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Fracture Toughness Tests for a W-free and a Medium W 12Cr Steels
at Elevated Temperature and Failure Assessments
of the FBR Piping Elements made of the Steels
(Research Document)

T.Wakai*\ K.Aoto"

Abstract

A series of fracture toughness tests is conducted at elevated temperature for a
tungsten(W)-free and a medium W 12% chromium(Cr) steels, which can be candidates
of the structural materials of the large scale sodium cooled fast breeder reactor (FBR).
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 ;

1) The fracture toughness tests for the W-free and the med.-W 12%Cr steel are are
performed according to ASTM E813 procedure at 550°C. The fracture
toughness as the material characteristics could not be obtained for the W-free
12Cr steel, but it could be obtained for the med-W 12Cr steel.  These values
are smaller than those obtained in FY2002.

11) 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 FBR, the
evaluated critical crack length of the 12%Cr steel pipe is much larger than the
detectable crack length under the estimated conditions.

ii1)) Accounting for the data dispersion, conservative failure assessment is also
performed referring the R6 method.  Even if the 99% lower bound value is
adopted as fracture toughness, the evaluated critical crack length of the 12%Cr
steel pipe is much larger than the detectable crack length under the estimated

conditions.

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

Engineering Center
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Table 2.1 Chemical compositions of the materials

Si Mn P S Ni Cr Mo w Cu \Y Nb N

W-free 12Cr 0.14

0.07| 0.51| 0.009| 0.001 0.60| 10.3 1.45| <0.01 - 0.17 | 0.050| 0.040

Med.-W 12Cr 0.12

<0.01| 0.48| 0.005( 0.005| 0.71 10.2 1.20| 035 0.02| 0.20| 0.058| 0.027

Table 2.2 Heat treatment conditions of the materials

Thickness Normalizing Tempering

Temp. | Time | Temp.| Time | Temp.| Time | Temp.| Time | Temp. | Time

(mm) (C) | () | (¢) | () | () | (h) | (¢) | (h) | (C) | (h)

W-free 12Cr

30.0 1,090 | 340Q | 550 | 37FC | 665 | 47FC | 700 | 30FC | 740 4FC

Med.-W 12Cr

30.0 1,050 | 1AC 720 2AC

* OQ=0il Quenching, FC=Furnace Cooling, AC=Air Cooling

S0T-€00% 0076NL ONI



Table 2.3 Tensile properties of the materials at 550°C

E Poisson's Stress-Strain
Material Oy Ou Of Ratio -otra
(MPa) (MPa) (MPa) (MPa) y Curve
W-free 12Cr 398.5 [2]| 4545 [2]| 4265 * | 152,000 [2]| 0.306 [1]|Fig22 [2]
Med.-W 12Cr 478.5 [3] 562.5 [3] 5205 * 156,800 [3] 0.306 [1] [Fig.2.3 [3]
" oE(oytoy) 2 [1] : Ref.[3]

[2] : MHI co.ltd. domestic data
[3] : Hitachi co.ltd. domestic data

S0T-€00% 00F6N.L ON[



Table 2.4 Crack length referred in the failure assessment

Crack length at wall-through-penetration

Detectable crack length

Cpene
(mm (deg.) ) Caet
. . (mm (deg.) )
Manual Trip Power Loss Pump Stick
Elbow 25.0 (2.3) 24.8 (2.3) 26.7 (2.5) 31.0 (2.9)
Y-Piece 33.9 (3.1) 35.5 (3.3) 35.8 (3.3) 25.6 (2.4)
Table 2.5 Stress components used in the failure assessment
P o = P P
m bg-S bg-W
(MPa) (MPa) (MPa) (MPa) | (MPa)
Manual Trip| Pump Stick | Power Loss|Manual Trip| Pump Stick | Power Loss
Elbow 2.0 12.3 13.5 12.6 2.8 40 2.9 1.7 20.0
Y-Piece 3.5 157.0 176.0 165.4 122.4 154 .1 129.0 2.4 20.0

