIEFIC B X 5T E b H B. ORI IRIEASME
BEHRFEOKREIMREL L UHEDO b lizhd DT
HY, RFVUREAEKDRBERICELTITEDNS B
DTN, ZOHpAT Y VARMAKRDIAEI T ¥
ICHENTHE, BHLLER U IREREEED, 779 F
DURES L ELE T S 10w, WD IREERO MBS 2T
THBOBEEN T L 3ELETHS.

CNSEDRT YV RMZ 7 v FOREHIMERICHET S
Wi, RLOWX & EEHT BEAOIEFRET VIR
Bickid s, REHMOxHORERNEZ%ENT S L
ICEBERREHERL .

ERFE

(1) EREMEIUVAEEIRE

AEENCULL 2o/ pHE, HE 30mm © JIS G 3120
SQV 2A (ASTM A 533 Grade B Class 1 #§4) #T
bV, B, BTFIEHEZHSMEULTECAVSR
TWBHEEAN, BEdELMEOD Mn-Mo-Ni IK&4HIT
b 5. LRMFHCE G 2 MOy, EErEE,
P O IR B At B K UTE OB O kS E 7 2 5
4 &% TABLE 2.1 IC/RT.

P D EREE, 1B 309 L gk, 2)EHE 308L 4
D7 —7 (0.45x50 mm) AL, D308 % H K &
LT, 7 ==Y « T— 0 WREEITIE»12. 77 9 P&
D7 =74 vEE, HAOIENRREERLEEZEL,
5% BXW10% D2 L~k Ui, 7333, TABLE 2.1 {C
FRUTRED LFEO SN, Ry FBEGORmROR
A5y, O3 UL S REZ I TS
S1bOTHY, DB OBRMLVAFE I N TS
75, 2B OTEIRBRENICH S,

B, 7748, SBESBEICIORET
B0, XEBEIHC XY kD DL HE, HEEREOGEK
23h BEFEIC X D Schaefller Ok % 7213 Delong &%
DR ERNTERKDE S EB LT T =74 oAV F
4 =&, N—wRa—-F, I —VEHEDNELEE
RAOTHAXMNIC7 = 74 PEARET I HEND 5. &
BB E S OXBETICkD 7254 P BEERD S
DREMETHH, ENE—RHTEL. @EAHNES) &
3, M THah, HodEZ LB LT, 7274
FEEEMTAICEMESS B, L LSS, =7 %

2. 1.1



JAERI 1236 2. RFVVRHIZ Ty FOREINERE (~NY » 75 v 2 2ET ZERICOVT) 7
TaBLe 2.1 Tested plate for overlaid cladding
(a) Chemical composition of base metal
c.sl\Mn‘P\s ngcr Cu}Mo[TOtal‘;NICeq
s | 0.37 ~ a
A 533 Gr. B <O0. 25 2}\ L <0. 035| <0. 040 ~0.73 — i 0. 64| —
Tested plate 0.19 | 0. 321 L 27\ 0.013 | 0.005 ‘ 0.58 ‘ 0. 24 l 0.51 | 0.047 ‘0 0107 g 0 582
(b) Tensile properties of base metal
. Ultimate .
0.2% yield : Reduction
Hcat " Location Orientation strgngth tensile Elongation of area
treatment (kg/mm?) strength (%) (%)
, , . B (kg/mm?) 0 o)
A533 Gr. B Q-T - — >35 56-70 >18 —
Top 1/4T Longitudinal 59.3 72.0 26.6 62.0
Transverge 59.1 71.3 25.9 60.3
Tested plate N-Q-T ; _
Bottom 1/4T Longitudinal 58.3 71.8 26.7 61.3
Transverse 58.7 71.6 25.9 65. 2
* N : Normalizing (1.5 hours at 920C .- Accellerated cooling
Q : Quenching (1.5 hours at 880°C.-- - Water quenching
T : Tempering (1.5 hours at 680C:----- Accelerate cooling
(c¢) Welding procedure for overlaid cladding
(0%;(;“5%‘1;“1) Welding performance
Base metal —
. Arc Welding Welding | Interpass Welding
Lst layer | 2nd layer | Polarity voltage current speed temperature | process
Submerged
A533 Gr. B 309 L-Mod. 308L Sp 27V 800 A 20 cm/min. 100-150C arc
welding
(d) Chemical composition and ferrite contents in weld metal
. s Percent ferrite as
0,
Weld metal Chemical composition (%) welded (%)
composition No. c | si | Mo | Ni l Cr | Mo | N [Nb+Te a5 | ap | aw
1 1st layer 0.068 | 0.54 1.55 10.07 | 18.88 | 0.10 0. 030 tr. 4 4 —
2nd layer 0.048 | 0.67 1.70 10.57 | 19.05 | 0.15 0.030 tr. 5 5.5 5.2
2 1st layer 0.076 | 0.61 1.53 8.08 | 17.86 | 0.16 0. 030 tr. 7.5 7 —
2nd layer 0.065 | 0.69 1.4 9.00| 19.37} 0.15 0.025 tr. 9 9.5 10.2

S : From the Schaeffler diagram.
D : From the Delong diagram.
M : Magne gauge.

B LIZTRBRANR DML

B — 213, Delong® iz X4, &FMABZICXORYD (2) BiER$OIEL & UCHKEBR OFN
T4 P BERIE—EERLLEREINTE RS D IR R O e
Y, Ft, EHEOOMEICEL TS, Schaefler HLT Dy, AWERFOENII, ASME Boiler and

Delong & DOKICE D7 = 74 F&EE TABLE 2.1 T
RETEIICIREF—HLTWD, Bk, HHEOT TENR
X, REHIWEICED 7 2 74 P BORILENNDY;
é.\lC, Schaeffler & & 7* Delong S OMEK LD 7« 7

PEARETBER, BIICGHHTER Y, K
J[ T S A=Yk B 7274 PIEBERHAL
1<,

Pressure Vessel Code 35 & U85 40T ) 5 25 8 s TRE A
ZEL T, SVURE R, 600, 625, 650°C, ML TE I
B 20~100 MR & L7, POIK D IE RO M pE % sl 9

51:DBERELT, Yyve—

R (=7 A

) WU WKk oI din g GRER A S L fe.
AWK L o 2 210 B O I E B &L U
JEAR% Fig 211G F. FIK (o) i, & + v E— i
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(a) Half-size V-Charpy impact test specimen

JAERI 1236

(b) Micro tensile test specimen
Weld deposited clading

n
e EE
T F<aT it T t:fgacted zone —] ]‘
S/ § }Raﬁngordaddma /8 ?
T I ] "1 |Base metal
| L =e ]
-— Rdling or cladding direction \Base metal
n ‘o x
g R 1\ . [}
1005 3 0.28 003 _,‘,f:!: - ——I ——g-
28° 3 -;M 18 ——=18.5~
29
g 278 7.5—=| asetze
o 55
(c) Guided side-bend test spacimen
/Weld deposited ciadmg © .5
va 222l v *
Rolling or cladding direction \ %?
300 \\
Base metal
Fig. 2.1 Location of specimens and their shapes.
M DR B XU BERL, 73 v FIB, L3 100 100
BURE LORMIERA S 2h 2 WL 7. TBR J“_r_l Authar's | Mamfochurer’s
12, 2mmV /o 70 JIS Z 3112 0 4 BRI pl A oating "“8‘70"' = 2
1/2 1€ L7 bOIHIY S 5. FE (b) 1, BUNSIEY wr-~ummm@$;nm——1—f—eo
RIS OBRE L ORI BERL, 77 5 K A P
RS CBMEEHE LD TREREILTV . @M & )
(o) i, WlYRRFOBRETT. WFhORBE  § % ] 108
b, TORFNNEEES SOCELE e —KseTw T | Yl shength s
WL fo. 3BT & fe > THURE LBUE, & v v E— (it g 40 40 g
RT3, NIRRT 2 [, Wi s T O ok ©
I
2~4 & Lt 73k, TNSOMRMICENT, M/ 5 a T
SO ST (Z 712 0.2% B, BIEED 20 ey |
MEB LT, OU, EPRARTEERE Wl RRT i ]
(4 180° BMlnFic 1 2o A 2 sk o, WKL mEeE

212 EBRBR

(1) Bteex

a) WUNSTRD AR

TEEERENTE L LT, 600, 625 35 k78 650°C &R
BEAC 20 BERIORTE U 22 M B o SN G 1AR D BRER G
HRED KiR%E Fig. 2.2 1073, FAMASHOHRES
12, WEOTE (REUIE L) ofiBLIKLT, %
BEAAZ KL T HHMOBRES, 5ROV
DS EDBMMEE L, KELELLBL T EMb
nb.

Heating temperature (°C )

Fig. 2.2 Effect of heating on the tensile properties
in base metal.

b) ¥y E—EREE (=T H A X)

Fig. 2.3 (3, BEMTFE 36 & O R EGEBHE o0 5 R
BIL Y v —MREICE X2 S IR O
ERULIEOTHD. 600, 625 5L 650°C D &R T
BT 20, 50 k5 k00 100 WSRO 7548 B BATE 4 £ 15
> THEBuCEL .

REFFIRER T TIE, 600 35 L TF 625°C o) MLFE D B4,
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O Base metal
® Heat affected zone

16 Heating temp.: 600°C
14 |

12 ¢

8 I+ S

~

6 | SN

4+

2 -

O | 1 1 1 1 1 L | 1 1 |
20 /'; Heating temp.: 625°C

Base metal, standard size

-

>~
~
- - I
“w -
— G -

Impact value (kg-m/cm?)

| ! ! | | 1 | 1 1 1 i

Heating temp.: 650°C

Heating time (hr)

Fig. 2.3 Effect of heating on the V-Charpy impact
property of base metal and heat affected zone.

BIERKOEINERT. $10bb, BEOCTE (REL
L) b, 50 R VLR & THRMEIRIE {, 100
BRWETHETET T 365 5Re. LA LN,
650°C IC B TIE, 50 MR BUnTFE THREMN H M L,
100 [5REELIE THSER P DIET T 4. 0%, 600,
625°C—50 BfAATE T, EHEOFE T (AN, LY
L) O5a L 0 ERENELSERIT, OAGRSE
BLRTHTERRS FINBRL0OE” (625°C—30
Wi ALY S M As—B L T 3.

WolZS, FHHAGEERNTGER 0BG, EEREICHE
DDy FiddH5bH, 625 %X 650°C DHMTE Tl
WAEDIETT A3, AVRERIRE D BINC > TEHFE I 541

AFVVRARMIZ Ty FORESHIEE (~AY - 75 » 7 25ET2ERICONVT) 9
12 T T T
104 —

10% ferrite cladding

Ferrite confents (%)
o
T

5% ferrite cladding

(o] L ! i
[} 20 50 100

Heating time (hr)

Fig. 2. 4 Effect of heating on ferrite contents in aus-
tenitic stainless steel weld metal.

IMAGEd 5B,

(2) 735y FROHERERR

a) RERMIEICEZ 7 =74 FEOEL

Fig. 2.4 |3, /AEBRAWFEICEE 7251 + BOEAL
ERUEADTHE. 7254 FBOWER, FvFE»
57 7y Pl 5~Tmm @B GE2EH) T,
T4 b e =S A=V ERERLTHE 2. 10E,
TR, NHMOEEMNS LHONITNE D ICEETIEILT
%, TWHBCIDBRELHT, BMOHBRINIC L
ZHERLUTHE L. BEDTIIICBTE2 7274+ E
ELT, 5% BLU 10% *EFUCIAEETN -t db D
(7274 =025 -V T3, #hFh, 2.5%,
10.2% TH 3. Ll 5% 7= 74 MELB XU 10%
7274 PETEFR) OONTNOESD, BEEREL
I3 774 PEBOEMIHELUL T 5. 14bH
B, 7234 FEE, 600, 625 1 XU 650°C DNTHD
HTEREEIC BN T &, 20 R % ELIRIC X D 20X
TL, &HEBEMWECENTEOEPHEIIIINEL
Y, i, BNBREOEELLTE, GRICRET
51387 274 FPROBPEIRENT EDDM 5.

b) Bk O RER

Fig. 2.5 (3, 600, 625 %5 & U 650°C D45 LI IR BE IC
20 MR L 722 7 v FREBAICOWT, #UNEBRD R
BRI - i RAER L2 6DTH 3. kDT T (&
BT L) WKHANT, BT @ 0.2% s &
UBIIEV I IBIET 454, 0.2% MAHDERIT T DI
THMINES L, T, BEREEROEREOZEIIED
LT, BIF—EMEENR-TW5E. ERDMIIEDNT
12, 10% 7 = 54 P ET.OHA, 0.2% iiH L BEkOH
MARTH 5% 7= 74 PHTOENICIE, EHERE
MBI EBETHRADOND. WoIT), OUKIKELT
13, 650°C—20 RRBMMIEDEEICNT 7 F MK E W
P, ZOMIE, RERBUEAEABL TS, HELEMLR
EHohii.

c) Vb —HERRER

Fig. 26 %, 77 v FOv » v —FRAFER G
ERIRIE - i) ZRL b DTHh S, HEDE T (h#k
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100 I s T 100
Heoting time:20hr © 2 0 5% ferrite cladding
- ® A WI0O% ferrite cladding 4
g0 Ultimate_tensile_strength 80
5:: ——————— 60 £
E E
N
g 4 8
s
2 g
§ i 40 u(_)J
%)
02"/‘ off-set yield ltre th
20 .2% set yield strength 20
o] o]
As welded 600 625 650
Heating temperature (°C)

Fig. 2.5 Effect of heating on the tensile properties in
austenitic stainless steel weld metal.

WMEIL L) I, WThOBMFEREEICE TS, 20
M BRI & O TR SR T 508, Soick
EEHNFEOESICE, TOROFRED RS IR
VW, i, BEOTI TR, 10% 7= T4 LR
DERED, 5% 7= 74 P ETHEBH ICEXTETS
WA, TAEERBULEIC X AHRECIKTHEER, 5% 7
=74 PRETRRNT XV HETHLI L b2 b. T3
hH, 5% 774 FHI T, HEOT FICHTH
JLFRIC & B BREOIETIZ 20% FEETH B 18, 10% 7
=74 FHLTH, 60% OMAPERLT0S. Bk,
FTHORPEICENTD, v v E—HREDEEHEML
BICX AT RAMOEMERL, HOFRREOEE
Bl ERICHEAT AR, BNEBICXE 751
N DR (Fig, 2.4) EIL USRS X D
I, BERBFICKZ v v v E—EREDIKT M &
7 x 74 M EOMDHHEIHEBEESS D, THREDK
Tid7 294 FPOENMKERRNTETEERL TN A.
(3) Ky FEoOHEERER

a) HUNBIER D HER

Fig. 2.7 iR ¥ MO HUNGIER D BBV R GRERREL :
wiR) A9, 600, 625 % L 650°C DZIRRLIC 20 B
MRET 2 EICE-T, RO E (RAMFEIL)
WCHELT, BRRE, 1BRDMIBIUTOUN, &R
THNETIRLETTICEMBbh3. B8, BEk
MULTREFEL 72 b D1, IR REUhICE VT, BR%E
BETHORY FIBICH/NEEMRAEL, HTICH?
CEMBEING. DT ER, BV FEOEMES, A
BEHHMFIC L DIETL TR CEARTHOEELS
na.

b)  fthey R

600, 625 35 k¥ 650°C DK HILFR R IC 20 MR 15

(kg-m/cm?)

Impact value

JAERI 1236

O 5% ferrite cladding
® 10 % ferrite cladding

12 Heating temp. : 600 °C

-

Heating temp.: 625 °C

1
100
Heating time (hr)

Fig. 2.6 Effect of heating on the V-Charpy impact

{kg/mm? )

Stress

100

80,

o]
As welded

property of austenitic stainless steel weld
metal.

