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T Kbstract

" The detelopment of the fracture mechanics appreach for an integrity assessment of
high femperature stxuctures of LMFBRis needed. For that.purpase, present study. aims at
‘ the deterrmnatlon of a, standard test techmque an accumulatron of _hecessary data and the

selectron of reasonable fracture mechamcs parameters for creep-fatlgue crack propagatron
analysrs in hlgh temperature components of LMFBR structures. ‘This report summarlses the
-second yea:r actnnty of a series of three years actrvrtres _
. Dunng the first year, following ¢ studres were performed
. 1) Grrtrcal survey of relatmg pubhcatlons pubhshed after 1978 in order to make clear the
"state of arts of creep fatlgue crack propagatlon study _
- 9) Experrmental studies on creep-fatrg‘ue crack propagatlon behawors of SUS 304 stamless
steel at 650 c
'j {_i_)f. Fmrte element melastrc (elastrc-plashc-creep) analysrs to support the expenmental
_‘_vrrorks ‘ . .
" As results of the cntrcal survey of the hterature and of mqumes to outstandmg Japa-
nese research groups of hlgh temperature strength ma.ny useful suggestrons were obtained
.concernmg testmg techmques data trends and avalrable fracture mechamcs parameters The
Ivbnef supmaries of selected hteratures and hst of the unportant pubhcatlons were prepared
’ The data on the type 304 stamless steel were collected
- The prehmmary expenments were performed on CCT CT, SEN and hollow cyl:nder
fspecrmens at 650 C under trrangular and trapezordal waves w1th 10 nnnutes hold t1me The
-expenments wrth ‘two extensometers ‘for the measurements of the cychc deformatron were ‘
also performed for standardlzatlon of the testlng technique. It was found that the d-integral
'measured wrth 5 mm gage length could be used to represent crack propagatron behayiors
being independent of the type of specnnen, cychc load level and the mode of control. The

*  Work performed by Japan Welding Engineering Society under contract with Power
Reactor and Nuelear Fuel Development Corporation,

*%  University of Tokyo.



data under the trapezoidal wave can be represented by J-integral although the scatter of the
data waa relatively 1arge. The usefullness of the sloping method were also noticed.

In order to examine the simplified experimental method of the J-integral determina-
tion, the FEM inelastic analysis of a CCT specimen which was used in the experiments were
performed. From the FEM analysis, the path independence of the J-integral were confirmed
and the effect of the gage length for the simplified method were discussed.

On the basis of first year results, the following research topics were selected for coop-
erative research activity. '

(1} Crack propagation behavior under one hour cyclic period

(2) The effect of specimen size on the crack propagation behavior

(8) The effect of the temperature distribution on the Ad-integral value

(4) The apprepriate gage length for the crack center opening displacement (CCOD) meas-
urement for the simplified method of determining the J-integral values in the CCT specimen.

As the results of these studies, following conclusions were obtained.

(1) The da/dn-2dc relations of all experiments of one hour cyclic period under the
variety of test conditions were found to be nearly equal to each other. The scatter of the data
points were sthaller than the results of the last year.

Two simplified methods for determining the Adc integral values of the deformation
controlled experiments were compared and it was found that the AJc- -integral values obtained
by these methods were nearly equal to each other. The da/dn-AJc relation obtained by these

two AJc’s were nearly equal fo those obtamed for the load controlled tests (the definition of
the &Jc for load controlled test were already proposed).

(2) Concerning the effect of the specimen size, two sizes of the CCT and CT type
specimens were additionally tested. Tt was confirmed that the da/dn-AJc relation was size
independent, although the crack propagation rates of the specunens tw1ce as large as first
years specimens were slightly Iarger than the other results,

(3) Concernmg the effect of the temperature dlstnbutmn on the J-integral values, .