% Safety factors : x1.5 for primary stresses

x1.1 for secondary stresses

G0T-£002 00%6N.L ON[
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Fig.2.2 Stress-strain curve of Med.-W 12Cr steel at 550°C

0.008



JNC TN9400 2003-105

H3700 4375

EIHX

- fl\
|
|
|
|
4

1
%h—ﬂ::“
L IS & g I,

o . L850 C)
= %
i :
ﬁ : k.
= -
[ al P e g
o M sp g o -
) : H/L Pige CDg=1270 ik

E ]
4

{

ke

3
et Supporting Pipe - D,=1524  t=15.9

B0

RV
(550 C)f

E~G - 550 C
Gl 300 O
M~1.500C

Er dx=-~228 advy=211

i«mm"lmém : I 6x=108

FEERAEGE R KRB R ERD G

Fig. 2.3 Shape and dimensions of the assessment parts [4]

Dhijects of Assessment

Fig. 2.4 FEM analysis model [4]



JNC TN9400 2003-105

3. ERHIESMEHR
3.1 HERAE

4 BITRARDPEEMME 2 ER T 51213, MBOFIEREME & & ITHE DRk E
BIERBELRD, 22T, ®BEFRy ML 7EEZEEL, 550CIZRBIT 55
IERERENMEFRER 2 ASTM ES13[6ICTEML L B &49 1 4 > 50D CT Bk (1ITCT
REBRA) ZHWTTolk, BRABR-TESL Figdd I8 7, 2R, HBRiEHER
A A OHFIB L ORI E R L 72 Mod.9Cr-1Mo 88 [7] = 12Cr S0 —# [8])
EORBDID, BRIV I IA4 T RKICEVER L, BRI
LTDERBY ; |

AR AR . AHFE 3 K
REREEE : 550°C (ITCT RBRABEITB W TH3ICTLUA, FEB% 60 HLL R
B I RBRBAA,
I - R B - BRITEE & b 1T B I
(B AREF=2M (/) v 7r—VHEOE) fM
BFEE © (RERIHEE) 9,800N, 4
(EALHIER) 0.5mm, 5>
BRTE : 12%
BRATEEE : 1%,/ BT
FIE DT E & 5 WMEEATIZBIE LT b ERHTBIME £ CORRMIX. 108,
BEEMERBR ORI, BRICBWTES FEREEA L, A LRI,
IR ERELEFT DA e L RESRBRE (RELS0KN) , BEADOSEMIT
UToEBY ;
B OE =R
BT - 5L
JE¥E  : 30Hz
BRI E : 9,800N
B/NMATE : 980N (R=0.1)



JNC TN9400 2003-105

HEXZIEX 20 (+0.1) mm

3.2 HEREER

EIRATEEME AR OMBR S Table3.1 I2E b5, FFIC, A—0ORREHET
A 517z 316FR, Mod.9Cr-1Mo # [7] B XDl D 12Cr 88 [8] DEFEENE
ABERE DY TRT,

W-free 12Cr ] Ti&, 316FR <° Mod.9Cr-1Mo 72 & & FIE, i O ALl
R ST, MEHEE ORESMEE Jic 2RD5 2 LIETERhoTe, —5,
Med.-W 12Cr & T IFEmE O A5 250 8 S v, MEHER OfE & LT OB EE
& Jic R Bz,

HRTHELNZa L T T4 7 AR L ORE — B RS L 0% Fig3.2
~33 1277, @R CORMKTFEOEFDHELIRS /NS TD2DIZ, FrED
HE B D VIIEMIZBZEREL,IT (B 10 BC) BREEZHLE LIS, &H(a)
WAL ERY, BREHEE CIKMENRZONIETLTNWS, 275
ATV AEEDREIZRNTIE, ZOEELRTZDIZ, IEDWED D\t
ENICEZEERDOERFTED 40%ITHYTDEs L. R TEMOSRWE
D 10%IZABE T DE IR LT, FROG)D 2 T T4 7 v AR EER LT,