100
| o AD 5% ferrite cladding
| Heafing time : 20hr o | o 109 ferrite cladding -
5 I Ulfimate fensile_strength 80
ity Wi

~ ~N- -

%)

Elongation

600 625
Hegating temperature (°C)

Fig. 2.7 Effect of heating on the tensile properties in

weld bond.
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Taste 2.2 Results of post-weld heat treatment
on the guided side-bend test

Fe;‘:t&:ﬁﬁf"ts Heat treatment | No cracked c:iicnlfe d
| As welded 00
5% 20 hours, 600C | QOO0
0
20 hours, 625C | OOCO
20 hours, 650C | O X X X
As welded OO
10% 20 hours, 600C | OOQO
20 hours, 625C | OCO X
20 hours, 650C X X X X

L, 180" i X2 NS ERBR Z 1770 » o R %
TABLE 2.2 ITRd. 5% BXU10% 7 = 74 P HELWLT
NOBES, BHEOTIICHENTE, K FBREFR
AR LT A, BERIIMRZTIS - 1286, 5%
7294 FHIOHDIE, 600, 625°C ICHNT RIS
WA G LT A, 6500C OBMMIELICE D Ry Fific
XBUMRBEE L. 0olF D, 10% 7= 74 b RTO5A
12, 625°C TETXZMKY FIRIcRELTH D, 650°C
DRMFLTE, By FFICSHD EEMEDONDL KD
I, —ORBK I, Ry N ORAEL o &B
ERL, BICE T ~TWAZENH O M E T -
1z,

2.1.3 ¥ =2

F—ZFFA L« ZF VU RBAS DB OVEREIC
BLIZTHREREMEOBEEL R TS w, MR
DRER, Voo v E—ERRRE KO RBRETE -
foib R, EHABORBTIRICBVT, JLUARM (7
=74 PRIEAESE) BERFOLDICHET I~ RE
XNIIBBRHNED, 77 v FEBIURY FIOE
MOETA S o Tedfk ~&MBERTHE T LN
B & MIcTs - fe.

FThbhb, 77y FBICBNTIY, Fig. 225 IKRL:
LI, BEABMEICE-T0.2% W, BIRDEX
BLUOUREEDNT T (BAQIEIL) T~ TR
T3, FiEkOLIIT, 77 PRI, REF LHMETM

RFVVRET Ty FOBRESHIERE (N » 77 v 72RETIERICOND) 11

ELTEREINTOELA, KD IS EEIIEERT
MIEEN, Lo ) SARBEL JUEEES 2 T &
ZEMOHMMASHAT LT WD T TH R
ASME Boiler and Pressure Vessel Code M #HA &I
DNTDFEAF R, —UDOKENFLRIMEEETHS
T ERBRLTIND., TOHA LY, ASME Boiler and
Pressure Vessel Code, Section I @ AISI 304 % 4 7/
« ATV U AEROEE GRESVNERB X TTIRD i
X)) &7 Ty FIOREE AL L o5 RE TaBLE 2.3 1
ARTH, HBEOCTE, BERAMFIEZELZDOLTH
DEtd, BEELEOREEZTL, RO EEIBREE
HhdDEEZLGNSE. LHLIEHAS, Fig 2.6 51
LML E DI, HHEHRANIEIC X 3 HRMEOIT 3k
HMTHobi, ELI5% 7= 74 FTICH~N, 10%
T2 74 VETOEMBOE LS LETHmERT. E
TR RTHAEE 2LFEO MR 2RI B O THE i
MR &R D, RO S 7 7 v F—BHICEIG
HPFRET BIGAMHT SNDI DT, AMSAEEICH
ZBIDITILZ T v FiBld, CAEDE OESEE L.
ERICHELOEBRENES Y7 274 PEELL
UTIERTETN - A, BERRBICKS L
AT BARE OO THEELLTHSD.

WalZ S, FY FEIZONTIE, MuNERD REBRER
B X OB SAER RS R (Fig. 2.7 5 KU TABLE 2.2) /n 5,
BHRRMBEIC X A O T BEEICIR5 T &R L
T3, XY FIROEECTR, BFpoRs), 1k,
BaEEd 2 0B AIESIC K B EGTREE NITRED <
DIELITE HIEHFENIRICKD, B ROIBEHIC
L PREODT, IRERBTRERE B X ORI
Lw ) BSATEEI-T, BOUFEOEHEITE D B
HH.

S&lg, JPDRENEROE R, 77 v FERL» SR
vV FIRE THUN & B AT B FREMSHRAY ST
5. LEkd-T, BMARETE XUEhichi BIME
HHO UAMICE XIZTEBRRAMEOEMAZLELT
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Fig. 23 IWRLKAE BV THDH, BHMAZERICEL
T3, EJOFBRE 600°C TORMERMOEAICE bR

TABLE 2.3 Tensile strength of weld overlaid cladding.

Minimum yield and tensile strength
. Percent (kg/mm?)
Section I of ASME Boiler and Pressure ferrite a
Vessel Code (1971) T 20 hours 20 hours 20 ho
urs
welded As welded | ¢ g0 at 625C at 650C
S_peciﬁed minimum 21.0 kg/mm? 5% 37.4 20.8 29.7 28.2 -
yield strength (30, 000 psi) 109% 35.0 3.5 30. 4 28.8
Speqiﬁed minimum 52,5 kg/mm? 5% 68.9 57.7 55.2 55.8
tensile strength (75,000 psi) 10% 61.6 - 62.9 62.6 55.3

* Strength of welded joints are equivalent to plate materials.
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Symbol [Heat treatment | K |Cr/Ni [Reference]
A 1350°F x 1.48 1.66
a |73, 181 | 204
A “ 244 | 265
25-‘ o ~ 1.61 | 1.76 |Molone
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As welded 100

Reduction in V-Charpy absorbed energy. AE /E (%)
Fig. 2.8 Reduction of V-Charpy impact absorbed ener-
gy and ferrite contents due to postweld heat
treatment in weld metals.
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Fig. 2.9 Plot of the composition of specimens on Schaeffer’s diagram.
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Fig. 2.10 Decrease of ductility in weld bond as a function of heating time and temperature.

=1.9, Cr/Ni=2.1 &g 2T DS 5 C & Ei5HH FIC X BEMERDIED. LA LRSS, EHEL0 Y v v

LTHEk. Bk, THEHCENMEOERELTIO - e (=734 X)) HRTE, 9% 774
5 2 — 2 2T 51, 5% OICHRITT 0B FPOHD (@F, 7254« =0 245 =Y TIE10.2%
MPdbDEFEZIOLNS. TH5)ThH, PROEHERMEAMSMETLTHS. Lizcdis

Fig. 2.9 13, Schaeffler DIKEIN AR LbDTHS.  THHKD 10% 7= 74 PRUFEWDODNTNE T = 74
FM» S Malone OFSRTIE, 10% 7274 FILF F O LM, Schaefler ORKIXICHT < & &3, &b
OHOI, Fg 2.8 &IOS KD I BERML KAWL 5T, 7.59% FULE ERERE LT



u TPDR 15378 55 DM e A b 0 3l

WHER LT 20ERSI b0 Mbhb. ik, 7.5%
EVDECER, TOMESO R OBERERTI}O 7 «
FAPEF 2 9o ZWWELAVSNTNAS T 274 b o 4
V4 — R EER UL DTH S.
(2) Ry FROBERBLECLBZERDETICO
T
ARy B OBk D BB (Fig. 2. 6) 35 X Uil
O B R (TaBLe 2.2) 05, & IC, IREEHREVILELIC
FBEEDIET BB LU ERWIS I - T
COFRY FHOEWETIL MMrOWB O RESR
(779 F#) ~DIREDHHICLBEDTHST &,
PEk DL ¥ o THWH LN TH S A, Christof-
fel X Curran'® 3, 2 DOMEHCDNT, KFvF
IO ERIE B X CRRMOEO R I L ORISIKEREIC
DT L, RRZERBL
P=—-K/T+logt
K:e¥% T:
: F5RA Chr)
2'/,Cr-Mo ﬂfTﬁj&: AISI 347 24 7 « 257 v L ZB DY
&Hlizid, K=35000(CR) OE&LIE50, KEREZTD
FTEEHOCOBBICHIAL, Mg REE X OISR
DREODOICELUTEEL 125 D% Fig. 2. 10 1TRT.
RE»SHOPEE DI, ODUOETERMTRRICE
JEENOREER, SRS, BiE, BREEZE
WHEMBMET T3 EER LTS, Uik, Ky

.} (CRankine)

FEICKESBMBERAEZ 20T, WEERARREL
TRPBHDEVTLHNBDTHFATNE D, KV FIEOHE

HHMESEE UTHATIE, RERICENTE 625C
—20 WS DI TR OB ERAMENREI LN EE L 5
N %. ASME Boiler and Pressure Vessel Code, Section
I, Nuclear Vessels (2B Tit, EAESMMRERTFIC
DINT 1,100°F (693°C) Ll LA EREIE A G 1.4 5
LHRBEL TV AN, REBMRNLO 2D XD
I, ¥51C, AEEMWERED LRERET 5 LE
HHD.

214 F & 0B

ZF YL R D IEBROMEEICE JIZ IR R
WD EBE RS 5 2w, 600, 625 1 X1 650°C ICH
T 20~100 RERTO AULTRZ M L, BuhuiEky KBk, v
vV E =R B Z OIS S BR AT IS, LIT Of
FTR o

(1) BHO3IEYHEICE XIZTRBERANEDFE
BT, BELAZBHONED. £, BHMARETL X
URPHEBICET 2 v v v E-BHERBRICBNTH,
MO U AMEDIKT A, 625°C SlbicBWnTHID
FHONLH, EEBOULAMOETR, S, ERHE
(650°C—100 i) DEFEEROTIREASETERS
AN

JAERI 1236

(2) 77y FEOLERY WHICE X3 T IAKR
O MW, BB TIREL. LML, Yere—
14 SRERIC 3500 T, 600, 625 %5 & 0 650°C Do
HRIEICEOT b, 20 KR o> (A IC & O 200 iy
BASFL, & OIC ISR AR BT X O 1575 (8 13 05 0
T5. %1, 5% 7274 P ETICEN, 10% 7 2 T4
FHETOT D, CAMDETENL LS L.

(3) RV FBOGIRLEE, LIKCOTDIETIR
R AL ER, BT 3E0nb s L.
Tz il RBRIC BT 2 M ORI, kBT T B &
U 600°C DEULER TIZA D SN, 625°C it T
1310% 7 = 74 FRETOERICEAED Sttt 650°C
DBWETIE, 5% BXK10% 7 =254 P LONS
NOYAS, BEAETRTITDONTEED BN A
St

(4) PO EEBOBREICE X2 TAERENI O
MEEELT, 759 FBOUARDBETELOEYF
MOTHARTAEF OB, ThdORBEICHT 2
3, BRANOBZSBWOEMET, 7254 FBODK
DR D RS L2170, 183~ KE, SO’
BRI E T KBRS B.

2.2 BRERBNBICIIARDRE
MOHREL{EOEHR

ATV VAT Ty FOEBHRBENREETIC K 2 HEE
FENEHSICT S 70w, SEREHBBEREE XL
TiTlate. @E, A —RTFFA4 b « 2577 L AHHEE
SRR, A—ZXFFAPHICI 7254 PDFEIBL T2
HWwd 2L THS. COLH 2 HEMLEBILEL
WEEHE, MIRELTIT7I94 P E2RNIE, K
ROREENEILT S ENENTD 548, AERN
W, HECEREBRTEMNEMEAT LK, FEE
SROUAMMBBET T2 EMMEEE LTHY BT S
N, FHOOMICHE OO 2220 pfT I h T
W3, INo—ilDOPRIc kY, BWAETHEH, 7274 L
MEOY 7 =HH S 0IERMCHDIIRIC LD U A
TI2E0OHDNTHE. LrLEMNDS, chdONilid
& LA FoBEED T — Fh LR Ry
BOOMBBIRTH Y, Fx O 6 EIBEEIC X 3 EmDOL
B, WiEE — KRBT AT, S ORFREER
EME 5T B, LMo, 725y FEICELTIE, 32
7 a AR E WA E T ICB T A1 ie — FOBGEN S
MICT BT EERANE UL

WolZD, RV FEOEGR, HEARWEZBIL
el &, REBOEESBEBMORERT Vv » vOH
BICXD, REDSEBMMLOZ 79 FEABHL, 9HMT
iR, 77 v FRITBRBBCH, BROMEICEEL

BXIZFT LR, WHOUIZES P OW SN TH S0,



JAERI 1236 2.

AT, XfwA4 270 T7TFIFAF—ICLDLETLH
A, 7 a USRI SIc XD, RERBWTRERDR B
S ORI & R v FIEOWEMICEF U TRRZ{TE - 7.

R &

AT A O FoRERNZ, BUAE, Sk RG-S o [
WRMME LTIES s T, JIS G 3120 SQV
2A 8 (ASTM A533 Grade B, Class 1 #1¥) T&
D, L 30mm O bOEFRN. PKDIAEE, 1M
H 309L Wlskt, 2RAIR 308L Mok (0.5%
50 mm) AN H T —Y « T2 IEBICEDTE
fo. WERDIEBEGREO 7 = 74 P &3, SRR
THEELT, BREOTIICBENTS5% LU 10% 2
filLtz. 7254 b s =02 —VOWERKRTRE, £
NEN, 5.2% Bkt 10.2% TH Y, LITICBWLT 5%
T34 PHLEBXT 10% 7274 biETEFES
RO SY, IKESEEE ST, 2.1 KELRLTHS.

Fh DL UTELEL - RBHIC, 600, 625 5 X
¥ 650°C D BRI T 20~100 HERE D i B2 1% B TE % L
Ltctk, RERFEZRL, BrhERD EE, Yy v —
TERER (=794 ), Wiy REZ {7120, RE
DIRB OB L BRIC OV TI], 2.1 1Kl
L.

2.2 KHBEWNTIE, ChHORERRKEMNNT, X¥
B EUETFYIMEC X B HBBIEK v v R
Ko< A4sn 732057 4—, BTFHETIC
LA BORE, Xifv /0 TFF74FICEELE
v RO L EITTHR AT B X OB NE S REZLTE -
foo ed, AURICHER L oS RRE TN, EAR
WIS LUOXeA4 0 - TFIAFE, ENE
, JSM-U3, HU-11 ks EMX-2 T& 5.

2.2.2 EBRERELUVEER

21 EHEVTI, #A—RFF4 b « 27V L 2R
VIR ORI E XIZTINEGAUT O Z R
B, WHEDEESE K77 v FiELT.), B
K (UTFRY FiEald) BXURMICELT, 600,
625 15 & ¥ 650°C O %I ic 20~100 WSRO A B
M AERT L, ¥y v E—HPRRE (=T 1 X)),
W GIR YD R s X O R ER A L 2. o0
FERERAUNTL L, DEDLEDTHS.

a) MR, BRME, jhROBEEITCOURE
OYIROWEICH LT, IAEGRANIEE, BWEOI I
(RBIET L) TN, BEAEEE LI
X, T, HRBREBRICELTS, S, EHEME
(650°C-100 Mfuum) OBAEBR VT, UAMDIET
RERICBOTIL DL TH 5.

b) 735 v FIOBUNIERDAERTE, WHEDOEEIC
HART, BERAWEBEHTCEICK-T, ML XY

2.2.1

RFVVREYI Ty FOBREHMRE (NY 75 » 72FLET 2ERICONVTO) 15

EMMEFET T2 0N ED, AUFRICK T 5 RUP5
iz T3, ASME Boiler and Pressure Vessel
Code, Section I, Nuclear Vessels O %)) & Wik
LTh, LuwdBAMRBREE @A LTHS. LipL
1EMD, ¥ v E—liRER T 600, 625 %5 L1 650°C
DWFNDRIEICEINT b, 20 WRIRTEO I Btk AL
Tk, BEOTIITEANERELACETL, &5
WCEREIOMARETHIET 5. &0 3% 72741
FHITED 10% 7254 PHTON R, KFHEIEHN
HLLALW., T, 7294 SOBEBERBMTEICKS
AT, EPREOMKTF U EHPL TH B & BIER
na.

c) FYFHTH, KERMUMEIHT LXK -
T, BUNIERDRENCE T 30 UOKET B oMty R
Eric B 5 ENORAR, HMMFRERGRBICON
THHELBULLS. ik, IEROARICEVT, B
BREMEBAEHBLL cbDODRPAE, BREBE, ek
MEIGET A BETHNSRE LT L, Fi, i
RRICBIDENORELEEZ HhEDE, LK
v FIOEMDIKT A& E 12 5.

VI EOHRERBR LD, REDIFEBOMRRICBXIZT
RERBIPOEEBLE LT, 77 9 FIRO LAMDET
(E1C10% 7 =54 FBELOES) BXURY FIHBD
THEDIET A, HIET~EMEREBECEBHL,E
ot TEIC, HHE, 6 7274 FORE(LERED
Mudind s E3WATHD, choOBERICDNT
YT TEEMEENEEEInZ, Hieghsis
LR LU .