FEM analysis were perfonned for the cases of CCT speclmen with and without 5 degree
C temperature distribution. It was found that the change of the J-values due to the 5 degree
C temperature dlstrlbutron WaS about 15% and it was considered to be mmgmfrcant

(4) The J-integral values calculated by the path mtegratlon of the FEM results {ob-
‘tained usmg ‘the multilinear constitutive equation) and also by s:mphfled methods for various
gage lengths were compared in order to search the appropnate gage length for the CCOD
measurement. As a results of the comparison, it was found that the J-integral values from the
CCOD measured at the 0 mm gage length was most aceurate and that J-mtegral values calcu-
lated from the CCOD measured at 5 mm gage length was equally accurate for the cracks
larger than 2 mm long. _

The J-integral values obtained from the displacement at the side of the CCT specimens
was found to be invalid when the crack length was small. '

.
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=911 SUS 304 it DS THRIETE

Table2 1.1 Manufacturing specifications for SUS 304. .

® B | S ¢ &
—— 1. .JIS G 4304 (1977) TSESFEILR %> L RSB |
2 BESEFES D RERETFHRECMT S BESOTIREE | TEF558E10 A RAT
, .
1. 8&EFE
- RSP, B AR LIS L ) MRS RIC £ D BT B,
2 BunE
1} i& SR AR ER, TiEE{LEnBEiT 5.
(1) fnEvERE . 1010~ 1150°C
(2) FRFEM D GOURIF, 25 mm) HBLL
3) & Hook ® .
L (bR (2 D~OWHE, %) %
C St Mn P 3 Ni Cr Co
“goa | oo ! 200 "0 040 | 0.030 | & 00 | 18.00 | 0.25
§ ) §
oog | B Tl Fl g Fi & F {10501 2000 | B TF
[a]5 ) E
2. BT
0.2 % BiERTR S L [63 N
( kg, mm?.) . (kg /mmf) . (%) 7R NES .
213k . BB E 08k 187 BT
1. ED~GHT ; JIS G 1253
2. BT ¢ ]IS G 1211~1217KRU JIS G 1222
3. BIEREERR (BH ., JIS Z 2241 ..
4 BEIIERR : JIS G 0567
HEBLU | 5 EXHR 1 JIS Z 2243
B # | 6 BENENE 7 JIS G 0551
7. k&ENEHAE , JIS G 0555
8. ik ; o
o HAERE ;  GHLHLEEERRE
10, ‘HBEHEGHER ; EEYET5015
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#2112 SHHERER
Table2. 1.2 Certified chemical analysis result for SUS 304,

(wt %)

misE| ¢ Si Mn P S Nj Cr Co
0.04% | 1 00 2200 | 0.040 [ 0.030 | 800 | 1800 | 0 25%
§ ‘ § §
oo 0.08 [ B F | B F{ 8 F & F|1080 ] 2000 |8 T
SO B M oos | ose | asr o002 | 0003 | sos | 1847 | 012
gSgUS?Mﬁﬁ E 0.05 | 0.60 | 0.87 | 0.026 | 0.002 | 894 | 1850 | 0 12
¥iFZBMA Ry 7
F2 13 BNEBER
Table 2. 1. 3 Results of heat treament for SUS304.
I & B °C BREERMA (5 -
o 1010~ 1150 48 7k %
SUS 304 & # 1100 - 48 & “
#2 14 BEABREE
Table 2. 1. 4 Certified mechanical properties for SUS 304
HEE | 0.2%0 kg fond| SlRMS ke mm?]| M U % g v % FYEYEE
B R > 21 > 53 > 40 < 187
éU?ESO;ﬁg 23 64 63 135
¥
B B 550°C 12 39 40
* BEMH
#2215 ZohoREBER
Table 2. 1. 5 Other certified test resuits for SUS 304.
-~ BERE | soum | kemnwn| mams | anomm | AGRE | TR
SUS 304 #& # 4.5 B B B B B

®*FEHJH: 40tXx 1000w x 1000L {(mm)
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Ac o I}
“Bb " @+1 " g
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Fig.-2.3.6 —1 Behavior during cycling

for elastic-plastic fatigue crack

growth tests under constant load and
deflection control (for the fracture

mechanics specimens with a long crack).
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Fig.2.3.6 —2 Load vs. load-line deflection hysteresis loops of CT
specimen under deflection control to sloping line.
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Fig 2.3 6 —6 An example of temperature distribution on CT specimen
(0° 45, Jan. 11, 1985)
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Fig-2.3.6 —7 Schematic diagram of the D.C. potential system.
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CT specimen
281 304 stainless steel, 650T 7
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&, FCC4-CT2 .
.0, FCC4-CT4 ) 59FCC

