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Abstract

This report describes the activities of the four year project on Creep-Fatigue Crack Propagation
Behavior of Structural Materials for LMFBR (I ~ IV). The project intended to give a base for the future
development of the fracture mechanics approach for an integrity assessment of high temperature
components of LMFBR. The first purpose of the project is to give a standard test technique for
accumulating creep-fatipue crack propagation data of LMFBR materials at high temperatures. The
second purpose is to give a selection of fracture mechanics parameters suitably available in the inte-
grity assessment of high temperature components in LMFBR.

For these purposes, experimental and numerical studies were developed with 304 stainless
steel at high temperatures of 550-650°C under a various loading conditions. The results on creep-
fatigue crack propagation studies were subjected to examinations based on further detailed experi-
mental and numerical analyses. Following items are main topics of 4 year project activities. -

@
@
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@
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fatigue, creep and creep-fatigue crack propagation experiments

elastic-plastic-creep FEM analyses with examples obtained in the experiments
examination and development efforts for a standard test technique for future data
accumulation activities

development of inelastic FEM analysis techniques for numerical computation of the
fracture mechanics parameters of plasticity and creep in high temperature components
evaluation of experimental and numerical works for future developments

The achievements of the 4 year project are summarized as following.

a.

b.

d.
e.

f.

The J integral is most reasonable at present state of the art for evaluation of creep-fatigue
crack propagation behavior of 304 steel at LMFBR temperatures.

A separating use of the J integral into the fatigue J integral and the creep J integral is
available to describe the cycle-dependent and time-dependent behavior of creep-fatigue
crack propagation.

The fatigue J integral and the creep J integral are able to be computed with a finite
element elastic-plastic-creep analyses which can give their values well coinciding with ex-
perimental values.

A standard test technique was proposed for a future data accumulation.

A methodology was proposed for computatioal evaluation of the fatigue and creep J
integrals in high temperature components of LMFBR.

Above results can give .a base for further proposal of a system for the integrity assess-
ment techniques of high temperature components of LMFBR.

The project was conducted by the FCC Subcommittee of the Japan Welding Engineering
Society in 1983-1986 fiscal years under a contract with the Power Reactor and Nuclear Fuel De-

Work performed by The Japan Welding Engineering Society under contract with Power Reactor and Nuclear Fuel Development
Corporation
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Fig2.1.1-1 Comparison of the relationship between fatigue crack propagation rates (da/dN) and various fracture parameters

(58-Fig.3.4.2-1—Fig.3.4.2-4) (Continued)
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Fig.3.3.1-2 Schematic examples of fixturing techniques for CCT speci-
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Fig.3.3.1-5 Example of extensometer for CCT specimen
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Fig.3.4.2-2 Definition of area S, on CT specimen
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2) CCTHEH
CCTERBRAIHT B 4343, KR TEHRSh D,
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= ._AE_I;{_. +§]_5)EE ................................................................. (3.4.3-2)
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(1) CCTREH ’ﬁ\j/’ﬁ-
SBE XN 20, & 2a OBEOERIZEHD

cosh™! [cos ny/W]
Va _ cosma/W) .. (1)
Vag cosh™! [cosh Ty/W ] y
cosh may /W
- 2
@) CTaERE y |22 ]
TROERIC2WTIZ,?
W
. T
@ D =0.26W
—-—— d i0.225“}-
2h, e, =0.25W
. ey =0.0785W
2h12hv2hazhz[B?"D— 2H 20 onesw
= hy=0.069W
hy=0.187W
' h,=0.246W
d a —! h; =0.541W
“—Es T W
E=a/W & Va/ Vag &k 58E& (0255 £20.9)
v
: —0.785+1.40 £ —~2.51 £42.20 EVH6.19 F =131 £ T.20 £8  sooemememsmnmnnrinsnnenens (f2)
0
Va/Vay b EERDBIES (0.25= £=0.05)
Va Va | [Va]“
=—1.514+1.66 j— | +0.866 —1.03 |—/—
£ {Vau} [ﬂo] Vay
q 5
+0.296 V_a’ —{0.260 [..Yi ..................... ({:j 3 )
&g Vao

