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Abstract
|

The Heavy-Sect on Steel Technology (HSST) Program is exhibits a Q-stress parameter of about -0.7. whichi-

- investigating the increase in effective fracture toughness of indicates a substantial loss of constmint in the shallow -
A 533 B steel associated with shallow flaws and the impli- crack beam. Using the test data and posttest analysis, a
cations of the shallow Daw effect on reactor pressure ves- locus of toughness data in terms of the J integral and the

sel (RPV) life assessments. Test data from beams indicate a Q stress parameter has been constructed for a particular

.significant increase in the fracture toughness of shallow- temperature. Analyses were also performed on an RPV
crack specimens co.' pared with deep-crack specimens in with a shallow flaw under PTS loading conditions up to the
the transition region of the toughness curve for unitradiated maximum value of J. At maximum J, the anal ses reveal a/

A 533 B steel. If the toughness increase present in the test Q-stress parameter about -0.2 to --0.4, which indicates

specimens were also present in a reactor vessel, the impact some constraint loss but less than in the shallow-crack test
on pressurized-thermal shock (FTS) analyses could be sig- specimens. Considering the RPV in terms of J-integral and
nificant To facilitate transferability of the specimen data to Q-stress suggests there may be a larger margin of safety

an RPV, posttest finite-element analyses have been per- than would be found using the J-integral alone. Thermal-
formed on several test specimens and a reactor vessel for a shock data, which were generated using cylindrical vessels
single (PTS) transient. The analysee are sufficiently refined . under thermal shock loading, show no significant increase
to allow interpretation of the results in terms of the J inte- in toughness even for shallow-flaw hpths. The thermal
gral and the so-called Q-stress parameter under plane-strain shock data seem to indicate two offsetting effects: a
analysis assumptions. A negative Q-stress parameter is shallow-flaw efrect, which increases toughness, and an out-

indicative of a loss of crack tip constraint, which is associ- of plane (biaxial) stress effect, which decreases toughness.
: ated with an increase in the fracture toughness. Analyses of Additional work is necessary to resolve outstanding issues
the test specimens indicate that at the onset of crack initia- for applying shallow-crack data to an RPV and val dating
tion the deep-crack specimens exhibit an essentially zero the J-Q technique for fracture evaluations.

- Q. stress parameter but that the shallow-crack specimen

i

.

4
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1 Introduction

The lleavy Section Steel Technology (HSST) program, would benefit from an improved understanding of con-
sponsored by the Nuclear Regulatory Commission (NRC), straint include reactor vessel supports and circ umferential-
is investigating the innuence of crack depth on the fracture flaw analysis. Furthermore, American Society for Testing
toughness of A $33 D material under conditions prototypic and Materials (ASTM) validity requirements in standard

- of a pressuri2cd-water reactor (PWR) vessel.1-4 Specifi- fracture tough ss detenninations may be appropriately
cally, HSST is investigating the significance of the increase relaxed based to a better understanding of the influence of
in fracture toughness associated with shallow- rather than constreint on iracure taghness.
deep-Daw specimens.The shallow-flaw fracture toughness
increase (i.e., shallow-flaw effect) is due to a loss of The llSST shallow-Gaw program is a joint experimental!
constramt at the crack tip treause of the proximity of the d program that has miuced a limited datn base of
crack tip to the specimen surface' shallow-flaw fracture toughness vaiuce a t :.auysis to aid

in the transferability of the specimen data to an RPV. The
The primary application of the llSST shallow-crack frx- expecimental portion of the progrmn was divided into two ~

ture toughness program is the pressurized-thermal shock phases: development and production. The development ,,

(PTS) accident scenario, which in some cases limits the phase established the techniques appropriate for shallow-
operating life of a PWR reactor pressure vessel (RPV). crack testing, verifiul the existence of a shallow-Gaw
Probabilistic fracture-mechanics analyses of an RPV have effect in A 533 B beams, and compared beams of three
shown that shallow rather than deep flaws dominate the thicknesse to choose the most appropriate thickness for
conditional probabdity of vessel failure in a MS evalua- the production phase of the program, Broken ends of the
tion.5-7 In fact, up to 95% of all initial crack initiations development phase beams were remachined and tested
originated from flaws with depths of 25 mm or less. yielding six additional decycrack beam tests. The produc-
Shallow flaws ,ontribute heavily to the conditional proba- tion phase developed a limited data is ie t.' shallow-crack

'

bility of failure for three main reasons. First, PTS life toughness vclues using relatively large laboratory speci.
assessments are to be patterned t,fter Reg. Guide 1.154,3 mens. All testing was conducted on thn'e-point-l' nd speci-
which requires that all flaws be comidered surface llaws. mens with a beam depth of ~100 mm (4 in.).
Furthermore, the flaw density distribution function
assumed for PTS life assessments is based on the Marshall The analytical portion of the shallow-flaw program has
report,9 which predicts more small Daws than large Daws. conducted pretest analyses of the test specii.iens, posttest
Thus, PTS analyses assume the existence of more shallow analyses of the test specimens, and analyscs of an RPV
surface Daws than deep Daws. Second, PTS loading is subject tr PTS loading with a shallow flaw. The pretest

~more , vere on the inner wall of the vessel that subjects analysis was used to size the instrumentation used for the "

shallow flaws to greater stresses. Hird, m the beltline tests and select an appropriate shallow-crack depth. Post-
region of an RPV, irradiation damage is greatest at the test analyses have provided nondimensional factors neces-
inner surface of the vessel wall; this reduces the fracture

sary to determine the shallow-crack J integral fracture
toughness of the material m, which a shallow surface Daw toughness from test data for shallow-crack specimens.
would reside. Furthermore, MS evaluations mdicate ' hat

Posttest analysis has also quantified the constraint in the
most cracks initiate at temperatures above the lower shelf deep- and shallow-crack test specimens and an RPV under
c f the toughness curve for A 533 B steel (i.e., the transition MS loadings in terms of the Q-stress carameter to better
region), The shallow-Daw effect m beams also takes place understand the transferability of the specimen data to an
primarily at temperatures m the transition region. Thus' RPV'
PTS analyses require that the fracture behavior of shallow
surface Daws le well understood.

This report addresses several of the recommendations
made earlier in an HSST shallow flaw testing report.4 The

in addition to investigating the shallow-flaw effect for PTS first recommendation, to test additional A 533 B shallow-
analyses, the shallow-flaw investigation is important in the crack specimens, is detailed in Chap. 2. Recommenda.
study of the generalinfluence of constnunt on fracture . tion 2, posttest analyses of the test specimens, is covered in
toughness. The llSST shallow-crack program has investi- Chap. 3. Chapter 4 fulfills Recommendation 3, analysis of
gated the muuence of both a loss of m plane constraint a Dawed RPV under MS leading. The analyses reported in
(i.e., shallow-flaw effect) and a loss of out of-phine con" Chaps. 3 and 4 use the J-Q fracture parameters, which sat-
straint (i.e , thickness effect). The understanding of con- sfy Recommendation 5. Recommendation 4, a reexamina-
stramt is vnal to the transferability of small-specimen tion of thermal shock o .md pressurized thermal shockt

toughness data to various structural applications (indudm.g data,is included as a part of Chap. 5. Chapter 6 contams a
RPVs). Additional applications important to NRC that summary and recommendations for future work.

1 NUREG/CR-5886
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2 Test Results

This chapter describes the experimental results of the tested in three-point bending. All testing was conducted on
llSST shallow-crack fracture toughness program. The pri- uninadiated reactor material (A 533 grade B, class I stect)
mary purpose of the shallow-crack testing was to develop a with the cracks oriented in the thickness (S) direction to
limited data base of shallow-crack fracture toughness simulate the material conditions of an axial flaw in an
values using relatively large laboratory A 533 B beam RPV. Specimens were taken from the center, homogeneous
specimens. This chapter presents only an overview of tJe region of the source plate to prevent metallurgical differ-
experimental results. Techniques used to col!ect shallow- ences between the material surrounding a shallow and deep

| crack data and properly determine the fracture toughness flaw from influencing the toughness result This is nonpo-
3have been detailed previously ll but are summarized in totypic of an RpV because shallow flaws weald be krried

'

I Appendix A for completeness. The test program was sue- in surface material of an RPV plate where largt meta .orgi-r
cessful in collecting shallow- and deep-crack fracture cal gradients exist that have significantly greater frr.ture |
toughness data . toughness. j

2.1 Experimental Setup To properly use shallow-crack fracture tougimess <kita in
the analysis of an RPV, the effect of out of-plane

The specimen configuration chosen for all testing in the (thickness) constraint on toughness must be well under ,
shallow-crack program is the single-edge-notch-bend stood. To investigate the effects of out-of-plane constraint
(SENB) specimen with a through thickness crack [as in the beams, the thickness was varied in the development
opposed to the three-dimensional (3-D) surface crack). A phase tests to examine the effect on toughness. Three beam
previous shallow crack 12.13 used SEND specimens. The thicknesses were used: B = 50,100, and 150 mm (2,4,and
straight through notch simulates an infinitely long crack in 6 in.). The span for the 50 mm-thick beam was 4W or
an RPV. To simulate the conditions of a shallow flaw in 406 mm (16 in.). The spans Ior the 100- and 150-mm
the wall of a reactor vessel, the specimen depth W and beams were increased to assure failare without exceeding
thickness B must be of adequate size Consistent with this the load capacity of the beam fixture. Figure I shows three
requirement, a beam 100 mm deep (4 in.) was selected for of the beam sizes used in the shallow-crack testing. Both
use in the llSST sha!!ow-crack project. PWR vessel walls shallow- and deep crack specimens were tested at each
are nominally 200 to 280 mm thick (8 to I1 in.). To main- thickness. Beams 100 mm thick (4 in.) were used for the
tain consistency with ASTM standards, the beams were production phase tests. This beam was chosen for the
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-Test

. production phase tests based on. development phase results, were tested at -45*C using beams with different thick-
which showed increased scatter for the 50-mm-thick beams - nesses.The production phase tests used one-beam geome-

. but no substantial ditference between the 100- and. try (100 by 100 mm) but were conducted at various ten'-
150-mm-thick beams.' peratures. The total test matrix for the llSST shallow crack

fracture toughness program is shown in Table 1.

Two crack depths (one shallow and one daep) were tested 2.3 Material Cllaracterizationduring the shallow-crack fracture toughness testing pro.
gram. The nominal sha!!ow-crack depth chosen was a - 10

I
mm (a = 0.4 in.), which was representative of the flaw Beams used in the development phase of the shallow-crack

depas that resulted in a majority of the initiations in the fracture toughness testing program were fabricated imm

- integrated pressurized-therma; shock (IPTS) stuuies.54 . H3ST-CE Wide-Plate remains. A limited amount of mate.

Previous investigations defined the shallow-flaw effect in rial characterization was performed on this material as a

terms of normalized crack depth (a/W). nese investiga- part of that Wide Plate test series.14 He six additional

t6ns used beams ~25 mm (1 in.) deep (a/W < 0.15), ne deep crack beams were cut from broken halves of several

specimen depth (W) and crack depth (a) for the llSST of the development phase specimens. :
I

beams were chosen to allow interpretation of the shallow-
crack beams in terms of "a" or aAV applicable for RPV
:.nalyses. One specimen was tested with a flaw depth of Source material for the beams in the production phase of

14 mm (0.55 in.). All deep-crack specimens were cracked the shallow-crack fracture toughness testing program was

to an aAV ratio of ~0.5. HSST Plate 13B. Material from HSST Plate 13A was used
as source material for most rf the wide plate testsl5 and
was extensively rFaracterized at that time. HSST Plates

Instrumentation was attached to the specimens to make 13A and 13B were originally fabricated as one plate
~

both J integral and crack tip-opening-displacement (HSST Picte 13), which was cut into two pieces by the

(CTOD) measurement of fracture toughness, ne J-integral metal supplier for transport to ORNL llSST Plate 13 is

was determined from the load-line-displacement (LLD) metallurgically typical of RPV plate material; however,

using a reference bar attached to the beam fixture and a RPVs receive a final heat treatment following the welding;

micrometer attached to the neutral axis of the beam. CTOD this was not originally performed on HSST Plate 13. To be

was determined from crack-mouth opening displacement more prototypic of the conditions in RPV material, the

' (CMOD) using clip gages mounted directly on the crack production phase material was heat trested at 620*C

mouth of the specimen. Toughness data are expressed in (1150*F) for 40 h prior to final machining. A characteriza-

terms of CTOD according to ASTM E1290-89, Crack-Tip tion piece was also heat treated and delivered for fabrica-

Opening Displacement (CTOD) Fracture Toughness tion into the various characterization specimens and test-

Measurement. ASTM E399, Plane Strain Fracture Tough. ing. The original characterization of this material (HSST

ness of Metallic Materials, was used to analyze the deep. Plate 13 A) was performed in the L T orientation. His

crack specimens to determine if the test results could be recent characterization supplements the original character-

considered" valid" plane-strain (Krc) data. ASTM E813, ization by providing properties in the L-S orientation

J[c, A Measure of Fracture Toughness,is not strictly appli, through the plate thicknest. All production phase shallow-

cable to these tests because most of the failures were cleav. crack testing was in the L-S crientstim.

age faihires; however, critical J integral cleavage values
(Jc) were determined for each test. Techniques used to
determine the C1'OD and J integral toughness are detailed Material properties used in tLe analysis of the daib-

. in Appendix A.- crack test results for both the development and pmh;cviorv
phases are included in Table 2 Additional information en

.