(1) 459y FROI/nAKE BERRUEICLS

CAEDET

IBBERANFIICKE 7 7 v FEO UAMOIETIE, i
WUtk DiE, 10% 7274 blELOKND, 6% 7 7
A VBT EOHETH-720OT, 7 ofihd HEiE
TieBF T — FERidd 5w, HiE 0% 7 =
I 4 b)) ALt

Fig. 211 13, WEBOEEZ 7 FinhiL 7Y A (2 B
FIRF 9wl —h =R LT Y h) O Wi %
BRLIEDTHY, WIFNGE 2RHMAOHEEE LT
5. Fig. 2211 (a) OBREEOFE (BRAMAELL) Ob
DT, 0 7254 FIRwohliEE L, kY
BB ONIED. L LIEAS, MERAMEOHE L
TA: L7 650°C-100 Wi oo B4 (Fig. 2.11 (b)) iCid,
0 7294 PHICE-T, HritPasiFicin o s.
NE, AERESLSGLEIMNEOHEED F DML
TR, TLLEOH MM 0 7254 bHICE-TH
WOoNBILEMFLTEHL.

ISP REOBIEREREETES 1o, FBIR
BLUB2RBALEDE L 7HIE(Scc K, 1g €7 Y
VER, 100cc Taoa—n) ICEBHHLLV Y AEFIE -



%6 JPDR JEIy 585 DR 42 2k o0 il

(a) As welded

(b) Heated for 100 hours at 650C

Fig. 2.11 Electron micrograph of weld deposited clad-
ding. (< 3,500)
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(a) Ist layer as welded

(b) 2nd layer as welded

(c¢) 2nd layer heated for 100 hours at 650°C

Fig. 2.12 Extraction replica of weld deposited clad-
ding. (¢ 6,000)
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Fig. 2.13 Relation between the shape of precipitated
carbide and temperature at grain boundary.
(Stickler and Vincker, 1961)

(a) As welded

i0 M

(b) Heated for 100 hours at 650C

Fig. 2.14 Microfractograph of V-Charpy impact test
specimen. (< 2,000)
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(b) Heated for 100 hours at 650°C

Fig. 2.15 Scanning electron micrograph of weld de-
posited cladding, extracted structure.
(x 3,000)
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BOBEESIE (77 9 P CUBGEDSNE. D
TNT A MR, RO BRI EIHIC X > THR

(b) Heated for 100 hours at 650C
Fig. 2.16 Electron micrograph of weld bond. (x 2, 000)
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THbHZ LI, Schaeffler MR SHEEICH TN
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HHoNE0, HHLVERMAHSHTHL TS &bk
5.Cﬂﬁwﬁbk&5c B2EE DA EDORIT, B
BHAESTTLELELOTHAD. Fig.2.12(b) I
{GEHI & LT 650°C-100 B DA R AMB A ML 1o R
YV FBOMEAE RS, BEOTIOLFCEDONI
NFVHAPREXSEINT, NIORIRRIEHD U

LU MA LGNS, BExd & LRAYOREIR
R e dERHTE - 1o

Fig. 2.17 (3, 650°C-50 KO AHEEHMBE L L 72
LOOKEHHEMBETH S, FrbobhrdiHKK
Hﬁmbﬁ7yFm«m$ﬁ@@L,é&@ﬁ%&éh
T3, kAR, 79, MEPL4A—2F7F 4 FRARS
B0 T T4 MICESTRHAERL, ¥6iC, 2D
WADPOA —ZATF 4 PHANLEET S 7 0 & 255500
ThdEBEhNs.

Fig. 2.18 {Z13, UMM SEHC X B K v ¥ HUiEDORE
SHMiERT. AEROLAE, F8mcks i 27910
HEIZERDZBPNTR TS LR LTS, B
BEWEAEBTCEICED, 77y FIZBOLTBIR, &
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Fig. 2.17 Carbon migration in weld bond.
(Heated for 50 hours at 650C, : 400)
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Fig. 2.18 Micro hardness traverse of dissimilar weld
specimen.
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219 (a) EEPFEOFIDOLDOTH D, AKX (b) i
650°C-50 NERIBAUFEDRREZRL, LWINd 5% 7 =
FAMEIOHDTHL. RE»SN oI X 51T,
Ni, Cr, Si, Mn, Mo RAHHHMILE T12- T,
HWHEOEE (REUFEERL) EHRTREALZDHT
WEEPD O, i, BEOFFICENT, Cr i
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Fig. 2.19 Concentration distribution of C, Si, Mn, Ni,
Cr and Mo in overlay weldment.
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fee T VYA MIREDBEMICDONTIIE, WGENRE LN
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577 v FHli~NBHL, REAREZELTED, TOE
20.1mmIRJESE TIEM->THB T Ebh3b. 118,
THMTORBIEE, A~ 0.05mm BEEEL»MZ+ +
v S LTOIRRN Iy, WHEREMETERD SN0
D &b s, (650°C-50 WA DA, MU NE X
WESERTIE, 0.1mm PREORRIETHS.) i, C
DRFEDIKIL, HHWEMO EPMA a7 4 —uhp
Sbbrd ko1, e 7 v FORIIIEREF v
e WOMMEICE D, WA up hill diffusion & 15 -5
T3,

O, BMPrS Ty FUANORKIEEIC & B I
LDy D B g A EPMA (IC k- Tkw, Fv Fif
O MY RS R B J UMM RO R T 20U
X RIELL -5 B A Rig. 2.20 ICRT. 1535, €5 &
— %13, Christoffel # X ¢¥ Curran®” %3, ffix D RIG¢
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Fig. 2.20 Change of the distance of carbon migration
and ductility of weld bond as a function of
time and temperature.
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BISER Y FIBOBRE LOBRRBOEAEE S X OIE
FHREHIC DWTRITL, 2BLcbOTHS. 2Y/,Cr-
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K=35000 CR) Thy, cOBEMOTEELL. [
Mo, i, RRERE, REBHEIIHEML, —
7, DURIETL, Ml RBRICENTE, Ky FBiC
FNMRET S, F8bL, REBHEIELRY FEOD
EHEDET I, SBEHEASH L EMbhrd. Tk,
By RBRICE T 2 EN0E, REBEEZID/ T Y F 050
By ONAZINED, —ii 0.12mm [l 1iciss &
BRELPLTE-TNBEITHS. LikhsT, 2.1
Tilfo kDI, IEHREHNIEIIIL S~ KR, EEH
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A—RATFA b« ZF VL AMAKD RERIZ, Bl
BRAMMICE T, 77 v FISOCANDETERYF
WOEUDETHEEELLEH, chdOMiesLER
ZHEMCT B, 470 TF30 557 4 —,
EFHMEL JUBETH MK, EPMA (X~
IR «TFITAY) CEBEBELESNBEETE - 12
R, SEOXSUEEHRMNZ LN

1) HEQCIZFOZ 79 FEIZ, BEASHTHRE
HHoNT, Ve VE=RIEIE, Fyq T ez —vD
TEHBIENABSTH DM, LMK, vy s+ x
VT4 e RV ORREHEMBAET S, cOmy 2 F
PUF 4 R~ VOWMSREIMETHAD, E2FEE
BT ABOBERICKD M,C, Bt#hhs, 8 723
APCES>THRUATZDICH L LEDTHS.

2) RERMLEBAKLZ 5y FiBid, 6§ 7254
MICZE DR ZARD FRD M, C, IRIH DB L
SULIHAED O, Yy vE—RITNHE O RER
3, KBAPKABEETHY, BEABLBICXZ LA
PEDIETFE, 6 7274 MICE->TIFEBLE MG, B°
ke 6 7274 PO R E, XRMBEETLI LI
L 3.

3 Ky FRICBONTE, BERALELET LK
X0, NS 2 7y FRNRERBEL, HHRTHR
KR, 77 v FMTBIRESED SN, 77 v P
DRFOB#HIZ, TUHA—ZFF4 PRSIV 6
7274 MCESTHEEHL, 20TH—2FF 4 b
HWALEET S e 2 BXENTH L EBEbNh 3. &
7o, IRERENEAKBL TS, HEOZT T EHIKRLT,
Ni, Cr, Mn, Si, Mo BA7REDSIZE A END ST,
B, BEAEHED7 7y FANCENT, FEOTIOD
LDOTIE, =T VT4 FBEBH ORI

4) IFERBFEICE L IREDT T 5 FihAOB
WIC L ZBIRBOERE A Y FITOEMER, *BEHEA
bb. ThbL, GiE, ENEESEREBIEIIIAE
3D, TNICE B> TRY FFOEEMETT 3. L
e T, BANER, ENHOBERRLEE, T
HETORPSBRT A EMTFE L.

CNOEDRAFY VAT T 9 FIRDBENEROER
{3, JPDRIEARBYZ 79 FIEDA~T o 75 v 7 DFEL
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3. BRMNEEICELDISy FXHEHDODEARBICRIEBTER

3.1 BMEEICDOOTORKRE

JPDR JEJPESEMIE LRUC BT 490 12 458 B s )
W BB ASHT . SN T2 0T, A302B Sk N Es
WM NRIMUTEXAD, ZAFYVRE7 7 v Fito0n

Tid 600~650°C DR |ETHESE L 7200 T2 DEHRIIAA
5T, % 20kg/mm® OERISIMEET D EELON
5. TOEERT VU ABORKRIG LT ENE S
Thb. 77y FIEEHTIRICE O THEIEL 2280 K
i, TS QIR N DOMENAC AT 5 LRI M S 8
BETACEREELLE, 33E T 9 FRIKERBELY
HLERBETH-IEEZ NS,

WIC, TDEHICLTZ Ty FIBICRAE L fo & U0
A302B SARMI~ERE S 2 W DO TRET LIsy
AR GANCR AN

A302B MRIAANCIIBRIRR X D 10% RE DKM G
HPELET D EHEINS D, NEICXBARMBHICH
B3NN WETH ZDT, im0 TR, #
BINEZ I3 EBFNEMEICODNTOAEE T NIE &
V.

CCTHENESRDS - &L WHRHED &L OIRHMER
WAEBIRO , AV THDDT, FEIERHOISIIRITICH
FLTHFETECEET D, L LBERAICEWERY
XD 5T JPDR-1 IS RTOIREE GRiFED:
B2 E D DFIIREE) £ 95, WERICEVTRE
By E 1037 BRIC X B3RS DIINTE & D JET) S8
A 2T H & H3, CAUCDOTIEBE LT

.

1, B2 Ao IETTC > Tid, ASME o -
I Section Il (1968) W) It F A5 C &1C
Utehs, FifiCat 32 G s RO o2 Wlid 2 1)
HEBOTHOMTTFNL EFEZRIE SR E
DSHIRINCHE Uz, $713hB. IIL EE T
Sec. TN O fHTFNEA 3.1 LA, JPDR FELEBD /
Xt Sec. VI T&REFEN-&DTH-T, Sec. M D
@ﬁf*bbﬂ%«%ﬁﬂ“#ﬁﬂ%%% CREEE

BRERICE > THTLERDOENTOROLLEENRSD,
Sec. VIl THIHINAE D% Sec. Il THMT B &1E%
BFREMRHB. UL LEBERE Xvh Sec. l DRE
I ANMICHST B ESI IOV TRHRZ —F N-450 ¥
LU App. 1-6 I X VRET U ke, RIZEORMEML
LTWBELTELDPAZBNWIEBPELPEN - 2.

R/ XD ISR DR E 135 B EIE B mE O
HTRD DG E HILBHEFRMNER L 7o 2 — FKERR
KB 3 ZVvONEDIBEHMEME S EICTEEAT
RISHEBEFTR-TL 3. CCTRENFNDOHER
i kRIS T s T Lic L.

FRRERIEHEZ D HE0NEEIC DN T,
TABLE 3.1 D& {HE4 & DS 588 FEE To JPDR
OB OFERBRICBNTRYI 74 « B4V L EOR
FRMFE L TORNC &, FANERE TIORBEO
BEF 2 v 7 BHY, FRCEVWTHRAEARLLLIC
123 AREM DD &M D 65.5kg/em? G % Ik J7 iR
WDHENELE Uk,

CDOWHENEE & LITIEIIERD v VOGRS

TasLe 3.1 Internal pressure in JPDR pressure vessel (kg/cm® G)
Operating Operating First by pass | Alarm Scrum Emergent condenser | First safety Design
conditions pressure circuit valve signal point operated valve open pressure
Internal
pressure 61.5 62.5 l 65.0 65.5 69.0 75.5 77.3

TABLE 3.2 Maximum stress intensity of the ouside nozzle, Sy, (kg/mm?)

1 Calculated value Experimental value
Membrane stress intensity ] 10.5 ( 9.78)
- Maximum membrane stress o
intensity outside nozzle ‘ 12.3 (11.8 ) 1.7 (11.0)
) Value calculated based on the experimental
Sec. T, 1610 results in pressure testing.

Values in parentheses is based on the internal pressure of 61.5kg/cm® G.
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ZROEBD EDI-
S= P_@%ﬂl:w. 5kg/mm?

p=0.655kg/mm?, 2R;=2083mm, ¢=67mm
T TRARICEZEEF IS RNENDTIEL T
M S ekt RO & & < IR AEFE & A
T LT, v O AU D B K i ) B & % TABLE
3.2 ICHRT.

REEDO RS X S=10.5kg/mm? i3 RIS R X
S,=18.7mm* (26700psi) XU | /MEWNETHD (G
H REBRHEAICE T BI57), 12.4/mm?) TR 5%
LB ->TaHBINd Sy ICHLUTHHMEWETH
3.)

WL/ AVAMIC BT 2ERIBIR S Z R 5 &,
TABLE 3.3 O XD A, RIGHERPBEIGH®RE Py
=Sy; L LTHMTSE P, i3 1.5S, (28.1kg/mm?)
BLATRESBOLCTERIE >TSS, BRI EHIR
EECZTVS @I LEREFAELZ S LICLRTNE
ROBOOTESICAFENS). THE Sy 2 Pp Ik
BROHBEZEZDBCEICGERNTEIDTH > TEBRICIE Sws
DT IEHRDZEEATE D, COMTIEARSIE 2K
IBHIECSKEINEDT, Sy=Pb+Q & LTHMETZD
BRUTH L. D& xHFEKNIE 3S,=56.2kg/mm?
ThHEHho, Sy BTHENETHS. LrLENL,
QEANTHMT 2 HAMSTEEISLELELOND
A5, Y B X ABUEEIT 0.3kg/mm? LIFTH 3 &
HbNBADOT 56.2kg/mm? 2233 LIFTETHELDL
NIz (COBAOFMITEESLH THEIET 5 DAL
THdpd, SOICHFETME D).

3.2 #|MEUREICDOVWTORE

BANIBHBES A =7 5N E UTEBFITZL785.
©— 7 e 3 A RMEEGTINT &I -
TWADOTE—75/{#IZ TABLE 3.4 DT ELEZ D
TEMTED. THEUBRpEERE UTHEST LY

JAERI 1236

TABLE 3.3 Maximum stress intensity of the inside
nozzle, Sy; (kg/mm?)

Calculated Experimental value

value ; ’ -
Maximum stress | 34,6 32.2 l 24.3
intensity

Sec. I 1-610

TaBLe 3.4 Critical cyclic number in case of
repeated loading

Experimental
Calculated | value

value 1 1 I
Peak stress (kg/mm?) 325 | 30.2 ' 25.0
3 1,600 2,000 | 3,600
et . 700 850 | 1,100

atigue strengt

reduction factor, Ky 5 370 440 820
6 240 300 480
7 170 200 300

LOXH R DR K,y % 3~T LELT, REHK
BUEERDB EEEDOKSICIES.

ASME 3 — F; Sec. T N412(P) TIIFEY I
BEITEE L e DT, EBELEKLTED
TNAD, TOMOEET —2 DILNEHICOHOTITHE
RIBNEPERELI L AT T HTWVAE. TN
415.3 TREFRERDBEIIS L EE 2 LBV E
LTWh3h, TOESEERORMBEIRERL T EMIPRL
THb. vhbb, TRROKFCOPNTIZS LI EDORE
FREROHREE L SRIEE LI,

UL LIEMNE7 5y FIICRAE L xR izzotiRe
77y FIBAEREE X Y N—=TRIENC L EZEFT NI,
WhHWYEa— FTHRELLEBROKEIIELD, K
FRERDRBEODUN S DV E B TE S, C KR
Ick S pictziud JPDR EHERDH@IRA-E
BERBEZEHT L LTS,

TABtE 3.5 Crack growth due to repeated loading

e Crack growth
(I}ucmylﬁé N _— Depth (mm) Increment (mm) ‘ Length (mm) Increment (mm) o
150 7.3 0.3 62.6 2.6
250 7.5 0.5 64.2 4.2
TABLE 3.6 Crack growth in water due to repeated loading
— Crack growth
oNfu‘I:I;’l::?; N o Depth (mm) ’ Increment (mm) | length (2/)(mm) ’ Increment (TI,I{,)__-
150 7.94 0.94 69.0 9.0
250 8.64 1.64 74.2 14.2
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—Jj, TABLE 3.4 TWISMIL X 51T, WHRERDE
BT EOARELBOERETIUL (TOEIRTNE
HOBE TSV ¢ THEEMO JPDR OMENCI3
AT S O & BB B, KT Gy pic 2,000 [l
DRGE LICTZ 5 T 2% RIES 5 fedicid, BHRE
BIRHEM 3 LN TH D T & EBRIICHER LIRSS
5.