<= 24} ' -
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pary
&
—_ Calibrated equations for electrical
© 1.8 potential method (Eq. 2.3.6- 2, ) -
o 23.6-3)
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L 16 ]
@
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S 14} -
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g
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b

1.0 / I 1 I 1 1

02 03 04 05 06 07 08 09 10
Normalized crack length, 3/ 'w

5 2.3.6—8 BWRATYY ¢ VEORTE MK RRIELDEHE
Fig-2.3.6 —8 Comparison between calibrated equations and
fatigue crack growth tests.
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specimen / ad justment
—61— LO Fulcrum - \
| A
A= —
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Electric furnace —%
wall ©

2.3.6 — 9 TWEBLASTABEME

Fig-2.3.6 —9 Extensometer for load line deflection measurement.
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,/ \ Estimated crack closure point
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Fig.2.3.6 — 10 Estimation of crack
closure point.
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Fig. 2.3.6 —11 Calculation of creep
defletion under def-

lection hold.

—118—



3.0~ '_!—|—1"f‘1"|—1—l‘|—-—"""l' H e T
N=243 [T[HITHTITIT]|TH =2 ||
500 "EE" - M ‘i'\' 11 Load, P i‘/ _ T
:"o.-; - ’E ~ 2 0F l REREN .!_; ,.-:.——-1'. O R =
X £ S Pq Stroke RNy
oF ™~ ~ = s Tt [T deflection
o TS T3 Witz it
S L et (AR - A4 0
| -§ .5 2.0 -8 l 0 \% /// ///. 11
- —500+ "g' L 3 L il _\ ..}7/-_...-.. //r.'_ 4
_ Q % 1\ 1 A
e E 1.0 5 OF _k; AE—{-_" Load line
o 1@ S T deflection, Vo TfT
£ . RSN - g
- ...,};-:-." - ] R S A N - —| -]=d
<L i A RENERRRRRNERERAS

(a) At cycling

1000~ , e ' _: TS i
L T o ovele® 7 Load, P TITITI
. L N H. \LI ak 1% el
—~ 500 E 0.6 FHHITTT SENRARRRR T
b ~ T TIUT
= - > O e . T (o %JT
o | < - 1 THER SRS RN
5 0 2 0.4 T Load line geflection, V. 111 1L :t :
b Ty | e _:- _!_: 5B -
N = - 1 TG ER:
; LH-H- T 5n;"n, : : : B
—1000% 3 1| :—. : : 1 AT | i
| - :

(b) At deflection hold

M 2.36—12 WE, RBRERA v - /EMNRUHEREMLOELESR
(FCC4-CT4. BIRARFEEIE 0.08H2+604 )
Fig.2.3.6 — 12 Load, stroke deflection and load line deflection
change during cycling (FCC4-CT4, tensile hold
trapezoidal wave, 0.08 Hz+60 min ).
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2.36—13 BELIKHES e RF v 20— 7O%ELL
(FCC4-CT4, SIRRHEARM 0.08Hz+604)
Fig.2.3.6 — 13 Variation with cycles of P-V hysteresis loops
(FCC4-CT4, tensile hold trapezordal wave,
0.08Hz +60min) . :
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Fig.2.3.6 —14 Variation with cycles of electrical potential
( PCC4- CT4, tensile deflection hold trapezoidal

wave, 0.08 Hz +60min).
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2.3.6 — 16 HEBHBREER LITHD AL, AT DL
(FCC4-CT4, 3IRAEARFLRHE, 0.08Hz+604)
Fig.2.3.6 — 15 Variation with cycles of crack length and AJ;,
' AJ, (FCC4-CT4, tensile deflection hold trapezoidal
wave, 0.08Hz+ 60nin) )