. . . the shallow-crack p.wluction phase material characteriza-
2.2 Test Matrix tion can be found in acf 16. Subsequent shallow-crack

- material characterization haixen performed, and results

The development and production phases of the HSST will be issued soon "

shallow crack testing program resulted m 14 and 18 data
points, respectively. In addition,6 deep-crack beatrs of
varying thickness were tested to investigate out-of-plane,-

(thickness) constraint effects yielding a data base of 38
specimens. The development phase tests were conducted 's.u % FM - % % m e w usn-

._ prm ard, y at one temperature (-60 C) using beams of three pim ng ;n m.s me, euas m t;sNuc NtREG
different thicknesses. The six additional deep 4 rack beams er*
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Table 1 Test matrix for the llSST shallow-crack program :

_ : Phare : Temperature Crack depth Thickness Number of
'

('C) (mm) (mm) beams tested

Development -60 ~50 50 3 .

-60 ~50 100 1 -

40. ~50 150 1

-60 -50 50 3 |
-60 -10 100 2
-60 -10 150 2
-60 -14 50 1

-35 -10 50 1

Subtotal 14

Six additional beams - .-45 -50 50 2
-45 -50 100 2

-45 -50 150 2

Subtotal 6

Production -105 -10 100 3
-40 ~50 100 3

-40 -10 100 3

-23 ~10 100 3
4. ~50 100 3
6 -10 100 3-

Subtotal - 18
'

Total - 38
,

- 2.4-ResultS : Critical CTOD (Sc) and J-integral (Jc) toughness estimates
- were determined for each test from available load-CMOD

Load vs CMOD curves wee ganerated for each develop- and load LLD data, respectively. Because JeandSe are
' ment beam tested at T = -60*C, To normalize the load relatedl8 according to Je = mo%e, where m is the cos..
' between beams of different spans, thicknesses, and slightly straint parameter and at s the flow strength (avarage ofi
different beam depths, the applied nominal bending stress - yield and tensile strength), additional checks on the test

- (rather than applied load) was plotted vs CMOD. De data were made. The constraint parameter m was deter-
i applied stresses fcr the test and analysis results were calcu- mined for each test and found to average 1.5 for deep-crack .

' lated according to Mc/I, where M is the applied bending tests and L1 for shallow-crack tests; these are similar to
moment, c is the distance from the beam neutral axis to the previous analytical results.12 The6e toughness data were

. location of the stress, and I is the second moment of inertia. ' converted to an clastic-plastic stress-intensity-factor Ke .
1 ne stress vs CMOD test data shown in Fig. 2 agree well according to Ke = f(m ar Se E'), where m = 1.5 and -

2- with the analytical data, pre siding confidence in the experi- E' = E/(1 - v ) for deep-crack specimens, and m = 1,1 and
mental test data. E' = E for shallow crack specimens. The plane-strala

value of E' was used for the deep-crack data because of the
insensitivity of the deep-crack data to the specimen thick-

The analytical stress vs CMOD curves in Fig. 2 were gen- ness. The plane-strain value of E' is inappropriate for the
I - erated using a plane-strain, elastic-plastic, finite-element . - shallow-crack data due to the loss of constraint and tough-

- ADINA17 model. The test data represent beams of three ness increase in the data. Comparison of Ke from the
:.different thicknesses. The consistency of the test data and J. integral and 6e calculations reveals consistent results (see
the agreement with the plane-strain analytical results indi- Table 3).
cate little loss of outef-plane constraint dne to insufficient

: thickness of the test specimens.

in
i;
'

5 NUREG/CR-5886
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Table 2 Material properties for A 533 n steels ' The toughness data expressed in terms of Ke vs to - ra-
used in llSST shallow crack program tum are presented in Table 3 and Fig. 3 (along with a mate-

rial characterization curve for ilSST Plate 13Al5).The
data show a significant increase in the fracture toughnessDevelopmentph2sc and sit deep-crack beamaa
fc.r shallow-crack specimens in the transition region o ther

ilSST CE- WP A 533 B toughness curve. All of the sJecimens failed in
E = 206,850 MPa (30,000 ksi) cleavage except the data point indicated with the arrow in

v = 0.3 Fig. 3. As expected, the shallow-crack specimens on the
I wer shelf, where linear-clastic behavior occurs, showed

oo (room temp ratme) = 403 MPa (58 ksi)
little to no toughness increase. The specimens had crack i

o (room temperatur:) = 556 MPa (81 ksi) depths that were deep (a ~ 50 mm) or shallow (a -10 mm)
'

u

O = 1/2 (cy + o ) = 480 MPa except for one beam with a crack depth of 14 mm. Thisf u

RTNDT = -35'C (-31T) intermediate crack-depth specimen also appears to show
the shallow-crack-toughness elevation.

HSST Plate 13B after postweld heat treatment

E = 206,850 MPa (30,000 ksi) Toughness data are plotted as a function of beam thickness -

f r all of the tests conducted at T- RTNDT = -25 andy = 0.3
-11*C (-45 and -20 F) in Fig. 4. As indicated in Figs. 3

a0 = 452 MPa at T = -40'C (66 ksi at --40*F) and 4, the toughness values for the shallow- and deep-crack
o = 610 MPa at T = -40T (93 ksi at -40T) specimens from the 100- and 150-mm thick (4 and 6-in.)u

of = 1.17 00 = $29 MPa nt T = -40*C beams generally are consistent with the 50-mm thick

PT tyr = -15'C (+5T) (center material) (2-in.) data. However, there appears to be slightly moreN
data scatter associated with the 50-mm thick (2-in.) beams800 and o estimated at other temperature from
than with the 100- and 150-mm-thick (4- and 6 in.) beams.u

55.000 None of the deep-crack tests strictly meet the requirements
A " ", ~ ^ * T + 273 * of ASTM E399 for a valid planc strain K c result due toO

i
when insufficient crack depth. The beams, which had otherwise

o0 = yield strength at temperature T. MPa; linear-clastic test records and were sufficiently Otick for
T - temperature. *c; valid results, are indicated in Fig. 4.

co' = kncwn o0 at temperature T*;
A = calibradon constant.

CANL-DWG 92 MIS 74 ETD
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Figure 2 Applied stress is CMOD for development beams tested at-40'C
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Table 3 IISST shallow-crack test data

IISST Failure CTOD Ke from gc g,,, y
( .- . beam . Temperature S B - W a

(
. any load- total J Integral CTOD-

('C) @ P* }. mm) - (mm) - (mm) (mm) (kN) (mm) 01Pa.mm) ipa.E)No.

Development phase

3 -36 406 51 100 10.0 0.10 600.0 0.5S6 261 269 232
4 -61 406 51 100 51.8 0.52 128.1 0.048 42 97 97

5 -55 406 51 99 51.2 0.52 139.7 0.N9 48 97 105

6 -59 406 51 100 51.9 0.52 184.6 0.117 102 151 152

7 -59 406 51 94 10.2 0.11 483.5 0.137 92 134 138-
8 -40 406 51 94 9.6 0.10 657.4 0.476 -284 250 243

*

9- -62 406 51 94 9.5 0.10 552.4 0352 173 215 189

10 ~60 406 51 94 14.0 0.15 4893 0.235 143 176 172

11 -57 8M 102 94 8.4 0.09 472.4 0.1% 101 160 145

:12 -57 - 864 102 95 49.8 0.53 116.5 0.061 50 109 106

13 -60 864 102 94 8.8 0.09 501.7 0.357 208 216 208
14 -60 8M 152 93 8.7 0.09 - 723.2 0346 225 212 216
15- -59 864 153 94 8.7 0.09 684.1 0.146 85 138 133

16' -58 8M 153 94- 50.0 0.53 170.4 0.060 46 108 102

Sh deep-crack beans phase

~- 12A -44 406 102 94 51.0 0.54 251.8 0.077 60 120 117

13A -46 406- 102 94 50.8 0.54 293.1 0.111 86 144 140

14A1 - -44 406 51 93 50.2 ').54 135.2 0.121 93 150 145
14A2 ~44 406. -51 93 -50.8 0.55 102.7 0.N3 39 90 94
15A -47.- 406 153 94 50.7 0.54 435.0 0.094 79 133 134

'16A -43 406 153 94 51.9 0.55 3483 0.062 51 107 108

Production phase

17 -6- 610. 102 102 52.6 0.52 245.1 0.116 96 142 148

18 -24 610 101 102 10.6 0.10 777.1 0.466 238 239 222
20 -4 610- 101- 101 10.8 0.11 823.3 1.733 985 451 451
21 -23 610 101 102 10.7 0.11 7?4.1 0306 152 193 177

|. 22 -7- 610 101 102 10.9 0.11 793.5 0.942 564 333 342
| 24 -7 610 102 102 52.0 0.51 269.1 0367 268 253 247

.25 -39- 610 102 102 52.0- 0.51 238.4 0.110 85 144 139
26 -40 610- 102 102 11.0 0.11 -740.1 0355 175 212 191

| 27- -22 610 101 102 10.7 0.11 787 3 0.559 242 261 224
28 -6 610 101 102 10.3 0.10 832.7- 1.242 786 382 403

- 31 .-40 610 102 102 51.5 0.51 205.5 0,063 51 109 108
| - 32 - -103 6!O 102 102 11.1 0.11- 417.7 ' O.018 20 52 65

33 -103 610 102 102 10.7 0.11 339.8 0.010 13 40 51

' 34 -106 610 101 102 10.4 0.10 :431.0 0.019 21 54 - 67
35 -7 610 iO2 -102 51.7 0.51 244.2 0.121 95 - 146 147

L36 -38 610 102 102 51.6- 0.51 176.1 0.N2 35 89 89
37 - -39 /> f '.) 102 102 10.8 - 0.11 745.9 0.263 135 182 167

138- -39 610 102 :102 10.8 0.11 755 3 0.206 106 162 148-

7 NUREG/CR.5886

. . _ _ _ . . . _ . . _ _. _ ._ _



, . . . _ - .

Test

ORNL-DWG 92M 2875 ETD

500 - i i i i i , i- - - - - - -

a W B (mm) :

o 50 100 50 m
* 10 -100 50
+ 14 100 50400 - -

a 50 100 100 m
u 10 100 100

'

A 50 100 150 ,
A 10 100 150

[[ 300 - -

i =*. a
Ms-

y 200 -
eh Material-

E Characterization -
m Curve i

f G O |

100 - @g -

i

=
--

' ' ' ' ' ' ' ' '' ' ' ' '

0
100 -80 -60 -4 -20 0 20 40 60

.-RT, (*C)
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Test
The shallow < rack toughness increase can be quantified in -60T. Figure 5 shows the snallow-and deep crack test
terms of a ratio of toughness values at one temperature or a data with approximate lower-bound curves The shallow-
temperature shift. The ratios of the shallow-tcudeep lower- crack, lower-bound curve was formed using the deep-
bound 4 at T = 40 and -40*C are 2.4 and 4.9, respec- crack, lower-bound curve shifted by 35'C (63'F). The
tively, which is consistent with the A36 (Ref.12) and A517 shifted deep-crxk, lower bound curve fits the shallow.
(Ref.13) results from the University of Kansas. he terms of crack data well at all test temperatures.
Kc, the shallow-crack-toughness increase is -fo% at T =

ORNL-DWG 9?M 2877 ETD

500 , , ,

Shallow-Crack !

f [ Curve
a W B (mm)
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l'igure 5 All toughness (Kc) data vs normalized temperature for shallow and deep crack specimens
with sh.illow und deep-crack tower bound curves
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| 3 Posttest Specimen Analysis

This chapter presents detailed posttest two-dimensional 3.I Mutcrial MOdeis
(2-D) plane-strain analysis results for a select number oi
specimens from the productice phase of the shallow-flaw

Two material models have been adopted in the analysis of
fracture toughness testing program. Specifically, detailed the test specimens. The first material model simulates the
finite-strain, finite-element analyses were performed for sit unirradiated tensile properties of A 533 8 (llSST Plate
specimens that were tested at -40 C. Three of the speci-

13B) at --10 C (-40*F) as determined from characterimian
mens (beams 36,31, and 25) are deep-flaw specimens with studies (Chap. 2). The linear elastic portion et the true
a cominal crack-depth to specimen width ratio of a/W = stress-true strain curve is characte.rized by a yield train of
0.5, while the remaining three are shallow-Daw necimens

magnitude to = ordE = 0.0022, where the Young's moduius
(beams 38,37, and 21) with a nominal aAV = 0.1. As 6E = 207.2 GPa (30 x 10 psi), the uniaxial yield stress in
shown in Table 2, the three shallow-flaw specimens exhib- tension c = 454 MPa (65.8 ksi), and Poisson's ratio y =o
ited higher toughness levels than the three specimens with 0.3. The uniaxial true-stress, true plastic-strain curve in -

deep flaws. The primary objectives of these analyses are to
tension is modeled in a multilinear fashion as indicated in