3.3 BhEHOEREAREREIC
DT OKRE

3.3.1 ZBERICOVWTOHE

EX Tmm, ¥ 60mm O XHIMEH L~ 32ke/
mm?* (/ XAWED E— 7 J57) K810 2 LR RED &
BORRE R, BREFICEINMEDRS HHE T
wUfe.

SROARICH T BHAERRIKRKAET 5.

K(N—N,)/N,;=log I, —logl, (1)
AL

dl, K

AN TN (2
T

Ny il U
l: ¥EXD 1/2 K :E¥
(b) (2) Rk Bat5D 1w, JsHL -~ 32kg/
mm* DERAERD B &,

N, &RFRABELH

_ e _ 32 _
F‘_T_Qfo’()()—o' 0015 mm/mm
E:xvy#H

Bk T BIES A4 2 VENRRTROT S =00
04 mm/mm OREK RN DM, TNXD/HEN T
BEBRLTOROLOT, COF—2ZHFICHERT 5.
FHbhb, 0.0015 mm/mm O 2.7 DO FARHEOTF
— 2% WRT 5.

LDF =TI,

N;=33,000, N,=33,000x0.11=3,630 (i)
1,=0.5mm GREAF OYK B E), K=4.04

ENRB.

zhickb

K/N,;=1.22x10""*

CofEE (2) NICANT,

di, _ :
fl-ﬁ_l 22x10°41,

N=150 k¥ 250 (HiTpi%eHEERMNRETL
PSR USRI KXV T 5 L, ®BE Tmm, E&
60mm D X% TABLE 3.5 D& BYITEETS.

e X ANnEFAEIE A302B SOV THR A 7 —
KOV TEI A B A 172 - o Crooker 5% D7 — 2%
oD, FRICENELOT A E B & NE
HTREINTVBEDT, OFAEH~E 0.004mm/mm

mm/cycle

v ¥ S HOENEBICRIZTEY 2

ELTEHRERER WA E, KPTREX DD IRIZ
2.7 (B35,
Wit (2) 3K,

dl, _ K,
dN "N,

ICBNT, % K/N, i3 1.22x107/cycle Td b h
SRLEMCHE -T3%35 &,

dl, _ 4
=3.66x 107,

Wb, Lichs-T

3.66x10"* N=logl, —logl,
COREMOTEBIOEREZERT 5 & KD TIE TAsLe
3.6 DXHICIL5B.

3.3 2 AREWBRRZHUKZICOVLTO
FE

B yikaEELE 0B RICkD, UKAEA.
- TITR b R FREBIHRICKD, A&
ERMICE MR SRR I ERI L.

AEH03 AHSB(S) R149 “The Effect of Material
Properties and Component Geometry on Fracture Be-
havior” OJTI]T*'IE"%%@%%K%&H? L 7.

2w 1)+ I,

T,
fo: MGERD 7 =754, psi
fu BBRHMOGIEES, psi
O BEMO Y » v —{H, ft-lbs
D : BZROFEHE, in
L ¥BR3D, 1/2

¢f/z

a, K : FHRHER
INODMEIERE LTIRD L5 ISEER
fz.

fu : 60.0kg/mm? =85, 320 psi
JPDR JE AR I v — b L ORD -8
(a = i) oglilkisk SV IEE B & |
Ml GE L TEA L T2
MBI IRIC & B BRI 200,

fov: CERMOBKIRE) =46.0 kg/mm*=65, 412

TasLe 3.7 Critical crack length by calculation

f Critical crack length
g (2!mm)

i
Assumed Hoop stress, | a
pressure (kg/mm?) 2.4 3.4
1 P* 10.5 554 426
1.25P 13.1 438 330
1.5 P 15.8 352 264
2 P 21 244 182

* P : Operating pressure
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JPDR JEJEENEZ AU 1.
psi
D=2083mm=_82in
¢=45ft » 1bs
/X B MO iR A
B Zh R H R T
K =46

AHSB (S) P149 #4; Fig. 10 X bk .

a=2.4, 3.4
& 4% Fig. 7a, b LRkt
fo=10. 5kg/mm?=14, 931 psi
MALE NS E VLT By v 7 — 7 i Js 10.5kg/
mm® R L fe.
54T a =2.5, 3.5 IZDOWT. Mzt HO 1,
L25, 15 2 fio#f x>0 TR EUES @
TABLE 3.7 DX HIT KD SALE.
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AR OFERE I U TR R LT T &K
MTHs. bbb, WHETERB—DKEIELETD
Wicid, FORKENERESERINTINERES
s, TORLEEL THDAERICIIEDRARMED A
KoY, WHAREMATESSEEREREFTLT L

25

INIRBRFICRBBHERTEY M 7 IILENER

R A

SemitkikEr (2, JPDR JLHZBHBRO EEARICEELT
WBEHD 7 T v 2 10T D= >OMAERFHZ BN
BIHIc, TILOY M E F AR RO TRBRETIE -
7z.

41.2 & B K

FARBICHELUTHBERD Y 7 v 7 &, &<HUL
7IROGIR &% BT 5N ZN 135 & I3AHHE
BOT, £&UTHED 3RFD S5 HDIEH7 DR
EMAT O ODRA I DNTOEEETH D 12HD
RER T ZBEL 72,
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Fig. 4.1 Specimen for photoelastic experiment. (No. 1)
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Fig. 4.2 Specimen for photoelastic experiment. (No. 2)
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Fig. 4.3 Specimen for photoelastic experiment. (No. 3)

Fig 4.1 {218 2mm, ZEX 6mm k)4

NHAR 1mm QUK &% LD BT T, Fig 4.2

B XU Fig. 4.3 |3 Fig. 4.1

LR—DYIX &% M2,

PROE » Fhzheh 5mm L0 10 mm & L7l
AOREF AT, COMICE y FA 7.5mm & Lt
B a®fELt. o0 R4 ~NTHIE6mm »
=R B ST L F.

4. 1.3 A BB B

Fig. 4.4, 4.5 B X 0" 4.6 (3. Fig. 4.1, 4.2 X
4.3 TR U GRER IR T E LT, P=T0kg %Nz
P& FICUIOERMEENTH S, FHOHTOKFER
FIREE TR T MK 2RO RBDAICER T2 & Fig.
4.4 DUR & VEDOE A IAMEERL, 10 RO

Specimen (No. 1)
P=70kg

Fig. 4.4 Fringe pattern, (P= 0 mm)

Specimen (No. 2)
P=T70 kg

Fig. 4.5 Fringe pattern. (P= 5mm)



JAERI 1236 4.

INTERER) T X D Bk KOS 4 7 v IEARER 27

Specimen (No. 3)
P-=70 kg

Fig. 4.6 Fringe pattern. (P=10 mm)

WAL LTI D A, Fig 4.5 DYIX & 3MTE v F5
mm OIGAICHE, SRR & TH 8 ROFHRHEE L ->T
WA, RIC, Fig. 4.5 O F 10mm D3T3
IR & THI 8.5 IRDFGRBMB b TIN5, YIRE3
BOWAIIT, R &4 UT0 3 R BT T O
iR & OEEA ST, HROFHREEID S 2~ 30
BLbHohbhTnWaT Enbhb.

LT AT, TODOFRBIIRBF OWHICHIT 22
BOTFiIT, MPEYZMUTIEROWEENZL A &
Kk aTHELLEDTHS. LichisT, RET O
MICE—TBROUIXE DS DA T &, 200D
BT HERERELTHWADT, JRDINEOARIC L D
KEAGD DI LT 203855,

Fig. 4.7 12V & 1 HADEAD Fig. 4.4 OF T H»
SRENT QM (x 5D 5 K UK & B o Miniic
RS Cy ) T - R D i ARm Lo b D
THLH. METROREDEZATENRELD, YR
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Fig. 4.7 Stress distribution on a tensile load (P=70kg)
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Fig. 4.8 Comparison of stress concentration factors.



28 JPDR EHAEEDHELAVED TG

07

//

/
4
/|
/
7/
//
/

0.5 A ’/

’
/
ﬁ\ Experimental
/ value

7 -
/ Corrected

// value
K d

0_6 b -

0.4

T kg/mm2

0.3

Stress

o2
/ /

»

/|

0.1 //

/
o 1 2 3 4 5

Fringe order

Fig. 4.9 Relation between fringe pattern and stress.

TGS, OB OV TOM» SHEL TIRIFTNY
MRLEDLNS., IO OEREIIETTH~ g fuf H
k> THURBREAE L CEIRE-TRHIFLT
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PDEORBERD S, WRITRONIEUOERE 12
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7o T DEFR D JE I AR A D E AT R TIEFICK &
cEE, ZHEDEDUIREDHBEGRIIZOE v Fhlk
BR/NE O E, HEFBICX- TR REMSHh, UKk
1M@ED BEHERRRIRDTE0, v F Ak
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5 ELRBNMETHB.
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TMA 302B E) 13, DM GRE 67mm) 3
Tied, HICRMEORBEORED b 0% & L
7z. JPDR [ENAERMTHER LD SELFBL TS
red, LG, K, BBERE—-HL Tz,

TABLE 4.1 [Z¥r/cicBlad U 7o (RE 20 5 X 08 50
mm) DO Iny—tARY. % ARBRAF & JPDR 5
BHRBWDVER DB L OBROMEDENERE LT
TABLE 4.2 B L) 4.3 [TRT.

4.2. 2 HBIEO/ Sy FET
REWD 7 7 v FOIHICHER L IEEMR B X U5
BRI, JPDR EARBROMEEHEHELTHEREL
1. FD S5y FRTAML TABLE 44D EBDTH 5.
INSOLEMEDIED, WOBHICO>HTHEL .
1) BROEFAEBSLS 120, &S 80mm, HFE
12mm MO 2 75 IS A KR R &
FET I AMAISEHE TR T 7. (2 5 » FRETHRIR
#A L) (Fig. 4.10)
2) WERMIZY ¥ Fic L DI
3) raBElE 150~200°C = 1 F5RI% IR S
4) WELBEEmRe —VERAIICEA
5) IREBMBIRMITHE—L, WICH L OIAEE Tk
6) —[BERETEHICIAY7 5 VER
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4. 2.3 HBRROBUE
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TAsLE 4.2 Comparisons between JPDR vessel materials and tested materials
(a) Chemical composition
Materials Remarks C Si Mn P S Mo Ni Al
JPDR Shell 0.17 0.25 1.27 0.010 0.011 0.47 0.63 0.012
vessel_ Head 0.19 0.24 1.35 0.010 0.011 0.54 0.65 0.016
materials Shelt 0.18 0.30 1.29 0.010 0.013 0.50 0. 65 0.015
Tested 20t 0.20 0.29 1.30 0.016 0.012 0.50 0.56
materials 50 t 0.17 0.27 1.20 0.019 0.014 0. 54 0.59
o Modified Max 0.15 | 115 | Max | Max 0.45 | 040 | Max
Specification A302B 0.25 | ~1.50 | ~1.50 0.035 0.040 | ~0.60 | ~0.70 0.03
(b) Results of Charpy V notch impact test
I I m Mean
Materials Remarks
T B T B T B T B
Shell L 7.53 5.28 5.88 2.98 7.12 5.75 6. 81 4.67
T 5.72 5.11 5.75 5.05 5.72 4.95 5.74 5. 05
JPDR '
vessel Head L 6.51 5.74 6.05 5.75 5.86 5.75 6.14 5.75
materials T | 457 474 4.8  4.74 516 4.9 4.8 4.8
Shell L 6.15 5.08 5.57 4.49 5.00 4.49 5.58 5.22
T 4.35 3.88 3.80 4.30 4.12 3.71 4.12 3.96
Teste.d 20t 4.61 7.40 7.40 6. 46
materials 50 t 15.9 7.43 7.43 10.02
L : Rolling direction
T : Perpendicular to rolling direction
Specification : Absorbed energy must be higher than 25ft. 1L (3.4kg:m) at 10°F (~-12.2C)
(c¢) Heat treatment
Materials Remarks Normalizing Tempering hegz)sttrg?rlr;ient
Shell 4.5 hours at 910C, 5.5 hours at 680C,
JPDR AC AC
vessel Head 4.5 hours at 910C, 5.5 hours at 680C,
materials AC AC
3.0 hours at 910TC, 4.0 hours at 680C,
Shell AC AC
20t 1 hours and 50 minutes 2.0 hours at 685C, 20 hours at 620TC,
Tested at 920C, AC AC FC up to 300C
materials 50 t 3.0 hours at 920C, 5.0 hours at 685C, 20 hours at 620C,
AC AC FC up to 300C
AC : Air cooled

FC : Furnace cooled
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TasLe 4.3 Tensile testing results of JPDR vessel materials and tested materials

. Extracted Yielding strength Tensile strength Elongation .
Materials Remarks position (kg/mm®) (kg/mm?) (%) Bending test
Sheel T 43.3 58.4 33.5 Good
B 42.0 58.3 35.7
JPDR . _
vessel Head T 48.2 61.4 31.8 Good
materials B 48.2 60.6 31.0
Shell T 47.4 61.4 31.8 Good
B 46.6 60.1 32.1
20t T 49.5 65.9 28.1 Good
Tested B 49.0 65.9 28.8
materials
50 t 53.6 64.5 27.7 Good
54.6 66.5 28.3
Specification : 35
modified A 302B < 96~70 0< 180C
T : Top
B : Bottom
TABLE 4.4 Welding performance for cladding BT, %X 3.5mm, 60° OFNWVIIREERXT VLV
Welding process : S.P. Manual arc welding 2§77 v FICAN S0 b« TART — I ERER T
Welding position : Flat position SRERALTIE - 72, BIRY RERZ OO AWM 70 mm,
Welding current : 130A W SR ER 133 S T i s 200mm D 3 HEIF TH B, &
geij}ng voltadge = 22V~/24_V o, A4 v 7 REIRIC X > THEO R E AL, #
elding spee : cm/min. . = . e - g
Pre heating . 100~150C ZT/vxﬁ77/bK$¢bt&®§&$é,mk@
Operation ratio  : 1:1.3 TGO XMESERDIRS EOTHF -V ERANTA

BREOUDTHNAERD BRAETIE -
C}ladding

433 B B#HEE
(1) 73y FOYETIR &SmO EE

E upports , ) ] }
g YUK &S YT, PAEET 50 FHCHALTH S
@ EMEDDIE S D& MNP LM, FiE 0.06mm TH-
m N % a
T, 0.1mm P -OD¥ZIZE» - 1.
% PIR & DJE/IHFICO0T
Fig. 4.10 Details of overlay welding. BIR & 1R D SRER T O Rk 4 P BRBUI A K = IRD
AT LT EMTE 2.
L5 hours at 920 A.C.: Air cooled
2 hours at 665C F.C. Furnace cooled
A.C. % . Temperature was measured
for 620°C
. A.C. 5 hours at
. Tempering 20 hours at 620°C 5 hours at 620C  620TC
Normalizing \3
Thickness 20 50C /s N *100 #100
‘hickness 20mm rs -
! / °C/hrs \ / C/hrs \300'c
3 hours at 920C 1st post weld 2nd post weld 3rd post weld
5 hours at GGS'Cﬁ heat treatment heat treatment heat treatment
A.C.
Normalizing Tempering AC.
These heat treatment were done
Thickness 50mm in an electric furnace after
These heat treatment were done over lay welding.
in an oil burned furnace.

Fig. 4.11 Details of heat treatment applied to tested plates.
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20t test coupon A

—-—JPDR vessel materinlgManufacturer's data

(pre-operation) (rolling direction)
100 o ° -
$ g d
2 / /
g 60 Tes | 4
B 40 ] »
C _ s _ P
L) d ..
£ 0 48)(,/}"_-
W 50 0 2025 40 P60 80 100
20
B
50
X 15
e S
@ g8
5 10 yd ]
g ?/ e
'E X2 8 -//
(=]
< Tr30 g 1O 3 -
— .
.f/
0 -
—40 _2‘615 0 1820 40 60 80 100

Testing temperature

Fig. 4.12 (a) Results of Charpy V notch impact test
in tested material 20 t.