J-Aa gi#R % Fig.3.4~3.5 2R,

AR TR, RRORES ORENES B OBREMIERBRIC AW 2B A OIR
B (K114 vF=5#25mm) LV /NN b, HBEEEDELE LTORMEE
BIEE e 3B OB S TZEBIZ OV TS, JoDER R6 HEICBWTER SN
TV Jc bRABRZ THREFMZER T2 L L35,

33 T—ADELOEICHTHER

S EIOEIREE MRS 2 Ehe Lz 2 BEOMEHC DWW T, MEEERED
REEERL [8] . ZHF4 Table 3.1 (TR L7ZERBY DEREZB TS, K
FEBLNICZN G ORI OEEME[EIL, EERLNZZNENOMEIZIT
NTH 40%/ NN LB,



JNC TN9400 2003-105
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Table 3.1 Results of fracture toughness test for 12%Cr steels at 550°C

Plane strain condition

Material Testpiece Ja 25(Jgfop)*! Jic of not? dJ/da
(MPa:mm) (mm) (MPa)
1 493.0 28.9 x 421.0
W-free 12Cr 2 527.0 30.9 x 495.0
3 TCT 556.0 32.6 x 453.0
1 375.0 18.0 O 547.0
Med.-W 12Cr 2 399.0 19.2 O 408.0
3 365.0 17.5 O 286.0
W-free 12Cr 2 911.7 53.4 x 395.0
P122 (52t) ° (8] 447.0 25.8 x 229.8
P122 (30t) ** [8] | 1T7CT 111.6 5.1 O 100.4
Med.-W 12Cr [8] 650.8 31.2 x 181.6
P122 (52t) -aging*®  [8] 420.5 27.1 x 184.5

" o=(o,*0.)/ 2

*2 JNC domestic data (2002).
*® t=52mm, 10.54Cr-1.76W-0.34Mo, 1,050°C*1hAC+770°C*7ThAC
** t=30mm, 10.87Cr-1.86W-0.31Mo, 1050°C*1hAC+718°C*1hAC
600°C*6,000h aging.

*> Same material as 3.

Table 3.2 Results of Vicker's hardness test of Med.-W 12Cr steel

Sampled from
specimen tested in

Sampled from
specimen tested in

2002 2003

1 290.8 286.1

2 287.5 291.5
3 284.7 285.8
4 297.5 287.2
5 289.3 288.6
Ave. 290.0 287.8

13 —
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B K%
A J
A 625 +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 12.5 —

(Side grooves were machined after introducing fatigue pre-cracking)

[Fatigue Pre-cracking] ~ a;(mm) | a,(mm)
Wt 1 2.1 2.0
-free
12Cr 2 2.0 2.0
3 2.1 1.9
Mod W 1 2.0 2.0
ed.-
192Cr 2 2.1 2.0
3 2.0 2.0

Fig. 3.1 Shape and dimensions of the CT specimens
for fracture toughness tests
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(b) Compliance curve (Testpiece No.1)
Fig. 3.2 Load-displacement curve and compliance curve of W-free 12Cr steel
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(c) Load-displacement curve (Tsestpiece No.2)
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(d) Compliance curve (Testpiece No.2)
Fig. 3.2 (contd.) Load-displacement curve and compliance curve of W-free 12Cr steel
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Fig. 3.2 (contd.) Load-displacement curve and compliance curve of W-free 12Cr steel
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Fig. 3.3 Load-displacement curve and compliance curve of Med.-W 12Cr steel
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(d) Compliance curve (Testpiece No.2)
Fig. 3.3 (contd.) Load-displacement curve and compliance curve of Med.-W 12Cr steel
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Fig. 3.3 (contd.) Load-displacement curve and compliance curve of Med.-W 12Cr steel
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< /
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~ O W-free 12Cr (1)
K —— Blunching curve
%O 500 ——0.15mm off-set
i —— 0.2mm off-set
— 1.5mm off-set
— Fitting curve
0 A R U R S
0 1 2 3 4