(1) evaluate the utility of the recently proposed two- Fig. 6. In subsequent discussions this material model is
parameter J.Q concept 19 T to :Saracterize the crack tip referred to as the unadiusted model.
fields up to the onset of crack initiatior ir ',pecimens with '

either deep or shallow Daws, and (2) provide a framework
for interpretmg and ordering the observed toughness dif- Posttest analysis results to be presented Whcate that fmite-
ferences betw een the deep- and shallow-flaw geometries. element models based in part on the unau,med material
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- Posttest ,

model underestimate the displacements of the specimens as . uniaxial true-stress, true plastic-strain curve in tension for
compared with experimentally measured values. Various the adjusted model is also indicated in Fig. 6.
reasonable analysis options to reduce the stiffness of the

~ finite' element models have been attempted. One option, in-

| - conjunction with othe analysis techniques to be described ' Minimal differences are observed between the stress-strain
| ~ later, that results in good agreement between calculated curves of these two material models when they are pre-

a.ad measured mechanical responses of the specimens is to sented in the form' indicated in Fig. 6. However, an indica.
- reduce both the Young's modulus and the uniaxial yield tion of the relative plastic response of these two material
stress in tension from their pretest characterization values. models can be obtained with the stress-strain curve; pre-
The magnitudes of the reduction are consistent with antici- sented in the form indicated in Fig. 7. In Fig. 7, the instan-

.

poted variability in tensile material properties;In subse- taneous yield stress o is normalized by the initial yield
quent discussions this reaterial model is referred to as the stress 00. ne efrects of the differences br: ween the two
adjusted model, material models on analysis results are expected to become

. .

significant as the loading conditions in a specimen
The adjusted material model incorporates adjustments to ' approach clastic plastic behavior.

the unitradiated tensile characteristics of A M3 B (HSST
Plate 13B) steel in the following manner. Wicin the linear- I

clastic region, the Young's modulus is reduced by 5% such 3,2 F,inite-Element Models and Analys,s . !
,,

i

that E = 196.5 GPa'(28,500 ksi), since E had not been Assumptions
explicitly determined. The yield stress was arbitrarily
reduced by 9% such that oo e 413 MPa (59.9 ksi). A 9% The finite-strain, clastic-plastic posttest analyses are per-
variation in yield is reasonable based on the scatter of formed using the Im' ite-element code AB AQUS.21 The

_

material properties. Re adjusted yield strain is thus to = analyses assume a rate-independent, J2 (isotropic-hath ,

0.0021, and Poisson's ratio remains y = 0.3. The uniaxial ing) incremental plasticity theory as implemented in !j
- engineering-s'ress, engineering strain curve in tension AB AQUS. The planform for both the shallow- and deep-
beyond yield is the same as the unadjusted model. De flaw specimen is 102 by 610 mm (4 by 24 in.), ne initial
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flaw depth is 10.2 mrn (0.4 in.) for the shallow flaw speci- (deep-flaw)" rings" of elements as indicated in Figs,8(b)
men and 50.8 mm (2 in.) for the deep flaw specimen. The and 9(b). ne mathematically sharp crack-tip profile asso-
shallow flaw specimen geometry is rnodeled with the ciced with staall-strain fracture analysis is replaced, in the
finite-element mesh indicated in Fig. S(a)-(c), which is present finite strain context, with an initial root radius
made up of 91410-node genemlized plane-strain i:;opara- before the imposition of caternal loading as indicated in
metric elements with a total of 2883 noies. The deep-flaw Figs. 8(c) and 9(c). The assumption of a finite value of the
specimen geometry is modeled with the l'. nite-element initial root radius is necessary to facilitate numerical con-
mesh indicated in Fig. 9(a)-(c), which is made up of 922 vergence of the finit6 clement results. The magnitude of
10-node generalized plane-strain isoparametric elements the initial root radius is ro m 0.6 pm (2.36 by ifr5 n.) for
with a total of 2903 nodes.These 10-node elements behave .he shallow-flaw mesh, while for the deep-flaw mesh to =
as conventional 8-node isoparametric elements except for 1.3 pm (5.03 by 10-5 in.). De high degree of mesh refine-
an extra degree-of freedom (DOF) that allows for uniform ment is necessary to ootain an accurate determination of
straining in a direction perpendicular to the plane of the the crack-tip stress and strain fields ahead of the blunting
mesh.21 n a planc-strain analysis the out-of-plane DOF is notch tip. The proposed Q stress parameter is determinedI
not active. The integration order of the elements is 2 x 2. based on crack tip fields over such a region.

A unique feature of the finite-element meshes is the highly J-integral values are detennined from up to 29 (shallow-
refined crack tip region. The rectangular crack-tip region in flaw) or 31(deep-llaw) paths surrounding the crack tip to
Figs. 8(a) and 9(a) is made up of 29 (shallow-flaw) or 31 verify path independence. A measure of the re3aement of
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the meshes indicated in Figs. 8 and 9 is that the elastically these analyses. Comparison of the calculated and measured
detennined K value using these meshes is within 99.5% of mechanical responses provides a means to gage the general
the reported value in the literature.22 Convergence require- accuracy of the analysis results and an additional basis for
ments of the elastic-plastic finite-element results to be establishing confidence in the calculated fracture mechan-
presented are specified by means of limiting the maximum ics parameters. Comparison of the calculated and measured
value of the residual nodal force per unit thickness at any P-LLD tesponse for the shallow flaw specimens is indi-
node. Specifically, the maximum value is required to be cated in Fig.10, while an analogous comparison of the
<0.1% of the product between the yield stress and the P-CMOD response is presented in Fig.11. Similar com-
smallest element dimension in the finite element mesh. parisont for the deep-flaw geometry are presented in

Figs.12 and u.

3.3 Comparison of Calculated and
Measured Mechanical Responses Figures 10 and 11 present two sets of calculated responses

(LLD and CMOD, respectively) along with the nicasured

Experimental measurements for the load (P), LLD, and responses for the three shallow-flaw specimens (beams 38,
CMOD are available for the six specimens considered in 37, and 26). The measured responses of these specimens

NUREG/CR 5886 _14
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appear to indicate the presence of general y!ciding condi- 3A Comparison of J Integral Values
tions at the onset of crack initiation. De two sets of calcu- froin Finite-Elemeid Anal) tis ancilated curves correspond to two cases of analysis condiuons

J-Estimation Schemeslabeled as Cases A and B.The set of calcutated P LLD and
P-CMOD curves corresponding to Case A were determined

'

based on $V = 0.1 and the unadjusted material model. The Fracture toughness is often expressed as the magnitude of

finite-element analysis was carried out under " load con. the J integral or the stress-intensity factor (K) at the onset

trol" because the reaction forces were specified along the of crack initiation. The J-mtegral values have been deter-

back side of the specimen ahead of the crnck tip. mined as a part of the postlest analysis of the specimens. In
Fig.14, the m:'gnitude of the J ir.*egral as a function of

. LLD is paesented for the shallow-flaw geometry based on

._

- From Figs.10 and 1I it is observed that at a given value of Case B conditions. The magnitude of critical values of P

applied load the calculated LLD and CMOD responses are and LLD (Pe, LLDc) for the three shallow-flaw specimens

telow the measured values both in the clastic and plastic at crack initiation are indicated in Table 4. The magnitude

regimes. Analysis options that have been attempted to of the analytical J integral based on attaining LI.De can be

reduce the stiffness of the finite-element models include determined from the curve labeled as JLLD in Fig.14.

reasonable adjustment of the material model and/or These J-integral values are denoted as JLLDe and are listed
refinement of the flaw depth. Postlest examination of the in Table 4. Because the calculated P LLD curve for the

fracture surfaces for the three shallow flaw specimens, shallow-flaw specimen untlerestimates the measured value

. along nine locations on the crack front, indicates that the of LLD at a given value of P, J LDq can be regarded as anL
actual flaw depth is 10.8 mm (a/W = 0.106) rather than the upper bound to the actual value of the J integral at the on-

assumed value of 10.2 mm ($V = 0.10)| sd of crack initiation. On the other hand, the magnitude of
the J in ;gral based on attaining Pc t.n be regarded as a ic

lower bound to the actual value of the J integral.These
,

Analysis results for Case B were determined based on an J-integral values are denoted as JPc and are listed in

actual flaw depth of MV = 0.106 and the adjusted material Table 4. In terms of the stress-intensity factor, magnitudes -

model described previously. Re finite-clement analysis of KLLDe und Kpcare also listed in Table 4. Analogous
was carried out under " displacement-control" because dis, results for the deep-flaw geometry based on Case D condi-

placements were specified along the back-side of the speci. tions are presented in Fig.15 and in Table 5.

men ahead of the crack tip As evident from Figs.10 and
11, analysis conditions for Case B appear to result in better
agreement between the calculated and measured mechani. A measure of the shallow-flaw effect on toughness can be

cal responses both in the elastic and plastic regimes. obtained based on the ratio of the lowest calculated tough-
ness betweca the shallow- and deep-flaw specimens. Spe-
cifically, lower bot 1 toughness enhancement in terms of

in Figs.12 and 13, analysis results for C,ues C and D, NO is cquai to 2bt, and in terms of KLLo is equal toc

along with the measured responses for the ihree &ep f aw
specimens (beams 36,31, and 25), are presented. .,naly:.is

. results for Case C corresponds to SV = 0.5 and the unad-
. justed material model Discrepancies are observed between J estimation schernes based on the magnitude of the

results for Case C and the measured responses. Posttest experimentally determined LLD and CMOD for luth the

examination of the fracture surfaces for the three deep-flaw shallow- and deep-flaw geometry tue presented in Chap. 2

specimens indicates that the actual naw depth is 51.6 mm and Appendix A.The J integral values based on these esti-

- (aAV = 0.502) rather than the assumed value of 51 mm mation schemes, denoted as JEXP, are indicated in Figs.14

- (a/W = 0.50) or an increase of only 1% Analysis results and 15 and listed in Tables 4 and 5. In terms of the stress-

for Case D were thus detennined based on the nominal intensity factor, magnitudes of KEXP are clso listed in

" flaw depth of a/W = 0.50 and the adjusted material model. Tables 4 and 5. The lower-bound toughness enhancement
in terms of J XP (LLD) is equal to 3.03, and in terms ofE'. Both Cases C and D were carried out under " load coc'.rol."

As evident from Figs.12 and 13, analysis conditions for KEXP (LLD)is equal to 1.74

Case D appear to result in better agreement between the
calculated and measured mechanical responses both in the
clastic and plastic regimes;

17 NUREG/CR-5886
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Table 4 Experimental and analytical results of fracture tuughness for the shallow-flaw
(a!W = 0.1) specimen based on Case B conditions

Beam Pc LLDe JLLu, Jp J,xp (LN/m) Jexp (kN/m) -

No. (kN) (mm) (kN!m) (kN!m) from LLD from CMOD

38 756 2.71 115 112 106 127

27 ' 746 3.08 142 108 135 160

26 740 3.45 169 1^5 175 217

Kexp (LLD) Kexp (CMOD)KLLoc gp
(MPa E) (MPa E)

#* #'

38 158 138 15) 162

37 175 139 171 182

26 190 142 194 212

Results in Figs.14 and 15 indicate that u.ucs of JEXP cal- about the JLLO curve. A similar degree of accuracy is
culated from measured values of LLD compare favorably observed for the case of the shallow-flaw geonictry,

with the finite-element results. The general accuracy of the although one of the JEXP values is slightly higher than the

LLD-based J-estimation scheme for the deep-flaw geome- upper-bound JLLo value. 'Ihe J-integral estimationc
try is verified by the observation that all of the deep-flaw scheme based on CMOD appears to overestimat- die frac-

JEXP values are between JLLDeand Jp. and clustered ture toughness for shallow-flaw specimens because all

NUREG /CR-5886 18
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Table 5 Experimental and analytical results for the fracture toughness for deep-Haw
(a/W = 0.5) specimens based en C.ne O conditions

Beam Pc LLDc JLLp, 3 p, J,xp (LN/m) Jexp (LN/m)
No. (kN) (mm) (kN/m) (kN/m) from LLD from CMOD

36 176 1.24 44 35 35 34
31 206 1.41 57 49 51 51
25 238 1.82 91 71 85 89

KLLDe gp Kexp (LLD) Kexp (CMOD)

(MPa M (MPa.g (MPa h (MPa h
36 97 88 89 89
31 til 103 103 109
25 141 123 139 144
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values of JFyp (CMCiwere above the upper. bound ' 3.5 Small Scale Yleiding Reference
. value of Ju.Dc- - Crack-Tip Stress Fields'

j As a further check on the evaluation methods, the J-integral The two-parameter J-Q approach appears to provide a rig .
~

orous theoretical framewotk both to characterize the crack-values obtained using either the finite-elemtat method or
the CMOD-based J-estimation scheme can be compared tip fields and to provide a br sis for interpreting and order-

~

Twith available results in the literature. Speci:1cally, a ing experimentully detent acd fracture toughness values.