JAERI 1236
50t
100 3
AN ’ /
~ 80 V4
5 A
'{g 60 s /)
&40
5 0/
g 20 -
2 /
? S : ‘ 5 6 100
10 =20 0 30 20 50 8

20
£s
=
& 3
g 10
-
Q
- ‘3/
% S5m0
< _.-tl}——/

= —=% 20 20 50 80 100

Testing temperature

Fig. 4.12 (b) Results of Charpy V notch impact test
in tested material 50t.

— —: JPDR vessel material (pre-operation)
! Manufacturer’s data (rolling direction)

----- . Averaged value
T.S ! Tensile strength

=~ Y.S ! Yield strength
= E { ! Elongation
§ sol- R.A © Reduction of area dso
«©
e === wil T T 17
§ 60t =g T ] = — -160
,ﬁ% sof- [ 50
E 1:; sof {40
22 30 - 30
Z 2
%D Eb 20t -120
S (efals] s NN~ < Q]| aleal<s|<| 10
Nl B MR SRR R s m |
= 7 0
Test coupon A Test coupon B Test coupon A Test coupon B
20t 50t
Fig. 4.13 Results of tensile test in tested material 20t and 50t.
_______ 1' T,
i 1+2a/w
i
a'ﬂ;’ -—L}'-.-p a: YIRERE
Y w AR
1 2
I o IREER (EHER)
| RERORBF TR,
_______l a=3.5mm, w=72mm, p=0.06mm,
w ] ‘\/—‘;—=7.65, Kw=0.92 Thdhb,
K,=1+2x0.92x7.65~1
K,=1+2Kwy/- % e c4) ;=1+2x 5

/v F54 60° OFBIVEMIEE : “HAEFR 8-10”
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(a) Bending specimen

]
2]

le— 36 —o-]

{ 1
Y —
f 2401 0
w
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21 L\
[ o
f 240 k30 =
w
w

Fig. 4.14 Static specimen.

&b, fo=098 BETHS.
/R & KB O -1 BN O AFRE J7 s TR O B
£, WIS AE DRI
K@=1+(K,—D-%%

TRDDBLEMNTE A,
IR X REAE KD DT o, 13T 5 Second
Modulus E, 2 ATHIEE . 7vI=9LITDNT

RROES T EMODRTND.
E . 1
E "] 0.8¢E

£ BlO FER I E i O 5 ) SR EEE C X 5 T
EE, MEBSHTHELOTEDLLTERPHTHE D S
B BRFEROWMIENERRE FRTRDTHL T
Eicd 5.

ANURBRIIC X B B L OB 1 2 VIENEER 3

E,_. 1 ~
E 7 | 0.8x.0.35x21000 ~0.0056
-+ ____444604._ .

KIS TOUR XFHEILRBONINBDTHB
EMbhrb.

(2) BIED HERER

Fig. 4.14 (b) ICRTFHIRELF D BISED R B s %
TABLE 4.6 C/RT.

COERRMDOIBREVRRIGETSEIET, 779 F i3
M T RBOEEICTADOTHNL T E BEH
fo. FREBRR AR ZRT V282 7 0 FROBKL
frb O e - R THAT MRBRE BRHED
T L 72,

77y FREREEUEHTHEZ>TEDLELT,
REREREEE ST L L, “I77 9 FEADIESX DR
DX” WRDEN, 77 v FMBIGEAESFROEEL
AR “7 7 9y FEEDRNESDERDERI” MK
Hob.

CTL-11 FBFr&2#lE UTiRAMERE (BERLEZ)
DY Ty FIPPBAVIBEIEHEET S &,

6, A, + ObaseAbase= Prax

DRIT,

A,=4.8x10.05mm?
Abase=357. 3mm?
Obase =60. Okg/mm?® (BIFRY HI)
ZRALT

TABLE 4.6 Tensile testing results of overlaid plates

Tensile strength | Tensile strength

Specimen with cladding without cladding Elongation
CTL-10 | 58 2(kg/mm?) | 66.1(kg/mm?) | 38.17
CTL-11 58.7 65.2 33.80
CTT-10 58.7 66. 8 38. 51

59.8 66.3 35.33

TABLE 4.7 Tensile testing results of overlaid plates with machined crack

. . . Nominal Nominal Nominal
Nominal -\ Nominal | Nominal | yrecs of | stress of | stress of
smooth notched base smooth notched basel h h. =36
part part metal (};{ar/tmmz) (li(ﬂf/tmmz) (I]I:e;?nmz) e h ' . v
(kg/mm?) | (kg/mm?) | (kg/mm?) % A, i A, II{ ; e h,=32.5
CTL-1 52.8 58.5 62.4 ! hy=30
b b=20
CTL-3 | * 44.5 49.2 52.5 49.8 55.2 58.8 4
CTL-4 45.0 49.8 53.1 50.8 56.5 60.1 A=L
A;=b hymm?
CTT-3 46.4 51.4 54.8 49.7 55.2 59.1 A,=b h,mm?
CTTA4 45.4 50.3 53.6 50.1 55.5 59,1 A;=b hymm*
CTT-5 45.8 50. 8 54.1 50. 6 56.0 59.7

L : Longitudinal direction to rolling
T : Transverse direction to rolling
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Specimen ! CTL-4

36.65 ton

Crack initiation

5.5 ton

Displacement

Fig. 4.15 Tensile test load-displacement (1).

g,=42.33kg/mm?
N5,
LDTEPBZ Ty FOIBTEDIEIRMITL SN
TINENT ENRNZ 3.
PR & INTEER ST DWW 3B OB D 2 A = X L

JAERI 1236

Specimen . CTT-5

36.4 ton

Crack propagates to
base metal (surface)

Crack initiation

32.4% tfon

Displacement —a

Fig. 4.15 Tensile test load-displacement (2).

S B, —IRHIELTAH S L Tase 4.7 OYIR X HER
KOy 0T HEEIZ 56.3kg/mm? T, EFHI
58.91kg/mm? T#H % 5 5 REhid L 4.3 %S L
T3,

nE, BAFMELZRX-0b, FimEst U esR

TABLE 4.8 Bending testing results of overlaid plates with machined notch

(a) Longitudinal

. Maximum |[Maximum
Specimen M/Z M/Z M/Z
load morrr\l/lent 7, 7 7 ! 2 s — h:-{ h, =30 mm
No. (kg (kg/mm) (kg /mm? )|(kg /mm* )|(kg /mm* ) - 2 by 26.5 mm
— h;=24 mm
CBL-1 [8.70x10%|4.35x10°|2.70x10*|2.10x10*|1.73x10*| 16.0 20.7 25.2 l; b=30
=30 mm
CBL-2 |8.25x10° ‘ 413x10°|  » " " 15.3 | 19.7 | 23.9
Z,=bh,*mm?
CBL-3 |8.25%x10°|4.13x10° ” ” ” 15.3 19.7 23.9 Z,=bh,’mm?
CBL-4 |7.65%10°|3.83x10°|  » ” ” 143 | 182 | 221 | Ze=bh’/mm’
M : Maximum bending moment
CTL-5 |7.57x10%|3.79x10° ; 2.58x10*[2.10x10%{1.80x10¢| 14.7 18.1 21.1
(b) Transverse
Spacimen Megpem Maimen [T T T T, [ |,
! 2 3 h; =30 mm
2 2 2 fe——h, — 1
No. (kg) (kg/mm) (kg/mm ) (kg/llllll ) (kg/mm ) <_‘h:—' hz=26 5mm
Clad f h;=24 mm
b =
CBT.1 | 7-40x10° | 3.70510° 13.7 | 17.1 | 21.4 | b=30 mm
Base 2.70%x104 | 2.10x10* | 1. 73 x 10*
8.50x10% | 4. 25 x 105 15.8 20.2 24.6
Z,=b h. mm?3
CBT-2 |7.70x10° | 3.85x10° ” " " 14.3 | 18.3 | 22.3 Z,=b hy'mm?
CBT-3 |7.67x10°|3.84x10°| " " 14.2 | 183 | 22.2 Z,=b hy/mm?
M : Maximum bending moment
CBT-4 |7.90x10%(3.95x10°| " " | 14.6 i 18.8 | 22.8
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{a) E (b) CTT-3 CTL-3
fr—t o j : I . I*ﬁ Maximum load Crack initiation
le——200 - ——= 3;) ¥
Fig. 4.16 Bending specimen.
Frhi—A&KdH - . L N3 $
YK & N1 TARER K O M TS 4 T - 45 BTl $3 % Fig. 2.55mm m5~?mm %%E’g@:ibmm

4.15 [T/RT.
(3) iy BRKs IR
KB MMM THD, 77 v FEFZLILVLEED
ABITIEAR (Fig. 4.16 1R HBOTR) £REL
& &,
& DB O RN,
19::%ia2bay/l:=%i(26.5)2><30><45.6/100

=4.80x10°%kg
15,

IR & N TR (D) D f K #hF i E (TABLE 4.8) (3
WY Fig. 4.16 & BUE U 7o it b SER T O i B
TOHEME DE BTN S. AERMITHE - 267t
{x Fig. 4.17 [LRLTH5.

(4) 4 v /EBICXsSBEINE

WAL IA v 7 ITEREHONREA v 7 =Y y
24V TCHEEALU T 2O EREBETO S HMEX
BF w0 THIEMTEI.

a) BlakY AER

RERF CTT-3 TR MED & KA v 7 AN
PR T X FME X3 Fig. 4.18 [RT X ST 5.4
mm, YT 2.55mm & - f.

REFr CTL-3 Tl ERWREMICHMA v 72 AT

8.7 ton

Crack initiation

6.0 ton

Load

®__4—;-

Displacement ——=

Specimen . CBL-3
Fig. 4.17 Bending test load-displacement.

Fig. 4.18 Crack initiation in bending test.

Ex, P T 1L.Omm, 33T 0.35mm THD, Ff
H35.6 b v (EESfElL35.8 Fv) TEEEIIhL
< 3.5mm, HRT 2.7Tmm Thoto. TOERT, %
HREERFITRELERBIEMIEL TRV L, K&
WETIERMICHRIMT 3mm FEEAEE S5 T & HHER
Xt

b) i EER

AErFr CBT-3 Tldfai® 6.63 v GEw®E 7.60
FY) DEE, FEAVIEANK COLE, XY
X EBT 6.3mm, BHIET 2.15mm Th - 2.
RERF CBL-4 T3 7.15 b v (&St E 7.65 F V)
DEEXROA VI EZANICETH, SREIZIPRET
6.7mm, W TIE 2.15mm TH - 1.

4.3.4 E K

(1) BERDLAEBROIETE, 77 v FEIKEX 3.5
mm, FHE 60° O VYK EEANKIEE, FEHICIhx
TR»PT L 4.3 %R TE. —fiC, UREEA
N, REMLRT S0, AROEROBEERTO
R UK & RE R TIRACK T EMIC & 235 TR I
A2TNB1HTHS.

(2) MFRBOFRTIRVIR X EOWEIERE D
B O g E ORI I, A EDEEROD i A HE
13167 5L 1> T 5.

(3) Bl AER, MRBE b LAE THED %
BREAES LTI,

(4) AV I ICkBRBEF = v 7 ORTHEEANMGE
MG, IV BMITERL TV,

4.4 EYAULENFART

4. 41 BB W

JPDR EHRBD 7 7 » FIICRE L S B RENIKC
o THHMICETT 2R XUEHOFEEIC LS
75 9 FHOENBRIDBIICOOTHRIEL, EARS
ORLMEBLUFGEMETI—TFERLTE2HDTH
3. Dty 100~10* FLEE O R IRR O TE DK 4 A
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I NVENRBICENT, ASR2B #ikkuEsoaF L
287 7 v FMOREBRFICH R & RITH D 5 EFEIART
HLOWREEMLLT, JWHHEHOZEMICE 75N
EOFE, ERBXUBMBFGOEMERDBE LD
T, ENEBDOMETNI 7 v FHMOBRHBERICENT
AFEZBARNN U, Tt ICHRIBESR
HEXghRBREZAY, Bhickd28RsRWEATY
KRExEOMHMERDDLCEEZHNE LT

4. 42 KB H*

(1) RER

REEICH O MR 2.2 I B TONEEME L
THE 20mm @ A302B B LU ENICAT v L 28
Z5mm OEILIZF v F L7y FHTHB. R
B pH IS N R IR I RS L T B,

Stainless steel cladding

JPDR [ENASHOMEL M0

JAERI 1236

EhRB R OFART % Fig. 4.19 1CORT. REFIC
MILZREDS B A, B, COIHMRIERIOLSIC
R T B UK EBESORBAEVYRET, 774
ZINLU fe.

FUXEDEIMREBRERFZ 03 AHEM0.6%T
B A 7 VENRERY B C LIk > TVHIRE DRSFIC
REF &AL 3mm EXICFEN W ZHERE LY, &
A 620°C 2hrs, BFAPEMIL T, AREEEBMA L L1
LD TH5. BB, ERKCEZ 7 FHMOBEZRLTH
305, HHOBELAERTERE—-TH5.

ENRBN & A—TERTEOEHRABRTIC X 58 E
XU7 7 v FHOLIERY RS RZ TABLE 4.9 ICIRT.
775 9 FHMO2RF v L AEAKD B X UEMEH
LENFNEW U JISI4 SARKE R (BT E 8
mme) X355k 0D EAERMIEL TABLE 4.10 1K/RY.

Machined notch

15 |
o §
— T ——
3 ¥ / )——— 75
435
Machined notch
A 8 c [
0
%0 so%, 60% ©
60%,0
A’ < _ J\':;Ll_
@ [ €0~ ’
w -
o S w
o 0 o [14 " w
) s o
~
~ ~
Ki= 38 K =55

Ky =10 l Natural notCL

Fig. 4.19 Low-cycle test specimen and notch shape.

TABLE 4.9 Mechanical properties of A 302 B steel base metal and cladding

Cross section Gage length 0.29% yield Ultimate True fracture Elongation
Materials strength strength strength
(mm) (mm) do.2 (kg/mm?*) | op(kg/mm?) ay (kg/mm?) é (%)
A 302 B steel . '
base metal LEB 15x 20 60 45.08 62. 22 110. 30 3L.6
Cladding LFC 1520 — 44.63 60.76 110.68 —
TABLE 4.10 Mechanical properties of A 302B steel base metal and stainless steel cladding
Cross section | Gage length| 0.29% yield Ultimate True fracture! Elongation Reduction
Materials strength strength strength of area
(mm) (mm) | 6,.,(kg/mm?)| op(kg/mm?) | or (kg/mm?) 5 (%) ® (%)
Stainless
steel cladding 8¢ 40 — 57.29 85. 568 40. 27 39. 52
A 302 B steel _
base metal 8¢ 40 60.18 121.05 25. 06 65. 55
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200~ ~ Ando, lida A302B stecl

N (R——1>__|_

: ': } Load control

o Clad specimen Smooth Strain ratio . R=0
® Clad specimen Machined notch A

0 Clad specimen Machined notch B

©(lad specimen Machined notch C

© Clad specimen Machined notch D

ABase metal specimen Smooth

A Basc metal specimen Machined notch A
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| 2\

'E_) S=16 kg/n]im ——;
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=
&
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Cyclic number (Nrp)

Fig. 4.20 Low-cycle testing results.

(2) RBR&HE

BE L 75 - 72 JPDR HEAHRBO /7 XBICRFEHO
FHEM - O TARBEOREL SNb 2 LB LN
ALDT ERDT, EH4 7 v NI 100~10° [
OBRESE LBEEIC DWT, 0~ DUTHEY A 7 v
(R=0) OFEVFTAENRRETE -, EROTH
eld, FERBEOERGH 20T LOY%ERARE L.
BEIREEE LkAs 104~10° [Glod @4 A 7 VEAEED
R BT - 7278, REBOESE, MiRERHEEN
BEtsot. LALFNEEDTAENS, ¢>0.3%0D 0
BT, FOMEREIIZZMED 20T, WHED LK
bHATEHUETHS

REIEY 4 7 VMENRROBICIE, OFAadA7vE
FORWTES A 2 vERMICIIEL, WK E B O

— IR DN T I & B O TR P R85 IC K © 5/1000
mmFL RO FEICHE I TlE L .