—121-



—23T1—~

Fatigue crack growth rate, dogy (MMeycle)
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58FCC data
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Fig.2.3.6 — 16

TFatigue crack growth rate vs. fatigue
J-integral range ( AJ,)
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10 -

Fig.2. 3.6 —17 Crack growth rate ((da/dN)ig1af ) vs. creep J-integral
range { Ad, ) under tensile deflection hold iests.
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mﬁmawgémﬁ%mmfméccw#?vfu—vgyﬂﬁ%ﬂ%?5&®24é5®&
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4 —1I9ICRT BT — & & B E—H T 3 EBRELB LTV ET LB 5.
6 T & » '
thh B RAFER (CCT) REBAFHVT, 650 CAKRHT SUS 30407 ) — 7 2 8U=E
HEEREL, EWEELS, BGAER, BEIJBIE0/ 52 -5 —TEETEELBI
CTRERFICk 2B LB Lo TR, ERNAGARUEAHEAREIC L 3 BB TR
BRERHICL3T—sDE L5 EEBIR CCTECTHRFIKLZERIRE V., —T7, &
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Fig. 2.4 —6 Creep crack growth for the specimen Nul.
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Fig. 2.4 —7 Changes in crack mouth dispracement
and Load point displacement.
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C ie=A - (T 100008

RKOSNIBNFT A —SDEEE 3.2 — 2ICFRT,
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#3.2-1 7V —7BFERICETEE&7 4~ 2B
Table 3.2—1 Calculated value of parameters in
creep rupture equation for SUS 304

ss—p | QN TRERICES S
C 17.54301
Ay 26248.54
A, —6104.579
A, —425.0012
oy 3.0

#£3.2-2 7V —THERIANKCBITBEE 7/ —4{E
Table 3.2-2 Calculated value of parameters
in creep constitutive equation

1254 — 2 %j‘){;z’%gj{iﬁgﬁcﬁﬁé
A 3.5557 %10 *
a 6.0504%10°
' 3.0461%10"

i

[T TTIEE Y

- EHEEER
PR INE

)
=]

i i

=2

—
(=]

«

THERTYI
lli!ﬂilllﬁgm“

[
=y

]

!
'S

2]

—
=]

....
=y

7 =7OFBHEE (/e hr
=

1577 (kg /mi )

3.2-1 FHAMBELAUBEREOELE

Fig. 3.2—1 Relationship between calculated value and approximated value.
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R RRS L 2 — 4 (@R LA F MO0 TEIEL oo BAF TITbhA BB B0 L o
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Lo 2 EBBELIOBARBRE oy BBV I 0 B M BN E TERRDE V. AHROT 5 LB
OB THEELETEL, Y5 mmDl FTRAESVHS, Y=0, Y=25mmTi, e
WO 2BULT, 2 ERENOHHAS BT B,

513 8 1 — 6 I REBRINE 2 BHUEE & SEEERICS 0 THR L TRTs AKOF 50/
SOEATE, 2 BHRELOEA I ABRELEVEDBRESEL {PE, K33 1~Ti
R, BBRF LR EOBIBIER 2 AT TS & QBB TR Ul Lo BRI 0 85 ic ke
LTRh, EFAREDSRRDED, SERENOBAE, BEKOBEHRMINS b,
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7o COD, CTODE& bic, A—WETHERY 2 LEEMELUOHHKE LA, FH—0AKRD
THTHRYT 5 & 2EMEUOHHERE Vo HER, K331 - 1BENT, AHROTHH0 1
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#3.31—1 ZEBIUE

Table 3.3.1 — 1 Hardening coefficient for multi-linear approximation.

Stress (kgf,nd) Hardening (kgfad)
1 0 ~7.56 14706
2 756~ 150 10845
3 150 ~23.0 . 1600
4 230~320 600
5 320~ 292
ol 2 E AR
E= 14,706
g=20189
F=528186
a0t
g I %pym
=3
'\
B
~ 30
! K=038244
5 AL m=03453
® 0 G=0~756 F=14706
-
i 765~150 10845
i< 15.0 ~23.0 1600
230 ~320 600
104 320 ~ 292
03 1 2 3 i 5 6 7

CFar e (B

M 331—1 FHEFEALEEI-UDTFAEBE

Fig.3.3.1—1 Stress*strain relations used for calculation.
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Fig.3.3.1 —2

Relationship between load and displacement for center
line points (Bi—linear ).

