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Fracture Toughness Tests for High Chromium Steels at Elevated Temperature and
an Attempt of Failure Assessments of the FBR Piping Elements Made of the Steels

T.Wakai, K.Aoto"

Abstract

A series of fracture toughness tests is conducted at elevated temperature for 12%
-chromium steels, which may have poor toughness comparing to an austenitic stainless
steels and Mod.9Cr-1Mo steel.  The results of these tests are adopted to a structure
integrity assessment for the FBR piping made of 12% chromium steel referring the R6
failure assessment method proposed by CEGB, and possibility of the leak before break
(LBB) demonstration is investigated. As a result, following conclusions are

obtained ;

i) The fracture toughness of 12% chromium steels tends to be smaller than
Mod.9Cr-1Mo steel.

ii)) The fracture toughness degradation of 12% chromium steels due to thermal
aging is likely to be insignificant comparing to that of Mod.9Cr-1Mo steels.

iii) As a result of the failure assessment referring the R6 method for an elbow and
Y-piece of primary coolant pipe in the large scale sodium cooled fast reactor, the
evaluated critical crack length of 12% chromium steel pipe is much larger than

the detectable crack length under the estimated conditions.

For the future investigation of the applicability of 12% chromium steels to the FBR
piping, the following studies are needed ;
a) - The validation of the fracture toughness data including validation of the
applicability of unloading compliance procedure to the elevated temperature
b) The failure assessment of the elbow containing a longitudinal crack in the crown

part

"Advanced Material Research Group, Advanced Technology Division, O-arai

Engineering Center
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Fig. 2.1 Shape and dimensions of the specimen for tensile test
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Table 3.1 Results of fracture toughness test for 12%Cr steels at 550°C

Plane strain condition

, J - dJ/d

Material Testpiece @ 125g/0)F R @

(MPa-mm} (mm) (MPa)
815.9 81.8 x 230.6

316FR
(JNC domestic data (1992)) 920.0 92.2 * 204.1
765.8 76.8 x 291.3
Mod.9Cr 1M 536.1 36.7 x 487 .4
0d.9Cr-1Mo

(JNC domestic data (1990)) 616.5 42.2 = 471.4
540.2 37.0 X 405.7
HCM12A 1TCT 447.0 25.8 X 2208
HCM12A-2001 111.6 5.1 O 100.4
FCR12 650.8 31.2 x 181.6
HCM12A-aging 420.5 271 x 184.5

X Gf:(0y+gu)/2

Table 3.2 Influence of thermal aging on fracture toughness at 550 °C

Material Test piece Ja deterioration| dJ/da | deterioration
(MPa-mm) (MPa)
536.1 487.4
Mod.9Cr-1Mo%H 616.5 - 471.4 —
(JNC domestic data  (1990) ) 540.2 405.7
432.7 4448
Aging : 550°Cx=5,000h 1TCeT 534.0 13.9% 390.9 8.7%
490.0 409.5
HCM12A 447.0 - 229.8 -
Aging : 600°C=6,000h 420.5 5.9% 184.5 19.7%
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1D

[
_19.-._J ............................ U >.. ........... <_._

B K%
A J

A 62.5 +0.50 G 10.35 —
B 50 +0.25 H 7 —
C 25 — | 3 —_
D 5 — J 25  +0.50
E 60 +0.25 K 20 —
F 18.75 — L 125 —

(Side grooves were machined after introduc

ing fatigue pre-cracking)

[Fatigue Pre-cracking] a;(mm) | ay,(mm)
1 HCM12A 1.9 2.0
2 HCM12A-2001 2.1 1.9
3 FCR12 2.0 1.9
4 HCM12A-aging 2.0 1.9

Fig. 3.1 Shape and dimensions of the CT specimens
for fracture toughness tests
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Fig.3.2 J-R curve of HCM12A at 550°C
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£ 100 A e 0.2mm off-set
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0 O 1 ] L [ 1
0 1 2 -3 4 5 ; 6
Crack Extension Aa (mm)

Fig.3.3 J-Rcurve of HCM12A-2001 at 550°C



JNC TN9400 2003-017

1400
1200 ¢ : So
_ . eS
T 1000 } 6 O O e
Q? o CSD“‘”M ;
~ [ o[ FCRI2
~ 0600 F P © .
go ; O —————— Blunching curve
§. 400 0 —— 0.15mm off-set
A 0.2mm off-set
200 —_1-5mm o_f_f;set
s Fitting curve
0 1 Il l 1 1 - 1
0 1 2 3 4 5 6
Crack Extension Aa (mm)
Fig.3.4 J-R curve of FCR12 at 550°C
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B
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Crack Extension Aa (mm)

Fig.3.5 * J-R curve of HCM12A-aging at 550°C
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4. FHIEREFE
4.1 R6ZEDHE