Crack extension Aa, mm

(a) Tsestpiece No.1

1,500

S

Q'? 1,000

=

~ O W-free 12Cr (2)
K —— Blunching curve
g 500 ——0.15mm off-set
~ — 0.2mm off-set

— 1.5mm off-set

— Fitting curve

Crack extension Aa, mm

(b) Tsestpiece No.2
Fig. 3.4 J-Aa curve of W-free 12Cr steel
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(c) Tsestpiece No.3
Fig. 3.4 (contd.) J-Aa curve of W-free 12Cr steel
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(a) Tsestpiece No.1
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Crack extension Aa,

(b) Tsestpiece No.2
Fig. 3.5 J-Aa curve of Med.-W 12Cr steel
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3 4

Crack extension Aa, mm

(c) Tsestpiece No.3
Fig. 3.5 (contd.) J-Aa curve of Med.-W 12Cr steel
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(b) Sampled from specimen tested in 2003
Fig.3.6 Microstructure of Med.-W 12Cr steel
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Table 4.1 Critical crack length obtained form the failure assessments

Critical crack length

Detectable crack length

CCI’
(mm (deg.) ) Cet
. , (mm (deg.) )
Manual Trip Pump Stick Power Loss

W-free 12Cr 1,633.1 (147.4) 1,620.8 (146.2) 1,628.3 (146.9)

Elbow 31.0 (2.9)
Mid.-W 12Cr 1,613.1 (145.5) 1,594.3 (143.9) 1,603.3 (144.7)
] W-free 12Cr 429.6 (38.8) 353.2 (31.9) 393.6 (35.5)

Y-piece 25.6 (2.4)
Mid.-W 12Cr 366.2 (33.0) 300.5 (27.1) 335.2 (30.2)

G0T-€00Z 0076N.L ONI
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(b) Relationship between Kr and crack length
Fig.4.1 Failure assessment for Elbow made of W-free 12Cr steel subjected to manual trip
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Fig.4.2 Failure assessment for Elbow made of W-free 12Cr steel subjected to pump stick
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(b) Relationship between Kr and crack length
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(b) Relationship between Kr and crack length
Fig.4.3 Failure assessment for Elbow made of W-free 12Cr steel subjected to power loss
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(b) Relationship between Kr and crack length
Fig.4.4 Failure assessment for Y-piece made of W-free 12Cr steel subjected to manual trip
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(b) Relationship between Kr and crack length
Fig.4.5 Failure assessment for Y-piece made of W-free 12Cr steel subjected to pump stick
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(b) Relationship between Kr and crack length
Fig.4.6 Failure assessment for Y-piece made of W-free 12Cr steel subjected to power loss
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(b) Relationship between Kr and crack length
Fig.4.7 Failure assessment for Elbow made of Med.-W 12Cr steel subjected to manual trip
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(b) Relationship between Kr and crack length
Fig.4.8 Failure assessment for Elbow made of Med.-W 12Cr steel subjected to pump stick
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(b) Relationship between Kr and crack length
Fig.4.9 Failure assessment for Elbow made of Med.-W 12Cr steel subjected to power loss
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(b) Relationship between Kr and crack length
Fig.4.10 Failure assessment for Y-piece made of Med.-W 12Cr steel subjected to manual trip
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(b) Relationship between Kr and crack length
Fig.4.11 Failure assessment for Y-piece made of Med.-W 12Cr steel subjected to pump stick
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(b) Relationship between Kr and crack length
Fig.4.12 Failure assessment for Y-piece made of Med.-W 12Cr steel subjected to power loss
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(b) Relationship between Kr and crack length

Fig.4.13 Pessimistic failure assessment for Elbow made of Med.-W 12Cr steel
subjected to pump stick
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