(3) RERK
&MLLAﬁminmhﬁ&nﬁaw(m—i/ﬂ
v YMS L — 4, BEX20h V) T, AKkEEyA
7 VO E fof EIEALAEHE T d B 43, LMKM#47W
o=y AL, WBFOOFAELEITIGD
FEmAMEC LD, REBAIOEO T AR OMRRE U
WA Z f BRBRA O AR ANCTE B AT IO 8
heg (G.L.50mm) &7,

REEE ORI LR, By 4 7 AP LTI 500cpm,
&% 4 2 VENTIE 6~20cpm Tt - 7.

4. 4.3 HBRERLEZOEER

(YA 7 Vi OTHENE LY A 7 viEaERD
RERDRERE Fig.4.20 1C S-N e LT d. R
TIRIEHHIEE 1/2Ee (E: ¥ v 7' #, ¢ U Bl
) TRLTWHA.

TR REE OENICE LT, BHME7 7y FHER
G4 A 7 VERICBOWTIENRSRB—BT 50, &Y
A7 VBBICBO T RMOE MR 7 v FHED BT
BOENBIARLTWA, — AN L ol BFr D
W B X OB TR O KRB E ROBIEIC XD &,
235y FRIZEBT2ENEBIIESA 7 VEBICEBNT
2, BLASHMRALLREEBLUTERICE » T
%, LA LEYA 7 VERTRAT YV REZ 7 v v F
Hl, EAICEYFEPRT Y LV ABRONE»SRAEL

BB ONBIFENSHUNBEHNE @D ONI.
75 9 FRMICEBTARMERTF Y LVREZ 7 v FEOK
HA4 2 VIEDTHENRIEZLRT 2L, BYOTOT
AT RERAE R S e N**=0.109 TR SN,
25V LV AMOESE—IC N =C KT a DOfE
7 0.5 fiithtmdcEMuSnLTNE»DL N=1/4 +
Ao NVELTZEED & BT HLEIIRAIRICE T 2
U e OWKTEDTAENRE O KB TE L. 9740

3.0

/

Clad specimen, C and D notch

20 / B
——-———-""
/’mmetal specimen Notch A

S
Clad slpecimen Notch B

Clad :specimen Notch A]

1.0 |
10* 5x10% 104

Fatigue strength reduction factor (Kg)

5x104 103
Cyclic number (Nt)

Fig. 4.21 Fatigue strength reduction factor of machin-

ed specimen.
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Fig. 4.22 (a) Crack growth of base metal. (1)
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Fig. 4.22 (b) Crack growth of base metal. (2)
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Fig. 4.22 (c) Crack growth of base metal. (3)
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Fig. 4.20 (T °C, YIK & BB FT O (S )6 ) RIS iR ¢
EOTAENRIMERERNOGELD LBV,
TULE O AN O BA I3 SIS ) B E A T 18 U s
DM D TR FIROFENDIREE L E 72D TH 5.

Y4 7 VENRIICHE T BVIREZ R & Fig. 4.20
PoRDICFHMICHT B ENBEOMDEHRE K, &1
HEOR U Ny & OMERT Fig. 4.21 1219 BED S
K44 7 MHURICE T 2 PR FIBEBZTNIZE & R
ZEMEDONSE. TLNMBRF Y VIEZ 7 v VM
ICWLT, ThEDXDITES A4 7 MFEN R RO
T, 77 9 FMICBWTHIR S IEE SN T &5l
oMb, IHICPURECEDETIHEY 1 7 VAfRIC
BUHARENME L I OHDHREDS—B L. oLt
JERARBSI0L)L LTI R & MBI -Th, THbHHEH
REUMYUREE UTEET BUATS, KY 1 7 v
BTEHENVREMRDERE s KL isnc & %
RLTHA.

K44 7 VEDTAENOYIK &R ICOOTHERE
Ulelin s 2O EEONTF 28X & A, B, C 22T
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Fig. 4.23 (a) Crack growth of clad specimen. (1)
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Fig. 4.23 (b) Crack growth of clad specimen. (2)
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Fig. 4.25 Crack growth of clad specimen with natural

crack.
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Fig. 4.26 Crack growth of clad specimen with natural

crack,
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(5) DUIREAEBFOIHIICARE 2D EIRKHE
K, 10 P& A& T, MDHRERBILEI/NE <,
COBAEOTAFENEG 1100 44 7 0T K=2.4
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(6) FWNXZOCFENRBEXAUEX L ITHAILEN
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REN X HOERDHITIRET 5.
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94 27 VENBRIEBRAERO MK B, Z i
g BRI DERMEF BV SMIZE - THERIIBIC B L
TS S NETET 2 A OENMEIE T 5 alfelt:
OWTERNRHZED . SDTH 5.

UL LBnd, EARBORMOBFEELES 7 v ¥
X7% & DR O HEHE F—L U L ERIBZATTHE
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1) BHk/, VO 8 &M ASTM A336-57
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IR 02e HETHD & X R CORFORMIEE
ERLLRTNERE S,

2) JPDR JE /173D ASME SecIl (1968) iz k%
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DAY TH1 10° 2R LUK E T D L&, BAR
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1, EARBHEEERICHTIAENRFT—42bL 5
T EHEBEIN .

Thb, WEOHMBKRDISICENTAHILEMT
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1) JPDR EHEBRD I 7 v FEHOERBICONT,
J ANVEO EZHCONT BB EFMICE 6 X, RER
Fric & 2 BRI MR &t U ThREr 3 5.

2) EHABRBOWELOBAERD S 10, BEHEOIK
HtmERD 5. & QITRIBICE BRI/ OEEZ R
95,

COXSBMEENDOS LI IFEOEHREEFT VD
RERE T -7 F1LEEFLEE2E257 03 JPDR
FEHBERDLIBRyr—VTHEDLH, B2EEFNVTHRE
WERRICEA, AvE2HEED DT, BIBEFNVT
ZESICATE{LL, JPDR FARHRD 1/2 24 — v &
L, 5K AFOAEE (K31,000MWe) @ 1/6
2y —VITHNS TS/, X V3FEEEDDHTNS. Th
SEFNDTELEEIEL T TABLE 5.1 [TRTY,

52 EHBBETILOEE

5201 % &

JPDR FEABHBOTHICBNT 1/3 8LV 1/2 1T
RUBSGOMEIEFERL, &IASHFLIZIT-HIE/.
722U, ERERBREME DR 2 HEL 5RO
WTIIBRET RS LT, MEERER 272 7, ASME £
HEEFEEra — F Sec. VI, £85I, Case Interpretation
AL TEWERVBAN 140kg/em®G T
HUZ. TELEHARMEIT TABLE 5.2 DEEDTHS.

522 B &

REMARIBICHER SN S EHRIEIE Tasle 5.2 D&
BOTH5.

TABLE 5.1 Design standard and dimensions of pressure vessel models and JPDR pressure vessel
No. 1 No. 2 No. 3 JPDR P. V.
Design code, ASME Sec. VI Sec. VI Sec. I Sec. VI
Scale 1/3 1/3 1/2 1
Shell length, (mm) 2,000 2, 000 2,224 Length 8,047
Inner diameter, (mm) 695 695 1,048 2,083
Wall-thickness, (mm) 23 23 26 67
Nozzle length, (mm) 313 318 407 585
Inside diameter, (mm) 94 94 140 281
Wall-thickness, (mm) 23.5 23.5 37 73
Overlay diameter, (mm) 200 200 300 —
Thickness, (mm) 3 3 3 6.4
Nozale comer shdys  (mm) 10R 10R 15R 30R
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Absorbed energy (kg-m)

Specification
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Yield strength (kg/mm?)

Ultimate tensile strength (kg/mm?®)
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TABLE 5.2 Design details of tested models

Design pressure 77.3kg/cm*G

Design temperature 100C
Operation pressure 70kg/cm?®G
Operation temperature 100C

X ray inspection Performed at all weld joints

Post weld heat treatment | 4 hours at 615+15C

Joint efficiency 1009
Corrosion allowance 2.4mm
Water pressurized test Performed

TABLE 5.3 Materials of tested models

Shell and head ASTM A 302 B modified steel
(A302C)

ASTM A 336 modified steel
ASTM A193-B7/A194-2H

Nozzles and flanges
Bolts and nuts

Tests were performed by
Japan Steel Works

[EJ)EEE T VONERE LSRR
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Tasle 5.4 Welding conditions of overlay welding
in pressure vessel models

Welding procedure

Welding position

Electrodes

Diameter of electrodes

Drying temperature

Welding current

Pre-heating temperature

Post weld heat treatment
Thickness of overlaid cladding
Non-destructive test

Manual welding
Special position

NC 39 Mol. Trial 1489
4 mmg

1 hour at 150 to 200C
140 A

100~150TC

1 hour at 620+25C
3mm (2 layers)

Dye penetrant test

P ! Indicate overlapping

—o0— Rolling direction, before
post weld heat treatment

---@--- Rolling direction, after
post weld heat treatment

~=A--= Perpendicular to rolling

Tested date . 19th December, 1968
Material number: 3K1065-1-3.4

direction, before post
weld heat treatment

~--A—~ Perpendicular to rolling

direction, after post
weld heat treatment

3p 2p, 3P
_ 100 ° L D 27
S NaiZ
:: 8 e //A?:’/ - 4
= A V)
s-<.60 ,7
2 3P //
=3 AQ3P
£ 40 2PR2p
E 7
5 % P
z %34
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i T E— 0 %0 10 50 8
15 _%
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~ 4 A
% 10 A { B
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::-:: A -// ﬁ/"//
) - // '-/:
= 18—
S5 T30 R
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0= = ~19 —9 -6
60 40 -% 0 20 40 60 80

Testing temperature (C)
Fig. 5.2 Results of V-notch Charpy impact test in shell of No. 1 and 2 model vessel.
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Fig. 5.3 Details of tested No. I and 2 model nozzle.

Fig. 5.4 Experimental nozzle of No. 1 and No. 2 pressure vessel model.
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Fig. 5.8 Details of No. 3 model nozzle. (N1; JPDR type)
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Fig. 5.9 Details of No. 3 model nozzle. (N2; Toshiba
type)
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Fig. 5.12 Nozzle corner dimensions of JPDR pressure
vessel and pressure vessel models.
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Fig. 5.13 Block diagram of equipment for cyclic pressurizing test.



JAERI 1236 5.

1S ORERIET O TINE e — 2 O AJEEC LY

wER@EAETIE S Lol Lt

5333 R 2 EKRE

WEOMEIZ NN E L TRANES T 5 60
7o Bh, BB, BXU0TEH (F L) Hid ﬁ@
R AR, BRI X A RO LB DL
X AR AN R e DR

534 th F

FEHREE F D REE DI F 5 1odic, I
Na 75 AL B A 7J(’S;’E,'C/ub7lfl1—j—7&
BWEL fops, ALE 30kg/em® (71T~ T 7 F 4 H0EHH

EAERET v ORIE Lk 53

Ufz. cdJiaRom3id, FERm G s B
NLH, N0 77 LPOEKERLIRL T EPEMET
HAECEICRHELTHAEELNALDL. F0fcd, 1
B FH RSO & THIL 72, TOHABOPTE%
BUELTH I, ROPITHM- | SICEETE X0 )
I, AR LTS 50kg/em® L) O EMA BT EIZT
X ot EFUMIEL 2 & &, RO MR E D
BT HHDITHIFRLETHB. LinLLED 2T
REBHEBICHERTEI - 720 T, 58 2 [0 H Rk
BXUHFELHE N,=8,000 £ TIRINT-HBLOMDAT
FEREITIS 572, 8,000 44 7 vk Tk ¥ TIlE, Fig.

505 TR U738 (X 20mm) ORFEFNT
FEERL foh8,

FER ERMIA OIS - fe.

(a) Pressure loading equipment.

TR

(b) Control apparatus.



JAERI 1236

39

B O

£

JPDR

54

(c) 1/3 pressure model.

Fig. 5.14 Pressure vessel model and outside view of cyclic pressure

t

ipmen

loading equ

internal pressure test.

1c

lates for cycl

inium p

Fig. 5.15 Blocks of alum



JAERI 1236 5.

535 EFIBBDOEEIRE

Kl & 5= F oV AENOEOHEZE Pk 3 5 2w
1T, 7EREDIRE As 40~50°C 1C B XA ITfRiF L TH
BRATTIL -t MR ZF v L 2Ty —2 L=
Juasfpre—2 L U THOVE =23 LkW oD
DZE6AMOHET, it 9.0kW oK LiE Lz jho
HOW Glisky 8004) X AR U 220G Giliig
%9 3004) & T /NS AETL D A8, SRR I
LDIC 3 ~4 ISR E Ui =F R BollEsiy
—IZT BB, KBROTMAET 22 P THREL
iz =—vF 2 —F 2L Tokic & qfﬂwbt
UL, #oRLAEEBEIITRET 2 &, AR0735
UIAERNTIZ E A EMmL—IaIIc s 5 12,

IEIER, ML Imme Oy —2Ex (B—a v
ARy &) ZRO, hill3, N3 BXUARKE4L LN
G 1L AU DN TR L A2,

5. 4 BEANESR

5. 4.1 DFAHEA

HETNMCONT, WHEEOR L BN SE ST - THI

JERBRE ML, VL EREF v OKMO VT A%
«JUE L.

(L) dWishr it

OFHWER , v EBO ALK EOTATE MLk

Ik > TEOWE IR - T D, ALYIK & O
THHCRESREFAVAED T A (F idnh) 24
CERBIDIC I AN, 77 OB LUMKERT <
E D FEREFDONAMNCOF B — ¥ % 4 200 BG4 L
1.

VIR & W E@Ick o 4 R T, WIS U0 D
T B %R B E RIS, 81 (WX &ML ©

) R 00 QUG A OO PEBLVE A < B o HITIEIE T LAY
WIS B0 3 AH A L 72, #n U AKBR OBk %

8,000 44 7 NTOTAHAF —IHN0ME, 1E&LTX
SO FARIEE W B Fo b O G A 15 - 1o,

(2) vFHIry—Iolht)

(Dizo~fekH1, =F RGOS oT 45
— S OWD P AE IS - f2 B EOBMCE, O
Té#—/wiﬂﬁh T% fohs, BB XUES3
IERZE = 7 SNBSS MG U T o wicib
ﬁfmmmDMﬂf@at WL day —vo
I, BoRUREBICE L b 00T 2 o
Hotohs, (FIFJIER HJ’J*\*;(JX?‘%C&?))'C—’&tO)“C
I T S A N Al

(3) V—=FHOWH L

7 VEROAIO VT BEWLT B I, 2Hl

JTED RS T vORIEER U5 55

Fig. 5.16 Nozzle for measurement of strain and tem-
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TABLE 5.7 Details of strain gauges and paste used in the experiment
Type Resista(rg;. value Gau%fml:;gth Remarks
KFB°2-C1-11 120 2 Uniaxial Elastic gauge
KFB-2-D 16-11 120 2 Biaxial ”
Fb-2 120 2 Uniaxial ”
YL-5 120 5 Uniaxial Plastic gauge
TABLE 5.7 [CIRT. 235 6]
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TABLE 5.8 Results of static pressure test about each nozzle of No. 3 model

\ Nozzle N1 N2 N3 ‘ Ua anNsLtieel
e \ L (JPDR Type) (Toshiba Type) (Hitachi Type) l Vgork Type)
\\\ ) i l l .
“._ Dimension ; | : !
g . ; | :ffl
Experimental value \\ ] i X l \
Circumferential stress of shell o 7 7 o
inside (kg/mm?) 20.6 20.6 20. 6 ‘ 20.6
Circumferential stress of nozzle ) N
inside corner (kg/mm?) 48.5 50.5 46.5 ‘ 52.7
Stress concentration on nozzle 2.4 25 2.3 ‘ 26
corner
TABLE 5.9 Static internal pressure testing results for pressure vessel models
Pressure vessel model ' No. 1 No. 2 l No. 3 ] JPDR P. V.
Scale | s 13| e 1
Loading pressure (kg/cm?) } 120 150 110 65.5 (operating pressure)
Inside circumferential stress in shell .
(experimental), (kg/mm?) 18.5 22.6 20.6 10.5 (calculated)
Circumferential strain in nozzle corner (10) 1 2,443 2,950 2,420
Circumferential strain in nozzle corner 51.4 62.0 48.5 24.3 (pre ed)
(range) (kg/mm?*) : : : . présum
a Circumferential stress amplitude in nozzle ]
corner (kg/mm?) 25.7 31.0 24.5 12.2
Stress concentration factor in nozzle corner 2.8 2.7 2.4 2.3
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Fig. 5.49 Testing record of pressure vessel model No. 1.
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Fig. 5.50 Testing record of JPDR P.V. No. 2 model.
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Fig. 5.51 Testing record of JPDR P.V. No. 3 model.
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TasLte 5.10 Testing conditions for pressure vessel models

Pressure vessel model No. No. 1

No. 2 No. 3 JPDR P. V.