J-estimation scheme based on plastic work determined 'lhe basis for this approa 5 is a rather precise definition of

from the experimen'al P-LLD record has recently been crxk-tip constraint base _ an the Q-stress parameter. A

proposed for the SEN3 specimen geometry for a wide brief discussion on the definition of the Q-stress parameter,

- range of crack depths and strain hardening response.' In along with its linear clastic fracture-mechanics (LEFhf)

Fig.14, the J-integrai values based on this estimation counterpart the T-strese parameter,is presented in ,

scheme, for the case with Ramberg-Osgood strain-harden. Appendix B. In the case of the deep- and shallow-flaw

ing coefficient n = 5 and 10, are denoted as Jn=5 and Jn=10 specimens, the Q-stress parameter is defined as the

Unitradiated A 533 B is often identified with 5 s n s 10. difference between the " opening mode" stress compcnent

Good agreement between the plastic work-based J. integral olitained from a large-strain, planc-strain, finite-element

and J lP s observed. For the deep-flaw analysis of the specimen and the corresponding stress
values and JLLDe F i
case of a/W = 0.5, J-integral values using the plastic work. component determined from the associated referen' ec

based scherne are essentially independent of strain-harden, small scale yielding (SSY) conditions. A brief discussion

' ing response. Consequendy, only Jn=5 values are indicated on the conditions of SSY and the related concept of tvand-

. in Fig.15. Oc od agreement exists between the pisstic ary-layer analysis is presented in Appendix C,

work based J-integral values of J LDeand Jrxp,L

The " opening mode" stress component for the reference

*M. T. Kirk and RS Dulds,Jr.,*J and CTOD Estimanen Equauons for SSY problem, along the crack plane directly ahead of the

Shallow Cracks in Smgle Edge Notch Bend Specimens," Report No, blunting notch tip,is indicated in Fig.16 for both the
UILU.ENG.9 t-2013, Deparunem of Civil Erigineering, University of unadjusted and the adjusted material model The stress
niinois at Urbana Charnpaign. Urbana, Ul., January 19924 component iS normalized by the initial yield stress oo, and
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distarec ahead of the blunting notch tip is expressed ir. loading stages are expressed in terms of the magnitude of
terms of the normalized disunce parameter r/(1/on). With the a;> plied load as deduccd from the firite-element results
reference to Figs. 6 and 7,it is observed that the differences (recall the analysis was performed under displacement
in the relative plastic resp (mse of these two material control). From Table 4, the expeiimentally determined
models are manifested in the observed differences in their critical values of the applied load (Pc) for the three speci-
respective SSY crack tip fields. In Fig.16 and subsequent mens are 740,746, and 756 LN. Also indicated m Fig.17 is
figures, the " opening mode" !. tress component is deter- the SSY distnbution for the specimen material based on the
mined finm averaged nodal values teed on extrapolation adjusted material mcxiel. The stress component is normal-
from i q ration goints of surrounding elements. The mag- ired by ;% initial yield stress oo, ar'd distance ahead of the
nitude .he J integml can be obtained using the standard blunting notch tip is ey en.ed m tenns of the normalized
plane strain conversica tetw een J and K based on the distance parameter r/(J/co), where J is 'he value of the
sp;ted value of K in the SSY analysis. Alternately, the J integral associated with the specified loading conddions.
J integral can be obtained using the J integral option pro- Analysis results in Fig 17 indicate that the crack tip fields
vided by AllAQUS.Fxcellent agreement is found between in the shallaw flaw specimen progressively deviate from
these two methods of evaluating the J integral, thus provid- the SSY distributions as the specimens are loaded toward
ing an avenue for verif ying the numerical accuracy of the the onset of crack initiation. Crack initiation for the three
finite-element results, shallow flaw specimens occurred under substantially non-

~~

SSY conditiors.

3.6 Shallow and Deep Flaw Specimen
Craek-Tip Stress Fleids Analogous results for the " opening mmic" stress distribu-

#

tions for the deep flaw geometry are indicated in Fig.18.
Distributions of the " opening-mode" stress comptment for As shown in Table 5, the magnitudes of Pc for the three

the shallow-flaw genmetry, along the crack plane directly gecimens are 176,206, and 238 kN. Analysis results in
aheaa of the blunting notch tip.are indicated !n Fig.17 for Fig.18 indicate that crack initiation for the three deep flaw
various stages of loading based on Case B conditions. The specimens occurred under essentially SSY conditions.
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Figure 17 Distributions of opening mode stress compenent .or a/W := 0.1 as a function of applied load up to crack
initiation
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3.7 Correlation of Deep and Sliallow, adoption or the Q stress parameter as a measure of devis.

Flaw Totigliness in Teritis of Jc(Q) 'i " '** P'""'" S""i" ' "$d "' N' " * " *"$'d *
Appendix C. Increase in toughness for the shallow flaw

Loctis specimens relative to the deep flaw specimens is associated
with a nontrivial, negative value of the Q stress parameter,

The primary objectives cf these analyses are to evaluate the The results in Fig.19 are consistent with reported trends on
utility of the recently proposed two parameter J-Q concept the effects of Q-stress on the Jc(Q) toughness locus for
to characterize the crack-tip fields up to the onset of crack other types of stecls.U * Ilowever, recent reanalysis of the
initiation and provide a framework for interpreting and ORNL wide plate series using 2-D, J-Q techniques resulted
ordering the observed toughness differences between the in a diffen,nt set of Jc(Q) toughness data than that for the
deep- and shailow flaw geometries. Arsl*| sis results for the shallow crack tests,

shallow and deep-flaw specimens appear to support the
J Q concept and interpretation method in the following Interpretation and application of the Jc(Q) toughness locus
sense. First, results fmm Hgs.17 and 18 indicate that the indicated in Fig.19 also needs to take into account the fol-
Q-stress parameter can te defined for the six specimens up lowing observations conceming the current definition of
to the onset of crack initiation, Crack initiation for the the Q stress. In view of the Q stn'ss parameter's role as a
deep-flaw specimens occurred under conditions of Qe = 0; crack tip field intensity parameter, determination of the
for the shallow-flaw specimens crack initiation occurred magnitude of the Q. stress parameter based on differences

| under conditions of Qc --0.7 Second, the observed of stre-ss distributions at a single location ahead of the

| toughness variation between the shallow and deep-Raw crack tip is perhaps unnecessarily restrictive both from a

| specimens can be ordered via the Q-stress parameter, numerical and physical standpoint. Indeed, while the

|
Correlation of toughness for the khallow and deep-flaw Q-stress is defined and evaluated at r/(J/co) = 2 in this
specimens in t fms of critical values of JLLo, (Jc) and the
Q. stress (Qe) is indicated in Fig.19. The absence of touch- *C F. Stdh, N. P. O'Dowd, and M. T. Kirk, *A Framework for
ness elevation for the deep flaw Specimen $ (Qc = 0) rela. Quant 4fymg Crack Tip Jnstraint," presented at the ASTM Sympsium

tive to preleSt characterization data is consistent with the m cannraint utecu in I racture, Indian.plin. Ind . May 8-9,1991.
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_

study, the differences between the reference SSY distnba- detennining the utility of the Q stress parameter is the
tion and the distribution for the three specimens at various range of physical distances over which the Q. stress
stages of loading are essentially unifonn over a distance of parameter is detennined. In the case of the adjusted mate-
2 5 r/(J/co) s 10. Numerically, it needs to be emphasued rial model, the magnitude of the parameter J/co at the onvt
that finite-element results for stress components at a given of crack initiation for the deep and shallow-Ilaw speci-
mesh location, while accurate within the analysis context, mens based on Jt. Log falls in the range 87 pm s

JLLD/co 407 pm. The average grain sire for IISST Plateare of ten averaged or extrapolated values and are thus s
mildly mesh dependent. In this study these stress values 13 A, a companion plate to llSST Plate 13D, is on the order
are averaged nodal values extrapolated from integradon of 20 to 30 pm.15 Thus,it appears that the Q stress
locations. The results in Figs.17 and 18 appear amendable parameter at the onset of crack initiadon for these
to a more relaxed defmition of the Q stress, and hence Qe, specimens is evaluated over physically meaningful
based on averaged differen:es of stress distributions over a distances that are consistent with the underlying continuum
limited range of distances ahead of the crack tip, for analysis assumptions.
crample,in the range of 2 5 r/(J/co: 5 5.

Regardless of whether the Q-stress is determined at a single
location or over a region. an important consideration in

23 NUR EG/CR-5886
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! 4 IlPY Analysis

This chapter presents detailed 2 D plane strain analysis is indicated in Fig. 20. In subsequent discussions this mate-
results for an RPV with an inner surface asial Oaw subject rial model is ref erred to as Case 1.

to a postulated PTS transient. The PTS transient simulates
the pressure temprature history of an RPV in a PWR dur-
ing a rmall break-loss of coolant accident (SilLOCA). De The second rnaterial model simulates the unirradiated ten-

primary objectives of these analyxs are to (1) evaluate the sile properties of A 533 B steel plate (llSST Plate 13 A) at

uti'd of the two-parameter J-Q approach to characterire 180*C (3W19 and can be considered an upper shelf tem-

the etack tip fields in an RPV throughout a PTS transient perature material inodel.15 As discussed in Chap. 2, II5sT

and (2) present a methodology that incorporates small- Plates 13 A and 13B are companion plates of A $3311

specimen Jc(Q,T) toughness kicus data in the safety-inargin material. The linear-clattic portion of the true stress, true-

assessment of an RPV. suain curve is characterized by a yield strain of magnitude
to = cdE = 0 002, where tic Young's maialus E =
196.9 GPa (28,5M Lsi), the t.niaxial yield stress in tension -

4.1 Maltrial MOnelS 00 = 390 MPa (56.6 ksi), and Poisson's ratio y = 0.3.The
.

uniasial true-stress, true plastic strain curve in tension is
Tluce material models that simulate a wide range m the modeled in a multilinear fashion as indicated in Fig. 20. In

tensile properties of RPV grade materials have been con- subsequent div.ussions this material model is referred to as

sidered. The lh . : material model simulates the unirradiated Case 2.

tensile properties of A 533 D steel plate (HSST Plate 13B)

at 40'C (4019 and can be considered as a lower-shelf-
temperature material model. This matu.al model is identi- The third matenal model simulates the irradiation embrit.
cal to the unadjusted material matel discussed in Chap. 3. tied tensile properties of A 533 B (llSST Plate 13A).2c5
The uniasial trac-stress, true-plastic strain curve in tension The linear clastic pmuon of the true-stress, truc-strain
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1

RPV
curve is characterited by a yield strain of magnitude to = cred. A 2 D inner-surface axial flaw with a depth of
oc/E = 0.0032, where the Young's modulus E = 193.1 GPa 10.2 mm (0.4 in.) is assumed to exist in this vessel before
(28,000 ksi), the uniaxial yield stress in tension 00 = the onset of the FrS transient to be described shortly, in

- 621 MPa (90 ksi), and Poisson's ratio y = 0.3. The uniasial the tenninology of small specimen testing, the asial flaw is
true stress, true plastic strain curve in tension is modeled charxterized by a fiaw-depth to wall thickness natio .1AV =
in a bilinear fashion as indicate :in Fig. 20. In subsequent 0.05.
discussions this material model is referred to as Case 3.

Tbc finite-strain, clastic plastic nature of the RPV analyses
An indication of the reladve plasde response of these three are performed using the finite-element code AB AQUS.21

- material models can be obtained with the stress strain The analyses assume a rate. independent,J (isotropic.2
curves presented in the form indicated in Fig. 21,in hardening) incremental plasdc4y theory as implemented in
Fig. 21, the instantaneous yield stress is normalized by the ABAQUS. The RPV geometry is modeled with the finite-
initial yield stress oo. Analysis results to be presented indi- clement rnesh (indicated in Fig. 22) that is made up of 1112 )cate that the fracture response of the RPV under Case 3 to. node generalized-plane strain isoparametric elements
condidons is significandy different than citter Cases I with a total of 351I nodes. The integmtion order of the
or 2. elements is 2 x 2. Values of the J-integral as a funedon of

the PTS transient are determined from up to 31 paths sur-

4.2 Finite Eleinent Modeland Analysis ' unding the crack tip to verify Path independence. Similar
to the finite-element models presented in Chap. 3, a uniqueAssuliiptionS feature of the finite-element mesh for the RPV is the highly
refined crack-up region. The rectangular crack up region is ,

The RPV being considered in this study has an inner radius made up of 31 " rings" of elements. The magnitude of the !

of 1384 mm (54.5 in.) and a wall thickness of 200 mm initial root radius is to = 0.26 pm (1 x 10-5 rt). The highI
(7.875 in.). ~lhe effects of a thin layer of stainless steel degree of mesh refinement is necessary to obtain an accu.
cladding, degosited on the inner surface of the RPV, on the rate determinadon of the crack-tip fields ahead of the blunt.
thermal.rnechanical tesponse of the vessel is not consid- ing notch tip.