0 1 2 3 4 5 6
Displacement 8 ( X10 2)

M 3.3.1—3 AKDTEe ERBRPOLREZEMS 0BG/ 2EREN )
Fig:‘“B. 3.1 —3 Relationship between nominal strain and .displacernent
for center line points (Bi—linear ).
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Fig.3.3.1 —4 Relationship between load and displacement
.for center line points ( Multi — linear ).

0 1 2 3 4 5 6 7

Displacement & (X 10 mm)

B 3.31-5 AHKUTLEABH P LR LEELMN OBR( ZERIM)
Fig.3.3.1—5 Relationship between nominal strain and displacement for
center line points (Multi— linear ).
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Fig.3.3.1 — 6 Extension of plastic zone
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Fig.3.3.1—9 Relationship between nominal strain
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Fig.3.3.1 — 10 Path independence of J~—integral (Bi—linear ).
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Fig.3.3.1 — 11 Path independence of J—integral (Multi—linear ).
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£342-1 JIJEIBEIMELOLE (6,=05%)

Table 3.4.2—1 Comparison between simplified method and path integration
of J—integral evaluation (& =0.5%)

F M K AB A PR L _ 2R AFAEL

Y (mm) J (kgf/mm) #BE (D) J (kgf/mm) R E (%)
0.0 1.232 - 13 — —
2.5 1. 246 -12 0. 426 - 70
5.0 1. 290 - 9 0. 758 — 47
7.5 1. 397 -~ 2 1. 145 - 19
10.0 1.535 8 1. 457 2
12.5 1. 692 19 1. 679 19
15.0 1.861 31 1.861 31

k  FEERES OEEME (BE1 AR Jawe= 1.422 kgf/mm
#3.42-2 JIRABBEAMELOLE (0,=13k/nf, 10 58 )
Table 3.4.2— 2 Comparison between simplified method and path integration
method of J=integral evaluation ( 9,=13k¢/md, after 10min)

F il = AR O E L A A Mt

Y (mm)  Fkgf/mmesec)| =| 2= (%) |I(kgf/mmesec)| 2| % (%)
0.0 | 5752 x 10 6 — -
2.5 5.803 x 107 | 7 9.288 x 107 ~ 83
5.0 5.938 x 1074 10 2.722 X 10~ — 50
7.5 6.261 x 10 16 4.904 X 107 -9
10.0 6.684 X 10~ 24 6.379 x 107 | 18
12.5 7.192 X 10~ 33 7.183 x 10~ 33
15.0 7.766 X 10~ 44 7.766 x 10 4

K BEEROOPE EE1ZRC) Jhve=5.411 X10™kgf /mm- sec
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£3.5.1 — 1 J BABEOBBEMIYE (1054)
Table 3.5.1 —1 Path independency of J’—integral (after 10min.)

BV kgf/mm * sec

B OB W ARE-—& @ mEsmsy | B_EE)
1 4,479 x 10 3.718 x 107 -17%
2 5.594 x 10~* 4.691 x 10~ —16
3 5.236 x 10 4. 405 x 10 —16
4 5.228 x 10~ 4. 400 x 10 —16
5 5.104 x 10~ 4,288 x 10 ~16
6 5.564 x 10~ 4. 684 X 10 —16
7 b.737 x 10 4,894 x 10~ —15

# 3. 5.1 =2 J'HEAEEFMEE O (Rl l, 1044
Table 3.5.1 — 2 Comparison between simplified method and path

integration method of J’/—integral evaluation
(on the center line of CCT specimen, after 10 min.)