1) H. H. Johnson, “Calibrating the Electric Potential Method for Studying Slow Crack Growth, "
Materials and Standards, Vol. 5, N9 (1965) pp. 442-445

2) fofdE, thizgs—, (Lpsedn, WWFREHE, < ERESET v v v MECE S CTEREN ORER SEESHTl " #5835
# 3905 (HEfn61E 3 H) 312-316
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% - [1 - é ] [1 — i] {bot b1 E+ b+ b+ b E'+ by} - ((f5)
ST, E= a/W, PRTWE, BRBIETH 3,
NFL R (UFs) LB 2EH
EHIGIE X /W he b b2 b b bs
—0.345(v, 1.6396 11.020 —6.4495 | —31.114 47.251 | —18.343
—0.25 (vp 1.6137 12.678 | —14.231 |—16.610 35.050 | —14.494
~0.1576 (v 2.5376 3.9043 22.443 | —91.534 107. 40 —40.792
0 (vp) 2.1630 12.218 | —20.065 —0.9925 20.609 —9.9314
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a/W=CO+Cl (UX)2+CZ (UX_)1+ 03 (UX)3+C4 (UX)4+ Cs (UX)S

0.25
= (1-++ r > (

1+
1—

EZ
&

—16.6102 £°135. 0499 £*—14. 4943 £%}
FIEEAL v, 5 EDEIZ0.05% ORETTIFRLVBEENAS (0.2 £0.975)

seese

) {1.61369+12.6778 £—14.2311 £°

-----------------

.................

i
Ux =
(BE"?i 172 L s
P
ftgke A {I7) LB BEHK
SHHItLE, X /W Co o Ce Ca C. Cs
—0.345 (vx) 1.0012 —4.9165 | 23.057 | —323.91 | 1798.3 | —3513.2
—0.250 (v,) 1.0010 | . —4.6695 | 18.460 | —236.82 | 1214.9 | —2143.6
—0.1576 (V1) 1. 0008 —4.4473 | 15.400 | —180.55 870.92 | —1411.3
¢ (vuw) 1.0002 —4.0632 | 11.242 | —106.04 464.33 | —650.68
1523 WEEERN v.B X UEE X WOl
X/ W
—{.345 —0.25 0.1576 0 0.303
£ BEvx, BEV, BEV, BEVu BEYV, Xeo
P P P P P
0.2 20.86 17.69 14.61 8.6 — 0. 2807
0.25 24.33 20.91 17.58 11,18 - 0.3302
0.30 28. 66 24.90 21.24 14.28 4.64 0.3782
0.35 34.11 20,89 25.18 18.09 8.05 0.422
0.40 40.98 36,18 31.51 22.86 12.07 0.4658
0.45 49.78 44.23 38.83 28.96 17.24 0. 5068
0.50 61.26 54.76 48. 44 36.99 24.26 0.5506
0.55 76.77 69. 00 61.44 47.90 34.26 0.5933
0.60 98.56 89.04 79.78 63.35 4927 0.6385
0.65 130.73 118.7 107.0 86.36 73.29 0. 6874
0.7 181.44 165.7 150. 0 122.80 115.0 0. 7366
0.75 267.92 245.4 223.5 185.4 195.1 0.7853
0.80 431.85 397.0 363.1 304.6 - 0.832
0.85 806. 66 743.8 682, 65 578.36 - 0.8714
0.90 1921. 25 1768.2 1628, 06 1389.07 - 0.916
0.95 8095.73 7505.5 6931.4 5952, 20 - 0.958
0,975 | 33370.9 30976.4 28647.5 24675.3 - 0.979
1.00 - — - - - 1.00

1) J. Eftis and H. Licbowitz, *On the Modified Westergaard Equations for Certain Plane Crack Pro-
blems, "Intern. J. of Fracture Mechanics, Vol. 8, No.4 (1972) pp. 383-391,

2) Ashok Saxena and 8. J. Hudak, Jr., “Review and Extension of Compliance Information for
Common Crack Growth Specimens, ” Inten. J, of Fracture, Vol.14. MNo.5 (1978) pp. 453-468,
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(1) CCTR®A®

FE) = fsec—2, =28 e e e e

dRK=dac /za f(E), 0= F=0.95
z E 2a
2 W

=4 N R0 @ £(§) o

.............................................