,
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The PTS transient lxing considered is indicated in Fig. 23. Analysis of the fracmre response of the RPV,in which the
The PTS transient simulates the pressure Iluid temperature temirrature-depend:nce of material properties was
history of a PWR-RPV during an SDLOCA.The operating neglected, has teen performed 1,ased on the three material

pressure and temperature of the RPV t< fore the onset of models descrited previously. Recall that these material
the transient are 14,1 MPa (2050 psi) and 268"C (515 F), models simulate the tensile properties of RPV-grade mate-

respectively, rials in the unirradiated lower transition, unirradiated
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upper shelf, and irradiation-embritded conditions. 'fhe tive to the material model adopted in the analysis. Recall
range of material propenies represented by the ll. ire mate- that each of the analyses was performed assuming tempera-
rial models is beheved to be sulficiently broad to simulate ture independene of tensile material properties during the
material responses in ope ating vessels, transient. Consequently, this relative insensitivity suggests

that the analysis ter dts,in terms of the value of the
1 integml as a funchon of transient time, would not be sig.

4.3 Effects of P,FS Loading on the RPV nincandy different if detailed accounting of the tempera-
in Terins of J Integral Valties iure-dependence of tensile material properties had been

considered.

Effects of the PTS loading on the RPV,in terms of the
value of the applied J-integral as a function of transient 4.4 SSY Reference Crack-Ti i SirenItime up to -1200 s, are shown m Fig. 24 for the three mate.
rial models. The magnitude of the J integnd increases Fiel:Is
monotonically with transient time up to ~1200 s; unloading )
of the crack tip as characterized by a decrease in the magni- As q scussed in Chap. 3 and in Appendixes 11 and C, the
tude of the J-integral occurs nf ter that time. Notc that the luspf the J-Q approach is a definition of crack-tip con-
time at w hich unhuding occurs is independent of the straint based on the Q-stress parameter, in the context of

material model adopted in the analfpis. The magnitude f the preset,t RPV analysis, the Q-stress parameter is delined

the J-integral at operating conditio,s (Jop), and t.s maxi- as the difference betw een tne " opening mode" stress co;n-

mum value at ~1200 s into the trans.ent (Jmul are listed in ponent obtained from a large-strain, planc-strain, finite-
Table 6 for the three material modelr- element analysis of the RPV and the corresponding stress

component from the associated reference SSY problem. A
boundary-layer approach using the finite element ccele

From Fig. 24 and Table 6, it is obser,ed that the effects of All AQUS, assuming a rate-independent, J (isotropic-2

the PTS loading on the RPV, when expressed solely in hardening) incremental plasticity theory, is adopted in
terms of the value of the J-integral, are relatively insensi- evaluating the reference SSY crack-tip fields.

NUREG/CR-5886 28
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Table 6 Magnitude of the J integral at operating 4.5 RPV Crack-Tip Stress Fields Under
conditions (Jop) and its msximum value (Jm.x) PTS Conditlons

at-1200 s into the transient for
Cases 1,2, and 3

Distributions of the " opening-mode" stress component for
the RPV based on the Case 1 material model, along the

,- Model JoP Jmas at -1200 s crack plane directly ahead of the blunting notch tip.are
| (kN/m) (kN/m) indicated in Fig. 26 for various times during the transient >

|- up to ~1200 s. The stress distribution associated with the
'

Case 1 2.05 20.3 RPV's operating pressure and temperature is labeled as t =
Case 2 2.14 19.5 0 s. Also indicated in Fig. 26 is the SSY distribution for the

Case 3 2.2 17,9 Case 1 material model shown in Fig. 25.

Analysis results in Fig. 26 indicate that the crack-tip fields
in the RPV have deviated frorr the SSY distribution even
under operating condiths. The extent of the deviation
from SSY conditions increases as the transient progresses

The " opening-mode" stress component for the reference through time. These results indicate that should cmck ini.
SSY problem, along the cmck plane directly ahead of the tiation occur in the neighborhood of 1200 s into the tran-
blunting notch tip, is shown in Fig. 25 for Cases 1,2. sient. it would do so under substantially non-SSY condi.
cnd 3, Figures 20 and 21 show that the differences in the tions. The effects of unloading on the crack tip fields that
relative plastic response of these three material models are occurs for transient times greater than 1200 s,.will be dis.
manifested in the observed differences in their respective cussed shonly in conjunction with the Case 3 material
SS'Y track-tip fields. model.
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Analogous results for the " opening mode" suess distnbu- discuued in the Chap. 3. A f actor that may contribute to

tions based on the Case 2 material model are indicated in the observed t.cnsiuvity during a l'fS transient is that a

Fig. 27. Analysis results in Fig. 27 also indicate that the ITS trasient involves thes.nal mechanicalloads. Avail-
crack tip fields in the RpV havt deviated from the SSY able analyses on the evaluation of the Q stress thus far only

distribution under operating conditions. Ily 12(O s into the involve mechanical loads. llov.ever, it is emphasized that

uansient, the crack tip fields are also substantially non- the utility of the Q4 tress approach is not pcr 3e dependent

SSY in nature. on the nature of the apphed loadmg (e.g , mechanical vs
thermal-mechanical). Instead, the utility of the Q4 tress
approach is only depci dent on the existente of crack tip

Analysis results for the " opening.rnode" stress distributions fields of the J-Q type as discussed in Appenda 11
for the Case 3 material m*! are indicated in Fig. 28.
Analysh results in Fig. 28 also indicate that the crack tip
fields in the RPV have deviated from the SSY distribution Iteyond 1200 s into the transient, the net effects of the
under operating conditions. Ilowever, for up to 12(O s into decreasing pressure and temperature associated with the

the transient, the adJitional deviation of the crack-tip fields ITS loading on the RPV result in monotonic unloading of
from the SSY distribution is not as significant as either the crack tip. %c effects of unloading on the crack tip

Cases 1 or 2. fields are qualitauvely simihir for the three matenal
_

models, and the results for Case 3 are used to illusuate the
unloading effects. The stress distribution for Case 3 up to

The results from Figs. 26 to 28 indicate that a calculated 18(O $ into the transient is indicated in Fig. 29. With the
value of the Q stress, based on a single location in the onset of unloadmg that occurs subsequent to the attainment

range of 2 s r/(j/co) s 10,is somewhat sensitive to the of a maximum value of the J integral at -1200 s, reverse
exact location. %is sensitivity decreases with increase in yielding remts in the formation of a umpressive region
loading time and essentially disappears by 1200 s into the ahead of the crack tip. At the same time, the magnitude of
transient.This sensitivity is in contrast with the results the stresses, such as the opening mode stress component

obtained in the posttest analysis of the test streimens indicated in Fig. 29, decicases in the remaining tensile
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region ahead of the crack tip *Ihe extent of the revere parameter can te defined, for the assumed RPV, flaw
yielding increases with transient time 14cause the value of geometries, and transient conditions, up to maximum load-
the J integral monotonically decreases with time after ing (t s 12l0 s) as characterited by the value of the
attaining its maximum value. Interpretation of the crack tip J-integral during the transient. Potential problems associ-

fields up to maximum loading and beyond, in the context ated with the determination of the Q stress parameter under

of safety margin assersment of an RPV in terms of a J-Q unloading conditions (t > 1200 s) will te addressed shortly,
approach,is discussed in the following section. Following the discussion in Appendix II, the Q-stress

parameter (as a function of transient time) is defined as the
difference between the " opening mode" stress component

4.6 Effects of P,I,S Lomling on the R1,\f (as a function of time) and the associated SSY distribution
III TeritiS of J-Q Vtilties in Figs. 26 to 28. The effects of the lirS loading on the

RPV in tenns of pairs of J-Q values are indicated in Fig. 30

The primary objectives of these analyses are to evaluate the for all three material models up to -1200 $ into the tran-

utility of the two parameter J-Q approach to characterize sient-

the crack tip fields in an RPV throughout a l'TS transient
and to present a methodology that incorporates small speci-
men Jc(Q,T) toughness locus data in the safety-margin Neither transient time i nor crack tip temperature T is

assesstnent of an RPV. Analysis results appear to support explicitly indicated in Fig. 30. Ilowever, by referen;ing the

the applicability of the J-Q approach and interpretation values listed in Table 6 and the results in Figs. 23 and 26 to

-_ method under irrS conditions in the following sense. 28, it is evident that an increase in transient time and a

Results from Figs. 26 to 28 indicate that the Q stress decrease in crack tip temperature correspond to an increase
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in the value of the J. integral and a decrease in the value of Q stress parameter, would ewmually be negative at a i

the Q stress parameter. '1 hat " 00th transient time and much later time in the unnsient. (A related example of this
: crack tip temperature are paA 'etric variables along the limitation is the evaluation of the Q-stress parameter
| three J-Q trajectories indicated in Fig. 30. Recall that the during the reloading phase of a PTS transient that involves

fracture responsa of the RPV, as indicated in Fig. 24 solely repressurization.) Consequemly, the Q-stress parameter is
in terms of *alues of the J-integral, is only slightly different currently being considered fut use only up to the point of

'

- for the three material models throughout the transient up to maximum loading.
maximum loading. On the other hand, the differences in
the assumed tensile response associated whh the three
material models result in greater differences in terms of 4.6.2 Physical Significance of J-Q Amnulus
Q-stress values. Specifically, the absolute value of the

Q stress for Case 3 conditions (simulated irradiation Care must be taken to ensure that the physical distances

embrittlement)is much lower than for either Cases I or 2 associated with the evaluation of the Q stress parameter in
(unitradiated). Implications of the observed differences in RPV applications are meaningful and consistent with the
magnitude of the Q stress, as a function of the material underlying continuum analysis assumptions. From Table 6,

model assumed in the analyses, toward the safety margin the value of the J integral under operating conditions Jop si
assessmerit of an RPV based on a two-parameter J-Q on the order of 2 LN/m for the present analysis conditions.

approach will te addressed in the next section. It is appro. The magnitude of the parameter J/oo at operating condi-
priate at this point to consider a number of observations tions for Cases 1 to 3 thus correspond to -4 to 6 pm,
that are relevant toward the evaluation and interpretation of Taking the average grain size of 20 to 30 pm for steel plate
the Q-stress parameter associated with an RPV subject to A 533 B 13A as representative of RPV grade materials,15
ITS loading conditions, it is observed that at operating conditions the Q stress ,

parameter is evaluated over distances that are substantially ;

smaller than those necessary for the calculated Q-stress to
4.6.1 Dennition ofIhe Q Stress Parameter be both physically meaningful and relevant in the context

Under Unloading Conditions of continuum mechanics.
.

The current definition of the Q stress parameter, as a dif-
ference quantity between the current stress fields and the On the other hand, the maximum salue of the J integral,

reference SSY at a sing!c location, appears to be implicitly which occurs at -1200 s into the transient with a value of
limited to monotonic loading conditions only. A trivial Jmu - 20 kN/m, results in a magnitude of the parameter
example in which use of the Q-stress parameter is not J/00 on the order of 40 to 60 pm. If one further adopts the
meaningfulis the case of an unloaded body without resid. more relaxed definition of the Q-stress proposed in the
ual stresses. 'The Q-stress parameter should reflect this previous chapter, namely over a limited range of distances '

absence of loading on the body. Ilowever, Q = 0 does not ahead of the crack tip in the range of 2 5 r/(J/co) $ 5, then

denote the absence ofloading, but merely that the crack tip evaluation of the Q-stress paramater at ~1200 s is physi-
fields correspond to the SSY distributions. In the case of an caHy meaningful and relevant in the context of continuum

unloaded body without residual stresses, a strict interpreta- mechames.

tion of the current definition of the Q-stress part.meten as a
difference-quantity would imply the magnitude of the
Q-stress parameter is identically the magnitude of the 4.7 Incorporation of Small-Specimen
" opening mode" stress ratio of the reference SSY distribu- Jc(Q,T) Totighness Loctis Data in* * " '

RPV Safety-Margin Assessment

An example of this limitation in the context of RPV analy- A methodology 'o incorporate small-specimen Jc(Q,T)
sis is the evaluation of the Q-stress parameter during the toughness locus data in the safety-margia awessment of an

; unkiading phase of a PTS transient As indicated in Fig. 29, RPV is presented in this section. For simplicity, it is
by 1800 s into the ITS transient, reverse yielding has assumed that type 1 warm prestress (WPS) is operative
resuhed in the formation of a compressive region ahead of during the unloading phase of this transient, so attention is
the crack tip and in a distribution of the " opening mode" focut.ed on the PTS transient only up to ~1200 s.26 ;g w ti
stress component that is substantially below the various be shown that the predicted margin of safety in RPVs
distributions und r monotonic loading conditions. Indeed, under PTS conditions is then greater based on the two
the magnitude of the " opening mode" stress field aswei. parameter approach than that based on the conventional
ated with the unloading cra-k tip.over the range of dis. one-pammeter approach, A schematic illustrating the dif-
tances currently associated with the determination of the ferences between the one- and two parameter safety-
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margin assessment method is given in Fig. 31, in which the fracture is associated with Kic, and ductile fracture with
J c. In a subsequent discussion, this distinction between theapplied J-Q trajectory for Cases I to 3 illustrates possible t

RPV response as a function of (simulated) irradiation- use of J or K in analysis and toughness determination is
embrittlement of the vessel. ignored, and J will be used throughout the discussion. In

addition, r.catter in fracture toughness is also ignored for
purposes of this discussion.