#5[F Central Electricity Generating Board (CEGB) i, *EaHT 5EEM O
BEFMMFEEZE LD [7], 2T, BEFM#RE (Failure Assessment Diagram ;
FAD) AW THEMMENCBEMREE T2 —E L CIMET5 2 L3RR 2
NI RA—=FIET, —fRIC “R6IE” L LTHONTWD, FRFHIBW T, R6
EATv a2 28R 0 UREFSMERITT 2,

4.2 FEIRERMERE
4 FEEOBEM OENENITHT 5 ROELT 7T a > 2 103 < BHEE M RK
(Failure Assessment Diagram : FAD) Z{E% U7z, TREEFE (b (Failure

Assessment Curve : FAC) (X, A7 a3 v 2 DERICESX | ML OBEEML S
OTHBEBRNPOUTDEBYIED D ;

for Lr=L™
Lroy  2Eerer

}%

Kr ={Earef + Lr3cy
Kr=0 for Lr>L™*
L™ ERFA—F LDy A7 THY, KATEREIND ;

B OB TRENR ST

L rmax —

D 0.2%ifit 71

AR TIE. WE—E (Table 2.5) OFMHT, FRHEIZRBAICHERIE
TVE, WEFTMMBR LB RO IEHES L, TEERASHEILE

=L,

4.3 IS A—F Kr DEH
NTA—=F Krid, RARZIVEETD,
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Kr=K(a;)” Kic
K(a) : EHES o \SHET BTG
(EARO BE & BT B IS ARG BB LT EH)
Kic : BIEFO BB Tic (£721% Jo) (RS T B i kiR sk
Kic=y (Jic'E/ (1—v%)

JEAERBFEOBERIZRBWT, BFREBXEEZFTAHMBICHT 2T
<, BMATHRICHT 28B4 SR U EE ., RSO RN, FIA
FIREZRHBICH 58 [8, 9] DEAGKEICEELARWEDTH S, Thbb,
FEM R REMLD R/t 234 40 ThH 2 DIZxt L, FIAFTEERMRICH 354 [8] ©
BHASEIZ RAZ20 28 & Ro T3,

4.4 IRSA—F LrOEH
NI A= L, RRICTEVEHT S, R6 HEIZHEW., 22T ITHRENZ
BMEREIZIIFES LW EEZ S,

Lr=0rt/ 0y
0wt RIS [10]
0 ret=Fnet* (Pm® 0 m+Po* 0b)

Fret : IERWTEFRER
0Pm 1 —RIES S
Pm : BEISAMIESRE (Z 2 TiX. pu=1.0)
0P —WREITIGA
Py : BTIS AMIERE (Z 2 TiE. p=1.0)

ay BB 0.2%fft 7
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4.5 BRAERES ccDEME

AEFICRBNTIE, Table 24 (T EBREREIZETOALFMERNE
ELZEEEL, F0OHED (L, Kr) A FAC DRI ET S & T EE
SEERSHE, FACEHUIARARIIBITAEHRIEZARLEERAEHE S e &
EET D, BB, REETIZ, ZOZHESIRTESHBURBBFAICHEY TS
2, ZZTHEEADOEEEZIT 7=, WELMBEN (FAD) BLUEHES L
Kr & OFER%EZ. Figd1~448 |77, WTFNLDTr—RIZBNTSH, FIHDKE
i, (Lr, Kn) iXFAC ORBICIE L THY . 2BOEEN. 55 i1HE
ERCRBERALEHEICEDZ LTI EBbh3d,

DOEI, EHEILZERIELFEEIC, FAC ZHEUARSICBIT A &&EHES

(=ABRHCBIT BREEBREEES) ool Table 4.1 ITFTEBY THY .
WTNHERICATIRAVREFIEEHES cia LV bFoKEL BERELE
WECELAMCRAVRER+SFETH D Z L BTRB SIS,

TARTIE, —RIEST - ZIRIEADEBITIERVIKETH DD, KR&EExRC
XU THRAILRBFEIIRELS RO R, Fo, IEAKERBENZ &6, B
HRELEZ VI VWD, BAREERIITFHFEFICKRE 25,

. Y E—X TR ARICHE LT OREARAE NOT, AR
ERELS R D, —FH., ZIWIEHITBEREIZIIFE LRV D, Lrid Kr T
LTRE <3 5T, BT Ke XIRICEVIREBTAEL 3,