E=2a/W f(§) §=2a/W f(§) F=22/W 1(§)
0.05 1.002 0.35 1.083 0.65 1.383
0.10 1.006 0.40 1.112 0.70 1.484
0.15 1.014 0.45 1. 147 0.75 1.617
0.20 1.025 0.50 1.189 0.80 1.799
0.25 1.040 0.55 1.241 0.85 2.070
0.30 1.059 0.60 1.304 0.90 2.528
0.95 3.570
(2) CTHERA™
4P
AR=—""uu T , == - T P T TP PP
BT (£ 3
2+ £ a
s (0,886 +4.64 £ —13.32 §*+14.72 £°-56 £, E=
HOEY = pyor (0886+464 F— 1332 £ 1UT2 & 56 £, £=v

(ff11)
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g5 N T12) @ £(§) DfE

E=a/W £(8)| £=a/W f£(F)| E=a/W f(E) E=a/W {(§) E=a/W {(E) E=a/W f(§)

0.450 8.34| 0.500 9.66| 0.550 11.36| 0.600 13.65| 0.650 16.86 | 0.700 21.55
0.455 8.46% 0.505 9.81| 0.555 11.56| 0.605 13.93| 0.665 17.26| 0.705 22.14
0.460 8.58{ 0.510 9.96| 0.560 11.77| 0.610 14.21} 0.660 17.65] 0.710 22.75
0.465 8.70| 0.515 10.12| 0.565 11.98| 0.615 14,50 0.665 18.07 | 0.715 23.40
0.470 8.83| 0.520 10.20| 0.570 12.20| 0.620 14.80 | 0.670 18.51| 0.720 24.07
0.475 8.96} 0.525 10.457 0.575 12.42( 0.625 15.11| 0.676 18.97| 0.725 24.77
0.480 9.09 0.530 10.63 | 0.580 12.65 | 0.630 15.44 | 0.680 19.44 | 0.730 25.51
0.485 9.23| 0.535 10.80| 0.585 12.89| 0.635 15.77| 0.685 19.94| 0.735 26.29
0.490 9.37| 0.540 10.98| 0.590 13.14| 0.640 16.12| 0.690 20.45} 0.740 27.10
0.485 9.51 0.545 11.17| 0.595 13.39| 0.645 16.48| 0.695 20.98| 0.745 27.96
0.750 28.86

1) C, E., Feddersen, " Discussion in Plane —Sirain Crack Toughness Testing of Metallic Materials, "
ASTM STP 410, Am. Soc. Testing Materials, (1976) pp. 77-79.

23 J. E. Srawley, *“ Wide Range Stress Intensity Factor Expressions for ASTM Method E399 Siandard
Fracture Toughness Specimens, " Intern. J. of Fracture, Vol. 12, (1976) pp. 475-476.
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(1) CCTHER"

43= AK2+ Sp n.;
TOE Be b ’ -
s

0.1 £2a /W=0.75 - (+13) 3

ZZiT, Spid, HECRT LI,
P—6AF Y vAL—7TOEBED 1/2.

@ CTHERA - Load line displacement, &
e 2B 2 CED) oot eee et e ene s een e
A== f(nCEN (fF14)
— 1 + n ........................................................................ ~
CnCEN=1"x Gib)
1 (O =f2E1-HF2 QE/I-D +2 — 155 e (f$16)

CZiE, £= a/W, Sp WTFHITRT &3 i, P— 68K T OER,

%6 X (914 @ £(§) oiE

E=a/W f( E) EF=a/W fCE)
0.45 2. 2896 0.63 2.1966
0.46 2.2348 0. 64 2.1912
o 0.47 2, 2800 0.65 2.1858
S 0.48 2.2750 0.66 2.1804
9 Area , Sp 0.49 2.2700 0.67 21748
\ 0.50 2. 2650 0.68 2.1694
\\\\\ 0.51 2. 2598 0.69 2.1640
0.52 2.2548 9.70 2. 1586
Load line displacement, & 0.53 2. 2496 0.71 2.1532
0.54 2. 2444 0.72 2.1476
0.55 2.2392 0.73 2.1422
0.56 2.2340 0.74 2.1368
0.57 2.2286 0.75 2.1314
0.58 2. 2234 0.76 2.1260
0.59 2.2180 0.77 2.1206
0.60 2.2126 0.78 2.115
0.61 2.2074 0.79 2.1096
0.62 2.2020 0.0 2.1042