Current RPV safety margin assessment methods character-
ite the severity of a given loading condition solely in terms

of the mabnitude of the J integral or the stress-intensity
During a l'TS transient, the crack-tip temperature, and

factor K. 727 Prediction of crack initiation, crack arrest, hence fracture to 4ghness, decreases monotonica!!y with

and reinitiation using this single. parameter approach is transient time. A cuive that thematically illustrates the
based on comparison of the applied value of the J. integral locus of one parameter irradiated fracture toughness,
(or K) with the relevant Irradiated material toughness denoted as Jc(T),is shown in Fig. 31. It is emphasized that
pararneter. In an analysis, representation of loading condi. the one parameter Jc(T) toughness locus does not depend
tions in terms of either J or K is equivalent in the context of on the Q stress parameter but that its indicated variation
characterizing the crack-tip field intensity parameter, llow- with Q stress is strictly an indication of the dependence
ever, the determination of fracture toughness as defined in Jc(T) on crack tip temperature. The margin of safety (MS)

ASTM E399 and ASTM E813 involves an additional con- can then be established based on comparing the value of
sideration on the micromechanics of fracture. Cleavage the applied J integral to Jc(~O as mdicated in Fig. 31. Thus,
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the transient may be most severe, and the margin of safety tionni one parameter Jc(T) approxh. Furthermore, depend-
at a minimurn, at the transient time associated with the ing on the actual shape of Jc(T) Jc(Q,T), and the applied
maximu n value of the applied J integral. J-Q trajectory, the time at which the PTS transient is most

severe in a J-Q approach, defined as the minimum margin
of safety, might differ with that detennined using the one-

Also schematically indicated in Fig. 31 is a curve denoted parameter J-only approach. Most importantly, a flaw that is
as Jc(Q,T) that, based on available small specimen unirra- predicted to initiate in a PTS scenario based on the Jc(T)
diated toughness data such as those from the HSST shal- approach might be predicted to be stable based on the more
low flaw testing program, is believed to qualitatively illus- rigorous Jc(Q,T) approach,
trate the anticipated Jc(Q,T) toughness locus trend for irra-
diated RPV-grade materials. Available (isothermal) unirra-
diated results suggest that the Jc(Q,T) toughness locus A potentially significant aspect of the results in Fig. 31 is
depends weakly on the Q-stress for the approximate range that the calculated J-Q trajectory for Case 3 conditions
of Q > -0.2.23.* This weak dependence is reflected in the (simulated irradiated-cmbritdement) involves absolute
near coincidence of the Jc(Q,T) and Je locus in that values of the Q stress parameter that are smaller than either
Q-stress regime. Further, it is assumed that "shattow-flaw" Case 1 or 2 (unirradiated). From Fig. 31, the relat vei

toughness enhancement domlaates over the toughness increase in the margin of safety between a one and two-
degradation associated with decreasing crack tip tempera- parameter approach is sensitive to the netual value of the

. ture. For values of the Q-stress in the range Q < -0.2, the Q-stress parameter. ne results in Fig. 31 suggest that the
experimentally observed " shallow flaw" or Q-stress effects effects of irradiation embritdement may reduce the poten-
on toughness are reflected in the elevation of the Jc(Q,T) tial" shallow flaw" toughness enhancement relative to
locus above the Jc(T) locus. unitradiated material conditions. Ilowever, it is emphasized

that a more definitive interpretation awaits the generation
of irradiated Jc(T) and Jc(Q,T) #ata.

Note that the indicated Jc(Q,T) toughness locus is qualita-
tive in nature due to the absence of irradiated experimental
data, llowever, the point is that the margin of safety, for Figure 31 suggests that the margin of safety in RpVs under
example, at the transient time when the applied J. integral is PTS conditions is greater based on the J-Q approach than i
maximum, is predicted to be larger based on the two- that predicted based on a J-only approach, llowever,it is ;
parameter Jc(Q,T) approach as compared with the conven- emphashed that the requisite Jc(Q,T) toughness locus is '

not yet available for either unitradiated or irradiated RPV-
grade materials. Before the J-Q analysis technique can bc ,

ai plied to RPV analyses, the technique itself needs further

*C. F. Shih,N. P.O'thd. snd M. T. Khk,* A Framew otk for ve c a@ ion,k hminahn and appkab,

Quantdying C sck Tip Constraint," presented at the ASTM Symrusium OIlc(Q,T) toughness data involve the resoluu,on of several
on Constraint E.ffects in Fracture,Indiaspolis. tr.1, May 8-9,1991. Issues, which are detailed in the following chapter.

l
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5 Thermal-Shock Tests

Recxamination of previous llSST thennal sheck experi- crack data are significantly clevated over the ASME tower-
ment (TSE)datatoe ire.t sary when considering the bound curve..

implications of the shallorf flaw efTect on RPVs during
PTS transients. Thermal-shock tests s e conducted t

A [ossib!c explanation for the lack of a shallow-crack cle-
. determme the fracture response of an RI N to thennal.

valion in the thermal shock data is the presence of out of-
shock loadmg with various flaw configurations and depths. g g g33 ,,

The initial flaws ranged from 11 to 19 mm deep in a vessel
flaw specimens. Out-of plane (biaxial) loading has beenwall that was 152 mm thick. These flaws are roughly the

f . ,

same depth as those tested in the llSST shallow flaw ,g .

apphcau.one W current MToWen. Wg bestigatM iss
program. The key result of the TSE data is that the initial

Wat the thermal shock tests were subjected to two off-
initiation values were mostly within the scatter band of the

setting influences: a " shallow flaw effect," which increases
ASME data base, in other words, the TSE data appear to

the toughness, and a "biaxtal loading effect." w hich
show no substantial increase in the effective fracture

decreases the toughness. The net result is that the TSE data
toughness due to any shallow flaw effect.

appear consistent with the unlaxially loaded deep-crack
data used to generate the ASME lower bound curve if the
postulate is correct, the fracture toughness associated with

The first crack initiation in the TSE and the shallow flaw a given shallow flaw will be a function of both constraint
data are presented in Fig. 32 with the ASME lower-bound loss due to the shallow flaw effect and constraint increase
curve e .s can be seen, the TSE data fall near the ASME due to the out-of plane stress cifect. In the case of the TSE
lower bound curve, while the HSST shallow-crack data are tests, which were conducted on unciad cylinders, the two
elevated over both the deep-crack data and ASME lower- cffects appear to offs-t each other almost entirely.
bound curve. Figure 32 also indicates that the llSST deep-
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Figure 32 IISST shallow-crack and thermal shack (TSE) data with ASME lower bound curse
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6 Summary, Discussion, and Conclusions

This chaples summarites the expciimental and analytical appear to support the utility of the J-Q conccpt and

studies performed to date to establish the transferability of interpretation method to characterire the crack.tip fiehis
shallow-flaw laboratory results to the PTS analysis of up to the enset of c rack iniuation in specimens with
RPVs. Interim summaries from the previous chapters and either deep or shallow flaws. At J critical (onset of
conclusions of each are presented below. In addition, this cleavage iratiatico) for the deep flawed specimens, the

reprt details work that should be performed to resolve Q-stress was about zero,indicadng SSY condidons. At

outstanding issues and apply the shallow-Qaw data using J-critical for the shallow-flawed specimens, the Q stress

the J-Q approach to an RpV. was about -0.7. This negative Q-stress indicates a
significant loss of constraint.

3. The observation that the two-parameter J-Q approach
6.1 Summary of.,I,est Results concued with the loss of consuaint with decreaeng

crack depth indicates that a J-Q analysis of actual reae
1. Thirty eight relatively large laboratory beam specimens tor vessels may give a more accurate assessment of

were tested to compare the behavior of specimens with reactor vessel reliabihty than cunent analpes.
shallow flaws to that of specimens with deep flaws.

2. The results showed conclusively that A 533 B shallow-
Daw beam specimens have a significant increase in 6.3 Sununary of RPV Analysis
CTOD or Je toughness (-150%) and Kc toughness
(-60%)in the transition region. All specimens were 1. A 2 D plane strain mulysis of an RpV subjected to a
100 mm deep (W), Shallow-crack teams had crack postulated PTS transient was conducted using the two.

depths ranging from 9 to 14 mm (a/W - 0.1 t0 0.14), parameter J-Q approach,

while deep-crack beams had 50 rnm deep cracks (aAV ~ 2. Three material models of A 33311 steel with yield s

0.5). strengths equal to an unirradiated lower transition
3. There is little or r o difference in toughness on the lower temperature, an unirradiated upper shelf temperature, c

shelf where linear-clastic conditions exist for specimens and irradiation.cmbrittled condition were studied.
with either deep or shallow flaws. 3. The first two models (unirradiated lower shelf and

4. Varying the beam thickness from 50 to 150 mm had upper-shelf ternperature rmxlels) had similar masimum
little or no inDuence on the toughness in both the values of J throughout the transient (Jmad at a time of
shallow- and deep-crack specimens in spite of the fact -1200 s (20 min) after the postulated PTS event. The
that the ASTM E 399 requirement for valid plane-strain Odtd moJet (irradiation.embrittled) had only a slightly

results were not met. lower value of Jmax,irulicating a relative insensitivity of
5. In 'he transition region, the increase in shallow flaw the value of Jmax to the particular material model.

_

toughness compared with deep flaw resu'ts appears to 4, Analysis results appear to support the utility of the J-Q
be well characterited by a temperature shitt of about approach and interpretation method to characterlie the

35'C (63*F). crack-tip fields in an RPV under l'TS conditions. 'lhe
value of the Q-stress rat;o at Jrnas is different for all
three caces and appears to vary with yield strength, it

6.2 Summary of Posttest Specimen ranges from -0.2 to 44, with the highest yield suength
AllalySis model(irradiation-embntiled) having die maximum

constraint (Q = -0.2),

1. Postlest 2 D plane strain analyses were perfonued on 5. Using the two-parameter J-Q approach, the Q stress

both shallow- and deep-Daw slecimens. ~the analytical ratio appears to tecome more negative as time increases

J-integral results were consistent with expciimental up to the point of maximum loading. Beyond Jmas, the

J integral results based on the techniques presented in significance of the Q stress parameter is unclear.

Chap. 2, confinning the validity of the J estimation 6. The margin of safety appears to te greater using the J.Q

schemes used and the effect of flaw depth on fracture approach than that predicted using only the J appmach,

toughness, ahhough additional studies must be made to validate the

2. The two-parameter J-Q analysis methodology was used observation.

as a means of quantifying the effect of flaw depth on
constraint and fracture toughness. Analy sis results
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Summary
6.4 Summary of Thernial Shock Tests To proJuce a surncient Jc(Q) incus for appitcacon to an

RPV, additional testing and analysis must take place, First, ;

1. Previous HSST thermal shock data failed to *iow any additional analyses of ilSST shallow-crack beams t. ed to

substantial toughness increase in spite of the fact that be performed. In particelar. beams at other ternperatures

the tests were conducted on large, unclad cylindrical and the beam with an intermediate crack depth (a = 14
vessels with a shallow, initial flaw. There is no reason mm) need to be analyzed to produce additional Q stress

| to believe that the thermal shock cylinders would not data between 0 and -0.7. Ternperature should be included
'

have show n a toughness elevation if the cylinders had as a vadable to determine if a different Jc(Q) locus needs to
been subjected to the same loadirig conditions as the te determined for each tcmperature. Second, tests being i

shalloocrack beams, namely, no binial stress. conducted at David Taylc'r Research Center (DTRC) need

2. The current hypothesis is that the Wermal shock tests to be included in the Jc(Q) locus. Rese tests will be con.
are telng influenced by two nearly offsetting effects: a ducted with alternate geometries and with increased yield.

shallow-crack efrect that increases the toughness and a strength A 533 D material so comparisons can be rnade

binial stress eflect that reduces the toughness. with the llSST shallow-crack beam data. Finally, full-
thickness clad beam tests are to be cor. ducted on actual
PWR material with flaw d(pths similar to those tested in

6.5 Interpretation and IniplicatlonS of the HSST shallow-crack pregram in the near future. These

]{PV Analyses tests need to te analyzed in terms of J-Q to determine the
innuence of different team depths (W) on fracture tough.