B @ kgf/mm » sec

T | 0 BE & @ wEswsy | G BT
0.0 5.752 X 10~ 4.916 x 10~ —15%
2.5 5.803 X 10~ 4.965 X 10 —14
5.0 5. 938 X 10 5.090 x 10~ —14
7.5 6.261 x 1074 5.409 X 107 —14

10.0 6.684 x 10~ 5.865 X 107* —12
12.5 - 7.192 x 10 6. 466 x 10~ —-10
15.0 7.766 X 107 - 7.188 X 107 -7
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®42-1 EERRERLOHE (Ad=26ke/m’ DEE )
‘ Table 4.2 —1. Comparison between experimental results and analytical results

(at Ao, =26kg/mn® )

&

smEx | £ B (Ao =26kg/mm?) #

s Au k| AT ok Au=2u (mm) AJ=4 7] (kg/mm)
28t (mm) | Gegf/mm) | 2ESER | DEBey | cEmEh| BEEet
9 0. 066 0.34 0.045 0,047 0.15 0. 14
5 0. 083 L1 0. 050 0.078 0. 46 1.05
7 0. 104 2.16 0. 058 0. 101 0.81 1.95
10 — — 0. 150 0. 190 4.58 519

= 20,189 | 9,= 7.56 | 0,=20.189 | oy = 7.56
= IHTHE (S, 58FH) (kg/mmz) gkg/mm J (kg/mma) y(kg/mm )
* GL.=2ommToIHE | uldG.L. =25mmichi} |88 2~ T & COBBRES
*%G.L.= bmm TOFM | 2EICBELLLD HoFEY

F42-2 EBERZOHE(AE = 1.0%0EBA)
Table 4.2 —2 Comparison between experimental results and analytical results

(at Ae =1.0%)

EmEX E OB (Ae,=10% 13 | ¥r
AP (kgf) FaN | AP=2 P (kgf) AJ=4 J(kg/mm)
za (mm) Pmax_Pmin Pmﬂx_ Pcl (kgf/mm) 2 Eﬁﬁﬂﬂ %%%,&D{E‘ 2 Eﬁi&"u gg%;‘%ﬁl
2 4524 4524 4.20 4404, 4228. 1.87 1. 62
5 4083 3893 9,22 — 376.2. — 5. 69
7 3713 3585 10. 62 3603, 3429, 8.94 7.07
10 3148 2833 11. 15 — — — —
0y, =20.189 oy=7.56 | 0,~=20,182 o,= 7.56
Wi % | JigEH (S. S9MFED (kg/mm*)}| ‘kg/mm?)| (kg/mm?®)| (kg/mm?)




F42-3 HERRRE DR (T BiAME, 2a =5m®iFE4)

Table 4. 2—3 Comparison between experimental results and analytlcal results

‘( J'— integral.at 2a=>5mm) -
W | BIEATE J7 at 10min * (kgf /mmi - sec ) AT kef/mm)| B %
BB E S E B M@ 6.66 x 10~ * | 0.3996( 0. 440)
) E 0% — — R - ) += - 105%D ]
| 2 E8 | 650C ﬁ%gi\z G.L.—G.O(a&ﬁqmuﬁb »6.94><10. - 0.4164(9.458) S g 600
|G =5.0 (RBH LG 71431074 | 0.428400.471) | (sec) f&Lr
& B W 5 V1 @ | 541x107¢ | 0.3246(0.357) | $De
AR | 650 °C—SE - G.L. —OO(a“ﬁﬁm:L\ﬁj:) 5.75x 1074 10.3450(0.380)  ( ) Pid
G.L.=50 (GUERFHLEE) | 5.94x 10~ ¢ | 0.3564(0.392) | PFHFRIHID ]’
i —— _ . | zsmi<
2B W P & O | 456x107* | 0.2736(0.301) s LSS
BB | 650 £ 5°C st G.L.=0.0 (BBRE LML) | 4.92x107¢ | 0.2952(0.825) | o,
1 G.L.=5.0 (RERF 1) | 5.09x107¢ | 0.3054(0.336)
A B - |G.L.=5mm
(FCC.12) " B E R IRV 7

—228—
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Fig. 4.2.1 Comparison of accuracy between each
evaluation points at £,.=0.5%
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