1) P, KB JLHET, WBEBE, 2 ) - TEHRETOXREECHET I8 & 2 ", L 28,
£ 3085 (WE54) 414-420

2) Jd. G. Merkle and H. T. Corten, “A J Integral Analysis for the Compact Specimen Considering Axial
Forces as Well as Bending Effects,” Trans. ASME, J. of Pressure Vessel Technology, Vol. 96
(1974) pp. 286-292
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(1) CCTHEHR
a—1 P.6

Jf = B o iiseassesesesasissmessuserressstsaresserarerrirastittitsttatsrssesierans ({‘4{17)

a1 Z2Be b
T i, O BB
@) CTREBRA
a Pc‘S

Y = pr .mF(E) ............................................ (f18)
F (5) = T__i—’ E= a/ W reeerereerie (H‘Ig)
2 (1+m(1+ &) (1= E)
r= S e/ OO (420D
(1+8&)+n (1-8
B e s (fF21)
1+ E
(-
1=fCZ /L E) 72 (2 EN1-E) =2 pp o (f22)
X7 71, pOE
£ 4 8
0.0 2.0 0.293
0.1 2.089 0.226
0.2 2.154 0.168
0.3 2.193 0.119
0.4 2.207 0.081
0.5 2.200 0. 051
0.6 2.1717 0.030
0.7 2.141 0.015
0.8 2.007 0.006
0.9 2.050 0.001
1.¢ 2.0 0




%8 a=T70HEDF () O

F= a/W F(E, a=D | &= a/W F(§, a=T)| £= o/W F(§, a=T)
0.45 2.197 0.55 2.184 0.65 2,157
0. 46 2.196 0. 56 2.182 0.66 2.153
0.47 2.186 0.57 2.180 0.67 2.150
0.48 2.195 0.58 2177 ' 0.68 2.146
0.49 2.194 0.59 2.17 0.69 2.143
0.50 2.193 0.60 2.172 0.70 2.139
0.51 2.1 0.61 2.169 0.71 2.135
0.52 2.190 .62 2.166 0.72 2,131
0.53 2.188 0.63 2.163 0.73 2.127
0.54 2.186 0.64 2.160 - 0.74 2.123

0.75 2.119

1) H. A. Ernst, ¢ Unified Solution for J Ranging Continuously from Pure Bending te Pure Tension,”
Fracture Mechanics : Fourteenth Conference,Vol. I : Theory and Analysis, ASTM 3TP 791 (1983)
pp. 1499-1519
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BE (°C)
550 600 650
NG A -
Ao _ 2.4890 2.3577 2. 1694
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{b) Ramberg—Osgood BIEAHEN
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0.0= £=0.10 0. 18597 % 10~ 6. 12629
650°C 0.0= £=0.20 0. 2423210 5. 70897
£0=0. 051406%
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(f130) TEM LB GO ERRITRY, X 30) it O LI DISATH e iEEZRDT,
X (Ff30) ©¥5 2 —% @, n%FEWT Kumar —German —Shih DI E% H O TEFII 4,
DIEERD B354, EWERY D OBcliid 23 (fF 28) DU HEHR (F30) T GEH
ENTVB T EEHAL T BENS 3,



Stress amplitude (kgf /mf)

50

45

Eq.(28)
1Cased

Case3

Case2

Casel

Material : SUS304
Temperature : 550°C
L I B A T
0.0 0.5 1.0

Plastic strain amplitude {98

4 Kinds of stress-strain relationship employed in the calculation

i.5
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Fig.5.1-2 Relationship between da/dt and J' at 550°C and 650°C
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