The results previously summarized have several important ness. Dese steps should begin to quantify the scatter in the

implications for NS analysis of an RPV.The primary I'(Q) locus and provide Q stress data betwe< n 0 and -0 7.

implication is that J-Q analysis indicates that for the RPV Eventually sufficient data will need to be generated to

transient considered, the margin of safety is potena.lly validate the J-Q approach as a reliable correlator of a

greater than that considered using J analyses alone. More toughness increase rather than a means of interpreting the
c nstraintlonwork needs to be done before any available increase in the'

margin of safety can be quantified at this time, llowever,it
is likely that other transients and RPVs that previously
would have been predicted to result in crack initiation To assess the inf*aence of 3 D cffects, additiona' analyses

need to be conducted to evaluate both the 2 D and 3 Devents with conventional fracture methodology would be
stable based on J-Q analyses. resp nse of a shallow-crack beam. If this analyins is incon.

clusive, then 3 D anrlyses of an RPV may need to be

6.6 Future Work

Studies of the shallow flaw effwt on fracture toughness 2. Perform sensitivity analpes of applied J O Jata,

have been positive to date. The J-Q technique appears Analyses presented in dus report are based on one RPV

promising as being able to appropriately model differing geometry using one particular transient. Sufficient analyses

constraint levels, llowever, numerous questions remain and need ic be performed on multiple RPV geometries and PTS

need to be answered before the transfesability of shallow- transients to determme the sensitivity of the applied J-Q

- flaw test results to the analysis of RPVs can be maue reli, curve to important PTS parameters (such as prenure level

ably. ne future work is based on the use of t' * J-Q tech- and thermal shock severity).

nique. If an alternate constraint theory is used, similar work |

will be necessary to validate and apply that technique for
RPV analyses. 3. Determine applicability ofJ Q approach to irradi-

ated data. Available Jc(Q,T) toughness locus data,includ-
ing the HSST shallow flaw data, are limited to unirradiated

The following future work is recommended. material properties and simple laboratory-specimen geome-
tries. TSEs that involved cylindrical vessels with shallow

li Generate additional Jc(Q) toughnee data, ne Jc(Q) inner surface axial flaws were performed by the HSST
toughness locus for A 533 B steel needs to be better program staff.De veasel mawial was A 508 chemistry
defined. In particular, Q stress data between 0 and -0.7 w th elevated tensile properm to simulate irradiated raat:
need to be collected. In addition, scatter in the Jc(Q) data rial properties.29-32 Published arnlyses on the thermal.
exit.ts that needs to te quantified. Finally, the current Jc(Q) shock test results are available only in th: coatext of linear-
data are based on 2 D finite-element analysis (FEA) and clastic one parameter approaches m erms of K and J.
3 D specimen data. The introduction of 3-D cffects not Detailed clastic-plastic J Q analysis of the ther ualcho:k
previously considered needs to be assessed. tests is in trogress. A quantitatively correct Jc(0.7) teul,h-

ness locus needs to tellect the effects of inaolatian
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Summary

embritdement on fracttue toughness. Currently, the effects 3 D analyses cf a shallow flaw in a TSE cylinder and a
of crack tip temperature and irradiation etnblittlernent o - free-standing thin ring will te performed under thermal.

: fmeture toughness are assumed to be indexed by, or Jepen. _ shock loading. ne cylinder will represent fully blatial
dent on. T - RTNDT23 nis temperature shift methodol- loading, and the ring will have out-of-plane (axial) stresses

ogy provides the basis for a convenient engineering that are teuch less than in the cylinder. Dus, the influence

approach to incorporate tempuature and irradiation effects of the astal stress can te investigated. If a significant

on toughness. Results from the llSST shallow flaw testing difference is found between the in-plane stresses of the

program appear to indiuite that the '' shallow Caw" or c}linder and the ring, the current hypothesis will be sub-
_ Q-stress effects on unitradioted toughness might be amend. stantiated, if no differences are found, then additional

able to some form of RTNDT shift. It remains to be analyses and ahernate criteria sech as a strain basc41 criteria

determined if an appropriate temperature shift methodol- may te required to explain the 1155T shallow crack tough +
ogy could te established for irradiated Jc(Q,T) toughness ness elevation and the Ixk of toughness increase in the

,

data. TSE data.

4.' Experimentally verify the J-Q fracture methodology. 6. Hesohe different Jc(Q) data. Recent reanalysis of the
The J-Q analyses presented in this report are a promising ORNL w ide-plate series using a 2 D, J-Q analysis and the
method of taking into account different constraint levels. -IISST shallow crack beam J-Q analysis produced different

-- However, befare this technique can be fully implernented sets of Jc(Q) data. According to the underlying theory of !

into RPV fracture methodology, additional experimental the J Q technique, these data sets should have been similar.-

verification of the J-Q method should take place. Primarily, This discrepancy will have to be explained before the J-Q ;

an investigation should be conducted on either direct or techniques can be used in RpV fracture methodology. |
!indirect measuremerit of the Q stress. In addition, the J-Q

technique should te applied to other fracture etieriments
with differing levels of constraint to determine the limita-. In summary, the enhancement in fracture touchness of .

'

,

tions of the technique. A 53313 steel specimens with shallow flaws has been
verified both experimentall/ and analytically, llowever,
additional studies, some of which are in progress, are

5. Determine innuence of blaxialloading. Currently the necessary to provide a sound engineering basis for .
influence of out-of-planc (btaxial) loading is inferred from transferring this information to the structural mergin
thennal-shock and HSST shallow crack daut. The direct ' assessment of RPVs with shallow flaws. Accordingly, if it .

*

influence of blaxit.1 loading needs so te shown analytically can be r,hown that the shallow-flaw data can te used

and experimentally. The cun ant hypcthesis is that the TSE reliably in ITS analyses, the actaal reliability of reactor
data are being influenced by both the shallow-crack effect - vessels may te greater than currently considered. ;

L and a blaxial stress effect. To substantiate this hypothesis,

|
|

i i

e

a

8
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Appendix A

Experimental Deterniination of Toughness for Shallow Flaws

This uppendix describen the experimental techniques used strains became nontrivial, %e rotation factors from strain

to determine the shallow-crack toughness in tenns of the gages were averaged for the deep- and shallow-crack
CTOD, the J integral, and die stress intensity factor Ke. geometries and were used in the CTOD calculations. De
The deep-crack toughner.s has been calculated according to average rotadon factor varied from 0.44 for the deep-cra;k
ASTM E1290, Crack Tip Opening Displacement (CLOD) specimens to 0.49 for the shallow crack specimens. 71e
l'racture Toughness Measurement: ASTM E813 Jlc, A rotation factor used for the CTOD toughness calculadons is
Measure of Frweture Toughness; and ASTM E399, plane- the average of the values from the strain gage technique for
Strain Fracture Toughness of Metallic Materials, respec- the two crack depths.
tively. ASTM E813 was used forJe calculations even
though the f ailures were predominantly cleavage events.
The shallow crack toughness formuladons are as similar as A parametric evaluation was performed to assess the sensi-
passible to the deep crack ASTM standard toughness for- tivity of the calculated CTOD toughness on 'he rotation
mutations, factor. nis evaluation indicated that the plastic component

of CTOD is not overly sensitive to the value of the rotation
factor. Shallow crack beams are less sensitive to the rota-

A.1 CTOD Se Calculatlon tion factor than deep-crack beams. A 25% increase in tota-
tion factor increases the plasde CTOD by ~5% and 17%

The plasde component of CTOD is determined experimen- for the shallow and deep-crack geometries, respectively.
tally from the plastic component of CMOD and tae rotation The rotation factor is insensitive to team thickness and
factor. The plastic displacement of the crack flanks is absolute beam dimensions, varying only with s/W ratios
assumed to vary linearly with distance from the plastic for a givemmaterial.
center of rotation. In this way, the plastic CMOD can be
* ted I thn plasu CTOD. ne plasduemer of rotad""

A*2 J-InteEral Jc Calculationsis located ahead of the crack tip a distance equal to the rota-
00n factor (RF) multiplied by the remaining ligament
(W al Numerous experimental nr,J analytical techniques Fracture toughness was determmed for each beam m. termsl

.

' have been used to determine the rotation factor,1.x of the J integral using two slightly different techniques.

ahhough no single technique seems to be uruversally
Little or no crack gmwth took place m these tests, so

- acceptet., and the various exyzimental and anal 'tical ASTM E813 is not strict'~ spplicable. In the first tech-

determinations sometimes appear contradictory, espe- nique, Je was comged us ne total energy approach uti-

cially for shallow-crack specimer,s De rotation factor in lizing the total area unoc. au loao ,y LLD curve and a

ASTM E1290 is given to be 0.4 but is a funcdon of speci- sing!c q factor that was estimated from finite-element
analyses of the IISST deep- and shallow-crack beams. The

man geometry and material,
second technique calculates J by dividing the elastic and -
plasde components of J and using only the plastic compo.

In the IISST shallow-crack study two experimental nent of area under the load vs LLD curve and a plastic q
factor.3 De following equations were used to determine

mettois were used to determine the rotation factor. The
first method was the use of dual clip gages located at dif- the shallow-crack J integral toughness:

ferent distances fran the crack mouth. Clip gages were
I * #cl + I I - (^* I)C Pmounted directly on the crack mouta and elevated 8.89 mm

(0.35 in.) above the crack mouth. De second achnique
where

was to locate the nemral axis of the xNn ahead of the
crack tip using strain gases, assuming that the plasue -

- center of rotation was located at the 9eutral axis of the y,3 g2 (g .y2)/E (A.2)
team. Because the rotation factor relates the plastic com-
ponent of CMOD to the plastic component of CTOD, only

andplastic strains were used to determine the rotation factor.
The dual chp gage technique produced values of the rota-

9 * 9p10 t/[B(W-a)) , (A.3)1 1 ption factor that varied significantly from 0.4 and were not
constant as a function of load. Ilowever, the rotation fac-

tors deterrnined using the strain gage technique were close where Ug is plastic energy or area under load vs LLD

to 0.4 and were rehdvely insensitive to load once plastic curve.
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Experimental

. The two J integral techniques gave reasonably close values Rel'eretiCCS
| of J integral toughness within ~20% of uh other. %e
| second technique yielded more consistent values of Je as a 1. W. A. Sorem, R.11. Dodds, Jr., and S. T. Rolfe, "An
l

function of thickness.The J. integral toughness values Analytical Comparison of Short Crack and Deep
using the divided energy technique are given in Table 3 of Crack CTOD Fracture Specimens of ar. A36 Steel,"
Chap. 2. It'RC Bulletin 351. Welding Research Council, New

York, February 1990.*

A.3 Stress Intensity Factor Ke
Calculation 2. J. A. Smith and S. T. Rolfe,"%e Effect of Crack

Depth to Width Ratio on the Elastic Plastic Fracture

Because Je andSe are related according to Je = m of Sc, Toughnessof aliigh Strengthlow-Strainllandening
and Be llows m, the constraint Steel," WRC Bulletin 358, Welding Research Council,comparison of Je a

parameter, to be determined as a function of crack depth.9 New Yo.1, November 1990.*

Plots of J vs CTOD show a linear relationship between the !

two toughness expressions.The constraint parameter m for
3. J. D. O. Sumpter "Je Determination for Shallow

each test was deternuned using the entical toughness (Je
Notch Welded Bend Specimens," Fat / ue Fract. Eng.

and Sc) and t.he estimsted Dow stress of. Use of the critical Afat. & Struct. 10(6),479-493 (1987).
toughness is in keeping with Sumpter's contention that 71pl
is valid only for a perfectly plastic material after limit
load.3The constraint values were calculated for each test. 4. D. Cottrell et al.."On the Effect of Plastic Constraint
The average constrnint parameter was 1.5 for deep crack on the Ductile Tearing in a Structural Steel," Eng.
specimens and 1.1 for shallow-crack specimens. Fract. Alc:h. 21(2),239-244 (1985).*

; Although the J-integral and CTOD toughness expressions 5. Q. F, Li,"A Study About Ji and d in nree Pointi

- are generally consistent with each other, the CTOD tough. D:nd Specimens with Deep and Shallow Notches,"

ness was conrJdered more reliable than the J integral Eng. Fract. Afech. 22(1),9-15 (1985).*

because the experimental load vs CMOD records were
more consistent and repeatable than the load vs LLD

6. D. Z. Zhang and 11. Wang "On the Effect of the Ratio 4

records. For these reasons, g: a/W on the Value of di and Ji n a Structural Stect,"
was calculated from CTOD

i
using the following relation

Eng. Fract. Afech. 26(2),247-250 (1987).*

Ke * (m ore'4cll/2 , (AA) '
,,

Plastic Rotation Constant Used in Standard COD
where m = 1.5 and EN F/(I - v2) for deep-crack speci. Tests " Int /, Fract. 26(2), R49-R53 (1984).*
mens, and m = 1.1 and E' = E for shallow crack speci-
mens.

8. T. L. Anderson,11.1. Mclienry, and M. G. Dawes,
" Elastic-Plastic Fracture Toughness Tests with Single-

The plane strain value of E' was used for the deep-crack - Edge Notched Bend Specimens," pp. 210-229 in
speciment in spite of not meeting the validity requirements Elastic. Plastic Fracture Test Afethods: The User's
of ASTM E399 because the experimental data in this pro- E.rperience, ASTAf STP 836, E. T. Wessel and F. J.
gram indicates little or no influence of beam thickness on Loss, Eds., American Society for Testing aml

' the data. Materials,1985.