Repeated internal pressure, (kg/cm?)

150 110 65 (operating pressure)

Repeated internal pressure rate, (cpm)

3,5 8 3 50/year (presumed)

Machined notch length, (mm)

40 30 60

root radius, (mm)

0.15 l 0.11 Natural crack

depth (mean), (mm)

1.6 \ L5 6

Notch stress concentration factor
(calculated)

6 to7 ‘ 8 to9

ELTORRBRITEAHETMETE R -7z L »T,
YV EF—OREERELTEID, MEROBEZETT
13- 7ikl, FEREYIR & 15 L OREET 110kg/ecm* ¥ T
DFHIRIREEBL TRRER WOV T HZHEL 7.
AL & % D 12810, HoR LR Z 3 cpm &
UTHSE URBREBIRA L 2oh8, BELMERY ) v &
—DERLVEVY VAL —NEEE ML THEAL, b
RApECznpdb L. HEXLBERLLSHE
MRt L cfonic, FOERE+SICRTFTSEEIC
LT, RIEBRELURBRII-KRDA 4 VEERLTY —
R & FHERBEICHER L THEITL . RERE 340
~50°C OHPATEHL <.

Fig. 5.52 IC[EAY A 7 vOHEEERT.

TABLE 5.10 K1, 2 BIUEITFEFNVORER
Sk L TR

554 BBRER

(1) #F1E=FNMCO0NT

REEFNDOR, ZANVDONE I —FICATTIREAED
B1ztk, PIREDEMICAHINCOTH T — ¥ % fhif
L, #ELAEAMKOZDRICE T 20T ARIEZE R
Eask L. Fig. 5.53 309AF — Y OB ER
4. AEOY — v K5 364 1 & 0 387 2 )R X ety
U, RO tepicy =Y FS 326 3UIR & HmEFE L
B, ¥V RS 384 YK &AL ED 10mm FEh

Cyclic pressure
~—120kg/ cm?—=—

Control signal

~—]12sec—=
(5 cycle/min)

Fig. 5.52 Pattern of pressure cycle.

N2-M nozzle
Nozzle side

387

10mm

Shell side Shell side

24

326 }o1] (Gage number)

Nozzle side
N2-A nozzle

Fig. 5.53 Location of notch tip strain measurement of
No. 1 model. (to 8,000 cycles)

Number of gage
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6—364
I //
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>
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da_d "

o

°
3
=
o
1
o 1000
‘s
Il
-]
7}

° " L L N
@ 1000 2000 3000 4000 5000 6000 7000 €.000 9000 10000

Number of cycles

Fig. 5.54 Relation between strain range at the notch
tip and number of cycles in No. 1 model.
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%107 © Gage number 384 °
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)4
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I
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:; \ ’:_
P— 8
?5: 2 g
£
4
&
1.000
o] !
t 102 103 104
Number of cycles
Fig. 5.55 Relation between strain range at the notch tip and number of cycles in No. 1 model.
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) /
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1000
I
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e STRRPPRSES IR U S

1
12000 13000 14000 15000 000 (7000 18000 19000 20000 21000 22000 23000
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Fig. 5.57 Relation between notch tip strain range and number ot cycles at the nozzle side of N 2-M nozzle.

(inner surface)
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(N=:13,202~)

Shell side

N2-M Nozzle
Nozzle side

JPDR [EH# S OHE% 2O

(Gage number)

Shell side

Strain range

(N=8,001~13,201)

(x10%)
1400

Nozzle side
N2-A nozzle

Fig. 5.56 Location of notch tip strain measurement of
No. 1 model. (after 8,000 cycles)

(N=8,001~13,201)
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T EICiE L 2.
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Fig. 5.58 Relation between notch tip strain range and number of cycles at the nozzle side of N 2 -A nozzle.

(outer surface)
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Lo TIEMTE LB RERICEMTEL - .
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CEOERF =T EWALT, 74 Y 2RO HE
ARNTOFAEREL . Fig. 5.57~Fig. 5.61 I C

NoONEERARY. Fig. 557 13/ XKD ZD
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Y4 2 VONEE W RERE (FRICKBMMEEX
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Fig. 5.59 Relation between strain range at the surface of N 2-M nozzle and number of cycles.
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Fig. 5.60 Hoop strain distribution of N2-A nozzle of
No. 1 model at the same section with notch.
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Fig. 5.61 Axial strain distribution of N 2-A nozzle of
No. 1 model at the same section with notch.
(outer surface)
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13, BRELKE & DICEAMR 2T U 72T & AsHEN
XNB. I -V RS 309 B X432t T
HEUEUE & BICOTAHAMRLAIHMLTE D, Lid
DT EERESFITNS, T, ANISHSHDOLSIC
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BTHd. AHOMSrOES> Ly - &S 27, 29
BLU43 3EE LEAK 18,000 44 7 VD E &2 XD E
LDEINAER LTS, EEICHER L BTy -2 F
527 L 90T, BFATHIRE LE—WIm ETHD,
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EUBAIZIEEST I EMNTE L. TOMDONBOD
FTHICDOTIE, KEBELIEA L NLIE . Fig. 5.59
IZN2-M /) ZAIIC DN T O RFERGE U EICH T 3%
MBEDOOTHERLLEDTHS. HUBOVT AT
FTHhLABEFvh N2-A ) I VTHETIE TR
W LA R -7z, (N2-M / V3B hHEREL
FDEHICE S 1) N2-M 7 D AT YR X
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| -

%5 [ 2 3 4
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Fig. 5.62 Calibration curve of crack gauge.

TABLE 5.11
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Results of crack gauge measurement (1)
N 2-M nozzle of No. 1 model, gauge No. 398

No.of | ‘measuced | fallured | Crick length
(¢ strain) filaments
8,001 0 0 0
8,050 68 1 0 ~0.2
8, 080 133 2 0.2~0.4
8, 300 169 3 0.4~0.6
8, 440 218 3 0.4~0.6
8, 760 423 5 0.8~1.0
8,770 543 6 1.0~1.2
9, 340 548 6 1.0~1.2
9,620 773 8 1.4~1.6
9,702 774 8 1.4~1.6
10,130 793 8 1.4~1.6
10, 550 1,433 12 2.2~2.4
11, 530 3,053 18 3.4~3.6
11,930 3,083 18 3.4~3.6
12,750 8,533 25 4,8~5.0
14, 000 10, 233 26 5.0
TABLE 5.11 Results of crack gauge measurement (2)

N 2-M nozzle of No. 1 model, gauge No. 434

No.of | meneured | failured | Crack lenath
(¢ strain) filaments

20, 830 0 0 18.0

21, 500 60 1 18.0~18. 2
21, 560 125 2 18.2~18.4
21,745 125 2 18.2~18.4
22, 000 130 2 18.2~18.4
22,190 137 2 18.2~18.4
22, 845 410 5 18.8~19.0
23,130 415 5 18.8~19.0
23,320 435 6 19.0~19.2
23,510 635 7 19.2~19.4
23,540 685 8 19.4~19.6
23, 565 685 8 19.4~19.6
23, 580 945 9 19.6~19.8
23, 840 1,315 11 20.0~20.2
23,976 1,315 11 20.0~20.2
24,100 1,435 12 20.2~20.4
24,229 1,645 13 20.4~20.6
24,415 1,665 13 20.4~20.6
24,420 1,915 14 20.6~20.8
24, 490 2,195 15 20.8~21.0
24,525 2,915 17 21.2~21.4
24,712 2,915 17 21.2~21.4
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TABLE 3. 11
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Results of crack gauge measurement (3)
N 2-M nozzle of No. 1 model, gauge No. 315

No.l of rSnt;:isired g(i)fugcfad Crack length
cycles (¢ strain) | filaments (mm)
10, 550 0 0 14.0

11, 530 60 1 14.0~14.2
11,930 60 1 14.0~14.2
12,750 1,420 12 16.2~16.4
12,922 1, 800 14 16.6~16.8
13,050 2,070 15 16.8~17.0
13,145 2,750 17 17.2~17.4
13, 202 2,750 17 17.2~17.4
13, 203 2,750 17 17.2~17.4
13,413 3,700 17 17.2~17.4
13,575 4,950 20 17.8~18.9
13,715 8, 050 25 18.8~19.0
13, 900 9, 650 26 19.0

WA LD - T & BN B, Fig. 5. 60 I3 X U Fig. 5. 61
1%, Fig. 5.58 7o ATHIR & & R—Kiii LDV AIC
DNTEH A4 7 NEECABIUMOT AR ZZNE
NRHEEDTH 5. Fig. 5.60 HSH ST L DI,
BWWRO BRSO A RRTORE LEOHNE &b
I EicnL T 3.

S —JICE BT N2-A , XvD vz fils
I N2-M ) XD 2 filod 2 TR T - .
WoTAEEHEALUTEHL 20T, MiEEnEOs
MITENSD - FHBICH-TE, RUOETOT
HEHE T 4 74 v P (FREIIHEY) oBORdh
Waolh, ChiCkDEREIEZRDI. COHE
BEXCERE0.5mm BECRANATINTEEEL
St A, Fig. 5.62 ICRIEEERT.
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Fig. 5.63 Crack length measured by crack gauge.
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Fig. 5.64 Crack depth measured by Smeck gauge in No. 1 model.
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M ) ZATlE 0.6mm, N2-A ) XT3 4.5mm T
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EEBT VLY SHESEHTE TS 1 IC IR Bk
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.
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Shell side

Fig. 5.65 Notch machinning pattern to get calibration

curve.

TABLE 5.12 Calibration of crack length by Smeck gauge

Nogale Space of Mea.sured Resistance Curfent ‘7 Voltage drop -
detector point Q A ‘ v, v, v, v, V., V, Ve v,

8 mm Omn’ 4.0 \ &&"MO(mo m2|m3 245 |27.8 |22 |302

o +7 ‘ ” " i 10.3 | 12.8 | 10.2 |17.1 20.9 | 22,2 |25.0 |27.5

5 0 " 10 |29 36.0 | 42.0 [sL6 |5e0 |57.2 580 | 621

N2-A 1™ 8 8 1 1.00| 1.43| 1.44 | 1.56 | 1.75| 1.98| 2.02| 2.16
p 47 Vi s | 124 L 1.66| 2.03| 2.16| 2.16 | 2.31

5 0 Vo » | 1.34] 1.56| 1.92! 2.01| 2.12| 216 2.31

* Crack depth (mm) 0 3.0 | 6.0 |125 |18.5 |26.0 [33.0 |42.5

Nosgle Space of Measured Resistance| Current Voltage drop

detector point Q A v, v, v, v, v, v, V, v, Ve v,

- 8 mm o | 40 7} 3.82 |10.0|12.2|13.1|15.6|18.5|21.1|21.4|23.8|24.0|26.9
5 v /*1 4.0 22.7 | 30.0 | 36.9 | 42.1 | 45.0 | 47.5 | 51.1 | 53.2 | 52.5 | 54.0

N2-M 8 P Vi L1 |12 13 156 188 21| 214 238 240 2.60
5 p Vo 1 1.32 1.63| 1.85 1.98 2.09] 2.25 2.34/ 2.32| 2.38

Crack depth (mm) 0 2.7 6.5|11.0|15.5|20.5|26.0|32.5]|350 | 40.5
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TABLe 5.13 Calibration of crack depth by micro-volt meter
Nozzle Space of | Measured | Current Voltage drop (#V)
detector point A V, v, V, ’ V, V.
8 mm 0 ’ 5 52 107 112 | 118 122
N 2-A " & 1 2.06 2.16 2.27 2.35
[
Crack depth (mm) 0 18.5 26.0 33.0 42.5
Nozzle Space of | Measured| Current L Voltage drop (#V)
detectors | point A v, ‘ Vv, v, v, v, ‘ V, Ve
8 mm 0 | 5 42 75 88 87 93 1 96 109
N 2-M " zi 1 1.79 2.09 2.07 2.21 ’ 2.8 2.60
0
Crack depth (mm) ‘ 0 15.5 | 20.5 26.0 32.5 ‘ 35.0 40.5
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S

DOREFREBLN/, Anva —-FUREDER, EBRERED,

SRCOBEBRREOIL->TOREY., TRUREMELR
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Fig. 5.66 Result of crack measurement in No. 1 model.
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Fig. 5.67 Crack propagation measured by ultra sonic
method in N 2-A nozzle of No. 1 model.
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Fig. 5.68 Crack propagation measured by ultra sonic
method in N 2-M nozzle of No. 1 model.
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Fig. 5.69 Calibration curve of ultra sonic measurement.
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Fig. 5.70 Increase of strain near crack tip with crack propagation in No, 2 model.
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Fig. 5.71 Result of crack propagation measured by

crack gauge.
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Fig. 5.72 Result of crack propagation measurement by means of Smeck gauge.
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TABLE 5.14 Experimental results of crack initiation and propagation for pressure vessel models

T P. V. model No. 1 No. 2 No. 3
T - Failure No Failure No Failure No
T nozzle failure nozzle failure nozzle failure
No. of cycles to crack initiation ‘ .
at machined notch root, Ni —* —* 1,000 1,000 1,500 1,500
No. of cycles to crack propagation 2 400 2 000 4. 800 5. 500 3.500
into the base metal, Nc g ’ ’ ’ ’
Nc—Ni — — 2,300 3, 800 3,500 3, 500
No. of cycles to failure, Nf 24,700 — 22,200 — 33, 000 —
Nf—Nc 22, 300 — 18, 900 — 27, 500 —
Crack propagation rate at N=10¢ 1.9x10°* | 1.4x10-* | 2.3x10~* | 2.0x10-3 0.8%10"3
cycles (mm/c)

* Machined notches were cut to cladding-base metal boundary.
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TABLE 5.15 Factors influencing crack initiation

and propagation

i P.V. model
No.1 | No. 2 | No. 3

Factors T

Nozzle corner radius (mm) 10 10 15
Stress concentration factor in

nozzle corner 2.78 2.74 2.35
Stress concentration factor in

machined notch root 8t09|6t7) 8t
Diameter ratio (d/D) 0. 1351 0. 135L 0.133
Thickness ratio (¢/77) 1.02 1.02 1.38
Stress gradient (kg/mm?/mm) 1.15 1.25 0.69

5.

Fig. 5.73 725 N=10' ICH 1 BRI %RDC

5L, BB XU TABLE 5. 14 TR U T & D 1ol hsid

d: Nozzle diameter, D: Vessel diameter,
t: Nozzle thickness, T: Vessel thickness
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Fig. 6.2 Nozzle failure section of No. 2 model.
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Outline of the Report*

1. INTRODUTION

The Japan Power Demonstration Reactor (JPDR), of the Japan Atomic Energy Research
Institute, had operated for a total of about 10,000 hrs prior to a periodic inspection in 1966
In this inspection, the occurrence of hairline cracks was observed in weld overlay inside of the
top head of the pressure vessel by both visually and liquid dye penetrant inspection. Occasional
cracking in the overlaid cladding is considered one of the important problems concerning the
structural integrity for the pressure vessel.

The occurrence of cracking is due to conditions of post-weld heat treatment to relieve
residual stresses during construction of the pressure vessel. Firstly, in order to survey this
metallurgical problem, a study concerning the deterioration of mechanical and micro-structural
properties was carried out.

Nextly, presuming similar occurrences of hairline cracks in the large-size nozzle corners of
the vessel where the stress concentration is highest, fatigue tests were carried out with small
laboratory specimens and two 1/3 scale pressure vessel models to assess the propagation of
cracks and thereby evaluate structural integrity of the pressure vessel. As a result, structural
integrity of the pressure vessel was tentatively confirmed. Then, with a third, 1/2 scale, model,
further tests were made to affirm the vessel integrity and to examine the initiation and

propagation of hairline eracks.

2. METALLURGICAL STUDIES

2.1 MATERIALS AND OVERLAID WELDING

Test plates were prepared from ASTM A 533 grade B, class 1 steel plates (thickness : 30 mm)
with the overlaid cladding. The cladding was made using submerged arc welding under the
following condition : electrode (0.45Xx50 weldp) : 309 L (1st layer), 308 L (2 nd layer), welding
current : 800 A, arc voltage: 27V, welding speed: 20 cm/min, and polarity : SP.