34 THEELZEBD ., ASTM [5] Tt BE—HBRAECLV T4 2BE
TEHHEITIE. HEDIEL X E2BETI-OKIE 3 KROBRREITHI L &K
DT3B, L, SEOHKEFMICHAV 12Cr SOMERLT — & 12, B—
RBAE BEF2 LTI TURE) CEIORBENE | KORBEOF—
ThB, TIT, IITE WENEEZERT—X0 12, Thbb Jg=55.8
(MPa-mm) &{REL7HE D R6ERSR LT M H1T o7z, Tabled.l T
EOARLEERAEEHEIBN/NSI o7z HCMI2A-2001 D Y B — X8R FE#E
EICHE) BERGHEZIT DRI OV T 7o R %, Figd2512RT, =0
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GEDREERAEHRE S ¢ 13K 55mm & 720, EBRFT—F K0 ORGEELHE
EROVTHELABADREE 50%L 7258, ZRTHRAVRETESZE
& cger (=25.6mm) KV b+HHKREL, BEAEERECEIRMIBIVBHS
FEETHD I EBTRRIND, FRERIMEEE 50%/ NS W ERET S = &1L Table
33T L7z 9Cr R DR EEMERBE R CRON - BE—RGH 15 L ik
RBRABEDOT—F0IEb2% (W 22%) 2 +5BET3L0THIN, 4%,
BRI = 7 T4 T AEORBRESHERB~OBERAK L, SEORBRT— 4
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(b) Relationship between Kr and crack length

Fig.4.1 Failure assessment for elbow made of HCM12A subjected to manual trip
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(b) Relationship between Kr and crack length

Fig.4.2 Failure assessment for elbow made of HCM12A subjected to pump stick
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(b) Relationship between Kr and crack length

Fig.4.3 Failure assessment for elbow made of HCM12A subjected to poWer loss
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(b) Relationship between Kr and crack length

Fig.4.4 Failure assessment for elbow made of HCM124-2001 subjected to manual trip
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(b) Relationship between Kr and crack length

Fig4.5 Failure assessment for elbow made of HCM124-2001 subjected to pump stick
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(b) Relationship between Kr and crack length

Fig 4.6 Failure assessment for elbow made of HCM124-2001 subjected to power loss
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(b) Relationship between Kr and crack length

Fig.4.7 Failure assessment for elbow made of FCR12 subjecz‘ed to manual trip
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(b) Relationship between Kr and crack length

Fig.4.8 Failure assessment for elbow made of FCRI?2 subjected to pump stick
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Fig.4.9 Failure assessment for elbow made of FCR12 subjected to power loss
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(b) Relationship between Kr and crack length

Fig.4.10 Failure assessment for elbow made of HCMI12A4-aging subjected to manual trip
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(b) Relationship between Kr and crack length

Fig4.11 Failure assessment for elbow made of HCM124-aging subjected to pump stick
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(b) Relationship between Kr and crack length

Fig.4.12 Failure assessment for elbow made of HCM12A4-aging subjected to power loss
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(b) Relationship between Kr and crack length

Fig.4.13 Failure assessment for Y-piece made of HCM124 subjected to manual trip
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(b) Relationship between Kr and crack length

Fig.4.14 Failure assessment for Y-piece made of HCM12A subjected to pump stick
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(b) Relationship between Kr and crack length

Fig.4.15 Failure assessment for Y-piece made of HCM124 subjected to power loss



JNC TN9400 2003-017

1.2

T
3'0-00.

1.0

0.8 r

0.6 I

Kr

0.4

0.2

0.0 0.2 0.4 0.6 0.8 1.0 1.2

(a) FAD

200 _ : -
150

100

a, mm

50

r r r . 1 rT7 & t&r 9T

0.2 0.4 0.6 0.8 1.0 1.2
Kr

S
S

(b) Relationship between Kr and crack length

Fig.4.16 Failure assessment for Y-piece made of HCM12A4-2001 subjected to manual trip
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(b) Relationship between Kr and crack length

Fig.4.17 Failure assessment for Y-piece made of HCM12A4-2001 subjected to pump stick
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(b) Relationship between Kr and crack length

Fig.4.18 Failure assessment for Y-piece made of HCM12A4-2001 subjected to power loss
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(b) Relationship between Kr and crack length

Fig.4.19 Failure assessment for Y-piece made of FCR12 subjected to manual Zrip
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(b) Relationship between Kr and crack length

Fig 4.20 Failure assessment for Y-piece made of F' CRI2 subjected tb pump stick
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(b) Relationship between Kr and crack length

Fig.4.21 Failure assessment for Y-piece made of FCRI2 subjected to powe;* loss
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(b)i Relationship between Kr and crack length

Fig.4.22 Failure assessment for Y-piece made of HCM12A4-aging subjected to manual trip
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(b) Relationship between Kr and crack length

Fig.4.23 Failure assessment for Y-piece made of HCM12A-aging subjected to pump stick
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Fig.4.24 Failure assessment for Y-piece made of HCM1 24-aging subjected to power loss

(b) Relationship between Kr and crack length
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(b) Relationship between Kr and crack length

Fig.4.25 Pessimistic failure assessment for Y-piece made of HCM12A4-200] subjected to power loss
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