For comparison, Ke was calculated directly from the 9. J. M. Barsom and S. T. Rolfe. fracture and fatigue

J integral values discussed above in addition to using Controlin Structures Prentice-Hall, Englewood

CTOD and Eq. (AA). The two methods of determining Ke Cliffs, NJ.,1987.

are very consistent with the average difference between the
two methods within 6%. , Available in public whnical tituder
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Appendix B

Definition of T Stress and Q-Stress Paraineters

B.1 Definition of T Stress Paraincter where ay(0) are again universal functions that are deien-
dent on the angular coordinate 0 only, in the llRR solution

Within the context of LEFM,it is known that the asy mp, the first terms are also singular with an amplitude undeter-

totic 2 D near-crack tip fields, as a function of position rel. mined from the asymptotic analysis. In this case the unde- ;

!

ative to the crack tip, can be expressed in the form of an termined amplitude corresgonds to the value of the

infinhe series. Let (r,0) denote the position of a material J integral. Because the J integralis path-independent for all

point telative to the crack tip in polar coordinates. De deformation-theory material,its value can te evaluated

infinite series denoting the Mode I stress components then from locations remote from the crack front. De path-inde-

take the form pendence of the J integral and its identification with the j

amplitude or crack tip-field intensity of the llRR neld ,

K _
together form the basis of conventional one parameter -;

og = og(0) + T6g8;i 4.... (D.1) EPFM theory.,

where 6 0) are universal functions that are dependent on in a manner somewhat analogous to T stress, the Q stress
the angu coordinate 0 only. parameter plays the role of a higher order term in the llRR

series expansion in the sense that the Mode I stress compo-
nents in these series are assumed to take the form !

These infinite sedes are common!y referred to as the Irwin-
Williams series.1,2 The first terms in these series become 'i'

unbounded as the crack tip is approached. The stre-s inten- J i-
sity factor K is the amplitude of the first tenns in these 00 " 00 " " '

uo roi t;o n
series, and its value is undetermined from the asymptotic (D.3)
expansion. Interpretation of K as a crack tip field intensity
parameter forms the basis of conventional one parameter Unlike the T-stress parameter, however, the Q stress

LEFM theory, parameter is not an analytic consequence of the asymptotic
expansion. Instead, ne of the Q stress parameter in the
contest of Eq. (II.3) follows from the following nu aerical

! The T-stress parameter is the next higher-order term in the observation. Detailed finite element analyses performed for

| series expansion for the " opening mode" stress component. power-law hardening materials indicate tha: the near-crack.

The Tocress parameter describes a stress field that is inde- tip fields appear to be consisten. with the assurred e xpan-

pendent of position relative to the crack front and repre- sion . indicated in Eq. (D.3).7 Dis assumed form generally

sents a uniform stress field parallel to the plane of the applies only to the forward sectors that are symmetric
idealized 2-D crack Within the context of 3 D LEFM, the about the crack plane ahead of the crack tip, extending

Irwin-Williams asymptotic expansion concept can be gen- ~90* to either side of the crack plane. Consequently, the
eralized, resulting in three T-stresslike parameters.M utility of a Q-stress description of the near-crack tip fields

requires that the physical micromechanisms of fracture be
confined within the forward sectors, De Q stress parame- -

B.2 Definition of Q-Siress Parameter ter is readily understood as a state of 2-D hydrostatic ten-
ska superimposed on the IIRR solution. The methodology

Within the context of clastic-p?astic fracture mechanics for extending the Q-stress concept into 3 D fracture analy-
(EPFM), the counterpart to the Irwin-Williams series in sis is still an open issue.
2 D is the IIRR solution for a deformation theory material,
with a uniaxial Ramberg Osgood stress strain relation.5,6
The infinite series denoting the Mode I stress components Uccause of the numerical nature of its definition, determi-

have the form nation of the Q-stress pararneter is not without ambiguity,
in its original development, the Q stress parameter was

3 _.L defined as the difference between the full field stress dis.e
y

(B.2) tributions of a given application, obtained using rmite-cy = co nd og(0) + . ,
!M 0000 nf strain theory, and the reference, small-strain !!RR stresss
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I

Definition
distributions along the crack planc-(The full field distribu. 2. O. R. Irwin,"Frxture Mechanics,"in Structural
tions are the stress and strain distributions . m a struc- Mrchanics, Pergamon Press, New York,1960.
ture obtained by explicitly constkring tne iniluence of tte

;

finite geometry of the structure and the flaw.)It was
. observed that the Q-stress parameter thus detennined was 3. J. R. Rice," Limitations to the Small Scale Yielding

L nearly constant over a range of distances extending ~1 g Approximation for Crack Tip P
Phys, Sollds 22,17-26 (1974).,lasticity,"1. Mech.

| J/co 5 4 head of the original crack tip. Definition of thes
I Q-stress pararreter was then made more precise by identi-

fying Q stress as the difference between the full field stress
4. D.M. Parks,*1hree-Dimensional Aspects ofIIRR- +

distributions and reference distributions at a distance of Dominance, Dcfect Assessment in Comp)nents--
23/co ahead of the crack front. A limitation with this Fundamen als and Applications," pp. 205-231 in
approach is that the IIRii solution is available only for the Proceedings of the Eurefvan Syrqposium on Elastic.
case of an idealized pure-power law material model. Plastic Fracture Mechanics, ESIS/EGP Publication 9,

1991.'

A more accent approach is to define the SSY distributions
(discussed in Appendix C) as the reference distributions. 5. J W. Ilutchinson," Singular Behavior at the End of a
The Q-stress parameter is then defined at the difference Tensile Crack in a liardening Material,"1. Mech.
between the full.fleid distributions and the associated SSY Phys. Solids 15,13-31 (1968).*
problem at a distarre of 21/00 ahead of the crack front ,

using finite-strain theory. 'this approach has the advantage
that it admits a more general representation of a material'6 6. J. R. Rice and O. F. Rosengren," Plane Strain

stress strain behavior. Magnitudes of the Q stress parame, Defonnation Near a Crack Tip in a Power Law
Harden
(1968),{ng Material,"1. Mrch. Phys. Solids 16,1-12ter at the onset of crack initiation for the deep- and

shallow-naw geometry in Chap. 3, and for the various RPV
models in Chap. 4, are determined based on this more
recent approach. 7. N. P. O'Dowd and C, F. Shih," Family of Crack Tip

Fields Characterized by a Triaxiality Parameter:

RefereneeS Pan I-Sature of Fields,"/ Mech. Phys. Solids 39,
989-1015 (1991).

1. M. L. Williams,"On the S ress Distribution at the
Dese of a Stationary Crack,"/. Appl. Mech. 24,109-
114 (1957).* 'Available in public technicallibraries.

i
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Appendix C

Small Scale Yleiding Conditions and Boundary Layer Analysis

C.1 Conditions of SSY mechanics application under comidenitu 3,1 7tesent
study they conespond to those of the deep- ananallow.

Conditions of SSY are present in a fra-ture mechanic, flaw specimens in Chap. 3 and to tie various RPV material

application when a continuous amtar region surrouning models in Chap. 4. Depending on analysis requirements in

the crack tip can be located for whu the influence of terms of material description and resolution of near-crxk.
|

geomeuy, material behavior, and loading mnditions can be tip fields, the analysis technique for performing a

expressed Iri terms of an " applied" value of the stress. boundary-layer analysis can te based on the slip-line-field

intensity factor K that characterites the magnitude of the theory or the finite element method.b'

near-crack Up fields. Planc-strain fracture toughness is
identified with the magnitude of K at the onset of crack
initiation under conditions of SSY Adoption of the SSy A boundary layer approach using the finite-element code

crack tip fields as the referer.cc distributions from which AB AQUS. assuming a rate-independent, J2 (isotropic-

the Q stress parameter is evaluated thus represents a natu. hardening) incremental plasticity theory, is adopted in i

ral measure of deviation from plane-strain constraint. evaluating the reference SSY crack tip fields in this study. |
In a finite-element based boundary layer appmach the

'

near-crack tip region, over w hich the CTOD sets the size-

A unique feature of the SSY crack tip fields is that they are scale of the problem,is modeled by constructing a finite.

- self similar with respect to the normalized distaace element mesh with a suitably large outer boundary as indi-

parameter r/(1/co), where r is the planar polar distance cated in Fig. C.l(a). A unique feature of the finite-element

ahead of the undeformed crack dp with its or gin at the mesh is a highly refined crack tip region and the assump-

crack tip, J is the magnitude of the J integral, and oo is the tion of an initial root radius prior to the imposition of

initial yield stren in lension. Self similarity in this case extemal loading as indicated in Fig. C.l(b). The outer
6

means that the spadal variation of the crack tip fields, radius of the mesh in Fig.C.l(a)is 1 x 10 times the initial

associated with a given magnitude of the applied K,is root radius indicated in Fig. C.l(b). The finite-element

independent of the magnitude of K when the crack tip mesh in Fig. C.l(a) and (b) is made up of 111910-node,

fields are examined using the normalized distance isoparametric generalized-plane strain elements and 3492

parameter r/(1/co). A consequence of the self similarity of nodes. The integration order for these elements is 2 x 2.

. tim SSY crack tip fields is that the magnitude of th:
cpplied remote loading, when expressed in terms of

|
(K/co)2 or J/oo. represents the only relevant length scale The conditions of SSY require the spread of plasticity to be

|

under conditions of SSY. Based on well-known relations confined within the elastic "far field" of the finite-element

between (K/co)2 or J/co and the C1DD, self similarity of mesh, and in this study this requirement is accomplished by

the SSY crack tip fields is equivalent to the viewpoint' that limiting the maximum extent of the plastic zone to te

under conditions of SSY the C10D sets the size scale of <10% of the outer mesh dimension. Convergence require-

the fracture mechanics application. ments of the finite-element results are accomplished by
limiting the maximum value of the residual nodal force per
unit thickness at any node to <0.1% of the product between

C.2 Hounriary-Layer Analysis the yield stress and the smallest element dimension in the
finite ele,nent mesh. Finally, the value of the CTOD upon

in a boundary-layer analysis one takes advantage of the reaching a target K value is at least 10 times the initial

self similarity of the SSY ctr.ck tip fields by focusing notch opening so thrit self-similarity of the SSY results is

directly on the near crack-tip fields that result as a conse- guaranteed.'

quence of the global response of the structure under SSY
conditions. Conditions of SSY are then associated with the
asymptotic 2 D planc strain fracture mechanics problem of
a "semiinfinite" crack within an " infinite" continuum.
Loading of the crack up is characterized by a " remotely"
applied stress-intensity factor K. The conditions of SSY
require the spread of plasticity to be well confined within *it R. Itui ei al..Marun Maricus Energy systerns,Inc.. Oak Ridge %tt
the clastic remote K field. ~1he clastic-plastle pt. perties of t ab,"Cmnraint Effects m Fruture Toughness for Circumfennuany
the continuum are the same as those of the fracture orierard Cricts in Reactor Pressure Yessels." USNRC Report Nt* REG /

CR.$792 (ORNt/FM.11968), to be puthshed in June 1992.
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11, A8sT R Aci (No -o<es er ow The Heavy Section Steel Technology (HSST) Program is investigating the inercase in effective
fracture toughness of A 533 B steel associated with shallow flaws and the implications of the shallow-flaw effect on reactor
pressure vessel (RPV) life assessments. Test data from beams indicate a significant increase in the fracture toughness of shallow-
crack specimens compared with deep-crack specimens in the transition region of the toughness curve for unitradiated A 533 B
steel. If the toughness increase present in the test specimens were also present in a reactor vessel, the impact on pressurized-thennal
shock (PTS) analyses could be significant. To facilitate transferability of the specimen data to an RPV, postlest finite-element
analyses have been performed on several test specimens and a reactor vessel for a single (PTS) transient. The analyses are
sufficiently refined to allow interpretation of the results in terms of the J-integral and the so-called Q stress parameter under plane.
strain ana!nis assumptions. A negative Q stress parameter is indicative of a loss of crack tip constraint, which is asscciated with
an increa. . in the fracture toughness. Analyses of the test specimens indicate that at the onset of crack initiation the deep-crack
specimens exhibit an essentially zero Q-stress parameter but that the shallow-crack specimen exhibits a Q stress parameter of about
-0,7, which indicates a substantial loss of constraint in the shallow-crack beam. Using the test data and postlest analysis, a locus of
toughness data in term < of the J integral and the Q stress parametc. has been cons *ructed for a particular temperature. Analyses
u ere also performed on an RPV with a shallow flaw under PTS loading conditions up to the maimum value of J. At maximum J,
the analyses reveal a Q-strass parameter about -0.2 to --0A, which indicates some constraint loss but less than in the shallow-crack
test specimens. Considering the RPV in terms of J integral and Q-stress suggests there may be a larger margin of safety than would
be found using the J integral alone. Thermal shock data, which were generated using cylindrical vessels under thermal shock
loading, show no significant increase in toughness even for shallow flaw depths. The thermal shock data seem to indicate two
offsetting effects: a shallow flaw effect, which increases toughness, and an out-of planc (biaxial) stress effect, which decreases
toughness. Additional work is necessary to resolve outstanding issues for applying shallow crack data to an RPV and validating the
J-Q technique for fracture evaluations,
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