The overlaid welding procedure was controlled in two different ways to provide different

ferrite contents. One was 59 ferrite and another 109 ferrite in the as-welded state.
2.2 EXPERIMENTAL RESULTS AND ITS OBSERVATIONS

In order to observe the effect of post-weld heat treatment on the mechanical properties of
the overlaid cladding, three testing methods were used, that is, half size Charpy-V notch impact
test, micro tensile test and guided side-bend test. These specimens were machined from the
as-welded test plates, and heat-treated at 600°, 625° and 650°C for 20, 50 or 100 hours.

* @ “Outline of the Report” (3, 19734 10 B ic% 2 MEN A BT EKEL# (2nd International Conference on
Pressure Vessel Technology) T THEIN, RLHED Proceeding ICHR AN DD TH 3.
“Qutline of the Report” was presented on the 2nd International Conference on Pressure Vessel Technology,
San Antonio, U.S. A., October, 1973, This paper was included in the Proceeding on the Conference.
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Remarkable decreases occurred in delta ferrite content in 20 hours of heating at 650°C in
both specimens of 525 and 1095 nominal ferrite contents. This tendency decreased with incre-
asing time of heating at all heat-treatment temperatures employed. The delta ferrite reduction
increased with increasing heat-treatment temperatures. A similar trend was noted in deterio-
ration of the impact property. Furthermore, the decrease was generally greater in the material
with the 1094 nominal ferrite than in the 5% ferrite material.  The phase changes occurring the
delta ferrite seemingly are direccly connected with the deterioration of the impact property. Both
the 525 and the 1094 nominal ferrite specimens showed slightly decreases in the yield strength,
ultimate tensile strength and elongation with increasing time or temperature of the heat
treatment. According to the results of guided side-bend tests performed at the same time,
no cracks appeared at the weld bond in those heated for 20 hours at 600° and 625°C, but those
heated for 20 hours at 650°C formed a number of fine cracks, indicating the loss of ductility
at the weld bond.

Some delta ferrite precipitated in to the matrix is believed to be necessary to prevent hot
cracking during the austenitic stainless steel overlaid welding. Such micro-structure on the
stainless steel cladding may follow the trends of carbide precipitation and sigma phase formation,
and result in embrittlement by heat-treatment at elevated temperatures. Many investigators
have concluded that the delta ferrite content for the prevention of hot cracking or embrittle-
ment should fall in the range of 3 to 15%.

The results of present test, were processed according to an empirical factor K=9% Cr+
4X9 Mo—+3(9 Si—1)—16xX2 C/% Ni+1/3(9%6 Mn—1) as proposed by Gow and Harder, as
shown in Fig. 2.8. From these results, the trends of ductility decrease can be classified in two
groups. They are the Group I (K=1.48—1.81, Cr/Ni=1.66—2.04) for the case of JE/E<
5094, while Group II (K=1.92—2.44, Cr/Ni=2.13—2.65) for the case of 4E/E>50%. In
order to minimize the deterioration of ductility due to the heat treatment, the upper limit
should be set either as K=1.9 or Cr/Ni=2.1. In view of the plot on the Schaeffler’s
diagram, 99 ferrite content at the as-welded state becomes a boundary between the group I
and II. Therefore the conservative engineering limit should be set at a ferrite content of 7.5%.

Christoffel and Currant, who investigated the time and temperature dependence of the
width of carbon migration in dissimilar metal welds derived the following equation from the

rate process theory.
P= _.711? -+logt

where K, T and t denote a constant, temperature in °R (Rankine) and time in hour, respec-
tively. As K has a value of 35,000 (°R) in 2-1/4 Cr—1Mo steel—-Type 347 combination,
this value was used in Fig. 2.10. It is found that, with increasing time and temperature of
heat treatment, the width of carbon migration increases and the ductility decreases. In the
Section III of the ASME nuclear components design code, only a specified minimum heat
treating temperature (1,100°F, 593°C) is given. The results of the present study indicate
that, in performing the post weld stress relieving heat treatment, the associated decreases of

ductility in the stainless steel cladding must be taken into account.
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3. STRUCTURAL MODEL TESTS

3.1 PRESSURE VESSEL MODEL

The main parts of the 1/2 scale model were made of the materials described in TasLe 5. 3.
The specification is almost the same as that for the 1/3 scale models. In the 1/2 scale model,
in addition to the JPDR pressure vessel forced-circulation nozzle (N 1), three other nozzles
(N 2, N3 and N 4) for large light-water reactors, (about 1/6 scale) were included*. TaeLe 5.1
shows the design code and dimension for these pressure vessel modele, and also for the actual
vessel. Construction of the 1/2 scale JPDR pressure vessel model is based on the section III
of the ASME nuclear components design code. The reason for this is that recent reactor
pressure vessels are nearly all designed by this code ; therefore, information can also be obtained
for the nozzles of other nuclear reactors to be constructed in the future as well as for the
JPDR. Fig. 5.7 shows a sectional view of pressure vessel model No. 3.

Fig. 5.8 shows the shape and size of the JPDR nozzle (N1) of the vessel model No. 3.
Fig. 5.12 compared the JPDR nozzle corner dimensions for the models and the actural structure.

3.2 STATIC INTERNAL PRESSURE TEST

The stress distribution induced by a static internal pressure of 110 kg/cm2, was obtained
for pressure vessel model No. 3 prior to machining the notch. This was done by attaching
strain gages both on the inside and outside of the nozzle. This static pressure of 110 kg/cm?
was chosen for the inner corner circumferential strain distribution in model No. 3 to be nearly
the same as that of model No. 1.

Fig. 5.35 (a) shows the stress distributions, both calculated** and experimental***, induced
by static internal pressure at 110kg/cm? on the inside corner of the JPDR nozzle for pressure
vessel model No. 3. The predicted values are seen to be somewhat larger than those obtained
by experiment. In Fig. 5.35 (a), the values for model No. 1 at a static pressure of 120 kg/
cm? are also shown for comparison. Fig. 3.35 (b) shows the stress distribution on the outside
corner of the same nozzle.

In TasLe 3.9 the results for the JPDR N1 nozzle are given as determined using pressure
vessel models No. 1, 2 and 3. The circumferential strain in inside nozzle corner for models
No. 1, 2 and 3 is nearly the same, at about 2,4004. Whereas the stress concentration factors
at the nozzle corner for models No. 1 and 2 are about 2.8, the value for model No. 3 is 2.4;
a little smaller than the former values. This is probably due to the differences in nozzle corner

radius and thickness and diameter ratios between shell and nozzle.

3.3 REPEATED INTERNAL PRESSURE TEST

After completion of the static loading test, a notch was machined along the axial part of
the inside of nozzle corner, where the strese is the highest. To compare with the results of
pressure vessel models No. 1 and 2, the notch depth was chosen to be 1.5 mm and the length
40 mm on the model No. 3. In an attempt to confirm the reliability of the testing results, a
similar notch was made both on the side of pressure vessel top head and bottom.

* In this paper is described only experimental results of JPDR nozzle except other nozzles.
** by means of finite element method
*%k by means of strain gages
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For machining the notches, a grinder of thickness 0.3 mm, and 22.5mm in diameter was
used. A sectional view of the notched nozzle corner is shown in Fig. 5.42., The elastic stress
concentration factor in the depth direction for the machined notch is given by Neuber’s formula
below. It is assumed that this value is equivalent to that in one half of a plate, U-notched
on both sides and uniformly subjected to a tensile stress which is divided into two at the

symmetric line.
Kt=1+2 KWJ%

where, Kw= il—:?%; a is the notch depth, B is 1/2 of the plate width, and o is the notch

radius.

The values of the elastic stress concentration calculated by the formula are given in TasLe
5.10. Therein the testing conditions are described for the three pressure vessel models and
the operating conditions and the actual crack in JPDR pressure vessel are shown for comparison.

Fig. 5.73 shows the progress of propagation of a crack in the notch-depth direction,
initiating at the notch tip as observed by the Smeck gage method, for the respective pressure
vessel models. Examining the crack initiation stage, the number of cycles to the crack initia-
tion at the notch tip in cladding layer is 1,000 and 1,500 for models No. 2 and 3, respectively.
The number, beyond this point up to start of the propagation into the base metal, is several
thousand cycles. Details of these results are given in Taste 5. 14.

It is seen that crack propagation into the base metal is a slow process restricted at the
boundary between cladding and base metal. The cause for this may be that the heat treatment
carried out in the base metal after the overlaid welding process results in the formation of a
decarburized layer in this part. Still another cause may reside in the difference in thermal-
expansion cofficient between cladding and base metal, which results in the occurrence of a
residual stress in this boundary.

The rate of propagation of a crack within the base metal is seen to be linear for pressure
vessel models No. 1 and No. 2, but in model No. 3, it is exponential. This difference may be
caused by differences in shape between the models, such as of the nozzle-to-shell diameter ratio
and the wall-thickness ratio. The difference in stress gradient through the thickness concerned
may also be involved in this and the crack initiation. TasLe 5.15 shows stress gradients as
measured across the wall thickness (i.e. in notch depth direction) in the notch corner (prior to
notch machining) for the respective pressure vessel models. The gradient value for models
No. 1 and 2 are seen to be about twice as large as that of model No. 3. It thus appears that
this difference in stress gradient (the bending stress component) is a contributing factor to the
progress of crack propagation in the base metal.

Fig. 6.3 shows the S-N curves obtained with small laboratory test specimens and for the
actual pressure vessel structure. In the latter case, the vertical axis represents the stress
amplitude, i.e. 1/2 of the maximum circumferential stress in the nozzle corner. It is difficult,
however, to obtain the stress level at the notch root in a notched nozzle corner. In Fig. 10,
the solid curve for the zero-tension test was obtained from straincontrolled low cycle fatigue
tests carried out by the authors with a smooth laboratory specimen of the same material as the
JPDR pressure vessel base metal. The solid curve for the zero-tension notched test is from a
specimen of the same base metal, but Fig. 6.3 includes the results obtained by Southwest
Research Institute in the United States and by Kobe Steel Ltd. from repeated internal-
pressure loading of an actual pressure vessel. It is seen in Fig. 6.3 that the number of cycles
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to a failure in the actual pressure vessel is closely approximates that for the small laboratory
test specimen with zero-tension. Further the number of cycles to a crack initiation is in close
agreement with the cycles to a failure in the laboratory specimen, and with the ASME Code
Section III design curve.

As a rough approximation, therefore, the situation for the three pressure vessel models is
similar to that described above. The stress level for the notched case may be 1.5, 1.3 and
1.4, respectively, with reference to the case without a notch. These are the K; values (fatigue
strength reduction factors) for the three pressure vessel models.

The failure section at the nozzle of pressure vessel model No. 3 is shown in Fig. 6. 4.

4, APPLICATION TO ACTUAL REACTOR VESSEL

In the assessment of structural integrity of the JPDR pressure vessel, if the cracks occurring
in the overlaid cladding inside of the vessel shell are unrealistic, there can be no guarantee of the
pressure vessel integrity against fatigue. failure According to the conventional experimental data,
the fatigue strength reduction factor of a notch is generally believed to be very large, regardless
of its shape factor. This means that the fatigue strength is affected even by the degree of
finish accuracy on the test specimen. In the low-cycle fatigue test carried out by the authors
with notched laboratory specimens of a cladding material, the assumption was made that the inside
large-nozzle corner with peak stress exhibits a typical low-cycle fatigue behavior. Consequently,
the tension-compression (R=—1) type strain-controlled low-cycle fatigue test was discarded in
favor of a zero-tension (R=0) type strain controlled low-cycle fatigue thst. This is based on
the presumption that, in the nozzle corner, the fatigue behavior is that of zero-tension strain
cycles with a certain mean strain. The behavior observed by the authors with pressure vessel
models was close to the zero-tension type.

In the low-cycle fatigue tests made by the authors with overlaid laboratory specimens, with
smooth specimens, the stainless steel cladding layer exhibited a large fatigue strength. It was
equivalent to or higher than that of the base metal, due to its own intrinsic value. The
fatigue strength in the notched specimen with K.=10 was about the same as that for the
specimen with a natural notch. It was concluded that in the structure, the stress concentration
factor of a natural crack is not higher than the K; =10 of the machined notch. Further, the
value of K¢ at the failure 10,000 cycles, was found to be 2.4, based on the fatigue strength
of a smooth laboratory specimen. It is thus implied that the conventional result of the fatigue
reduction factor being equivalent to the stress concentration factor in a notched specimen is
valid only in low-cycle fatigue phenomena at less 1,000 cycles. In the actual structures
designed with low stress levels, even if there exists a notch, its fatigue reducing effect is not
too large ; however, this value is in-the vicinity of 2.4. The design fatigue curve ordinarily
employed (with a safety factor on the stress level of 2.0) which is based on the R=—1 low
cycle fatigue S-N curve does not necessarily give structural integrity for the structure with a
notch.

In the pressure vessel models, the fatigue reduction factor at the same level of stress as
that in small laboratory test specimens was found to be about 1.5. This is much smaller than
the value 2.4 for laboratory specimens. The notch effect in nozzle corner of the pressure vessel
was shown to be 1/1.5 in fatigue strength reduction of the structure. Since the machined
notch in nozzle corner is larger than that actually presumed, the fatigue strength reduction
factor due to an actual notch may not be over 1.5,
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In obtaining the fatigue reduction factors as was done above for the pressure vessel models,
the primary assumption was that the R=0 fatigue failure curve with smooth test specimens
represents the fatigue failure behavior of a pressure vessel model. This is a rather critical
assumption, and not necessarily based on a sound theory. However, in the strain behavior
in nozzle corners, wall thickness of specimens, the strain controlled method with gage length
o0 mm, etc., it is far closer to those in a pressure vessel model, (including nozzle-corner strain
and crack propagation) than is the R=—1 fatigue test. The crack propagation rate in a
laboratory test specimen is also observed to be nearly equivalent to that in the actual structure.
Furthermore, the value of N, the number of cycles to initiation of a crack, and that of Ni,
the number of cycles to failure, in the pressure vessel models are also in agreement with the
data from other models. In the authors, models, two notches were machined in each pressure
vessel model, and the results were in good agreement for the initiation of cracks and the failure
behavior. The reproducibility must thus be considered farily high. The rate of crack propaga-
tion in pressure vessel models is almost the same as that in small laboratory test specimens;
but the effect of a stress field is very different. In laboratory test specimens, the propagation
rate is generally proportional to the fourth power of the strees intensity factor for the case of
a low-alloy steel. In the experimental model, however, it is proportional to the stress level
in nozzle corner, or to the 1.7 power (at most) of the stress intensity factor. The reason for
this situation is probably that in a pressure vessel model (unlike a small laboratory specimen)
the stress field in the course of crack propagation is not varied greatly and the gross stress is
not disturbed. The propagation rate is not increased near failure of a structure. It is seen
that when the crack propagation rate is to be evaluated in terms of the stress intensity factor,

caution must be taken in results of a laboratory specimen and an experimental model.
5. CONCLUSION

The results of the fatigue tests with pressure vessel models No. 1 and 2 (a 1/3 scale to the
acture structure) and No. 3 (a 1/2 scale) may be summarized, as follows ;

(1) The maximum circumferential stress in the inside nozzle corner in the practical range
of nozzle shapes the stress concentration factor is about 2.3~2.8 with respect to the
circumferential stress in the pressure vessel shell, regardless of the shape of nozzles.

(2) In pressure vessel model No. 1, the notch was machined to the boundary with base metal
so that the initiation of a crack directly led to its propagation in the base metal. In
models No. 2 and No. 3, the depth of a notch was 1/2 of the cladding thickness, The
number of cycles to initiation of a crack at the notch tip, Ni, in the cladding layer was
1,000 for pressure vessel model No. 2 and 1,500 for No. 3. The number of cycles to the
crack initiation in base metal, N, was 2,000~2,400 for model No. 1, 3,300~4, 800 for
No. 2, and 5,000 for No. 3.

(3) The stress field occurring in a nozzle is complex, varying with the shell-to-nozzle diameter
ratio and the wall-thickness ratio. ~ So, though nothing can be said with certainty, the
propagation of a crack may be controlled largely by the stress gradient (bending-stress
component) through wall thickness in the crack growth direction.

(4) The number of cycles to a failure, Ny, is 24,700 for pressure vessel model No. 1, 22, 200
for model No. 2, and 33,000 for model No. 3. The value of N is nearly inversely
proportional to the stress amplitude in the nozzle corner (1/2 Eg,).

(5) Assuming the internal pressure of JPDR to be 110 kg/cm?, the number of cycles for a
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crack already at the boundary to propagate into the base metal, N, may be over 2, 000.
And, the rate of crack propagation is probably less than 1X10-3mm/cycle at 10, 000
cycles. The number of cycles to a failure, Ny, is then possibly more than 60, 000.
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