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Abstract

The Heavy-Section Sweel Technology (HSST) Program is
investigating the increase in effective fracture toughness of
A 533 B steel associated with shallow flaws and the impli-
cations of the shallow-flaw effect on reactor pressure ves-
sel (RPV) life assessments. Test data from beams ndicate a
significant increase in the fracture toughness of shallow-
crack specimens co.nared with deep-crack specimens in
the transition region of the oughness curve for onirradiated
A 533 B steel. If the toughness increase present in the test
specimens were also present in a reactor vessel, the impact
on pressurized-thermal shock (PTS) analyses could be sig-
nificant. To faciiitate transferability of the specimen data to
an RPV, posttest finite-cloment analyses have been per-
formed on several test specimens and a reacior vessel for a
single (PT3) transient. The analyse~ are sufficientlv refined
to allow interpretation of the results in terms of the J-inte-
gral and the so-called Q-stress parameter under plane-strain
analysis assutaptions. A negative Q-stress parameter s
indicative of a foss of crack-up constraint, which is associ-
ated with an increase in the fracture toughness. Analyses of
the test specimens indicate that at the onset of crack initia-
tion the deep-crack specimens exhibit an essenually zero
Q-stress parameter but that the shallow-crack specimen

il

exhibits a Q-stross parameter of about -0.7, which
indicates a substantial loss of constraint in the shallow-
crack beam, Using the test data and postiest analysis, a
locus of toughness data in terms of the J-integral and the
Q-stress parameter has been constructed for a particular
temperature. Analyses were also performed on an RPY
with a shallow flaw under PTS loading conditions up to the
maxiaum value of J. At maximum J, the anal;/ses reveal 2
Q-stress parameter about ~0.2 to ~0.4, which indicates
some constraint loss but less than in the shallow-crack fest
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 generaled using cylindrical vessels
under thermal shock loading, show no significant increase
in toughness even for shallow-flaw ¢2pths. The thermal
shock data seem 10 indicate wwo offsetting effects: a

shallow-flaw effect, which increases woughness, and an out-

of -plane (biaxial) siress effi:ct, which decreases toughness.
Additional work is necessar? 10 resolve outstanding ‘ssues
for applying shallow-crack data to an RPV and va) Jaung
the J-Q technique for fracture evaluations,
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Test

production phase tests based on development phase results,
which showed increased scatter for the SO-mm-thick beams

but no substantial difference between the 100- and
150-mm-thick beams,

Two crack depths (one shallow and one deep) were tested
during the shallow-crack fracture toughness testing pro-
gram. The nominal shallow-crack depth chosen was a = 10
mm (a~ 0.4 in.), which was representative of the aw
depihs that resulted 1o a majority of the initations in the
integrated pressurized-therroa.-shock (IPTS) stuvies. >
Previous investigations defined the shallow-flaw effectin
terms of normalized crack depth (a/W). These investiga-
tons used beams ~25 mm (1 in.) deep (/W < 0,15} The
specimen depth (W) and crack depth (a) for the HSST
beams were chosen to allow interpretation of the shaliow -
crack beams in terms of “a" or /W applicable for RPV
wnalyses One specimen was tested with a flaw depth of
14 mm (0.55 in,). All deep-crack specimens were cracked
10 an /W ratio of ~0.5,

Instrumentation was attached o the specimens (o make
both J-integral and crack-iip-opening-displacement
(CTOD) measurement of fracture toughness. The J-integral
was determined from the load-line-chsplacement (LLD)
using a reference bar attached to the beam fixture and a
micrometer attached 1o the neutral axis of the beam. CTOD
was determined from crack-mouth-opening displacement
(CMOD) using clip gages mounted directly on the crack
mouth of the specimen. Toughness data are expressed in
terms of CTOD according 10 ASTM E1290-89, Crack-Tip
Opening Displacement (CTOD) Fracwure Toughness
Measurement. ASTM E399, Plane-Strain Fracture Tough-
ness of Metallis Materials, was used to analyze the decn-
crack specimens to determine if the test results could be
considered “valid” plane-strain (Kjc) data. ASTM ES13,
J1e, A Measure of Fracwre Toughness, is not strictly apphi-
cable 1o these tests because most of the failures were cleav-
age failures; however, critical J-integral cleavage values
(J¢) were determined for each test. Techniques used to
determine the CTOD and J-integral toughness are detailed

in Appendix A,
2.2 Test Matrix

The development and production phases of the HSST
shallow-crack testing program resulted m 14 and 18 data
points, respectively. In addition, 6 deep-crack beam s of
varying thickness wer tested to investigate out-of-plane
(thickness) constraint effects yielding a data base of 38
specimens. The development phase tests were conducted
pracarily at one emperature (-60°C) using beams of three
different thicknesses. The six additonal deep-crack beams
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were tested at -45°C ysing beams with different thick-
nesses, The production phase ests used ons-beam geome-
try (100 by 100 mm) but were conducted al various tem-
peratures. The total test matrix for the HSST shallow-crack
fracture toughness program is shown in Table 1.

2.3 Material Characterization

Beams used in the development phase of the shallow-crack
fracture toughness testing program were fabricated from
H3ST-CE Wide-Plate remains, A iimited amount of mate-
rial charactenzation was performed on this material as a
part of that Wide-Plate test series. ' The six additional
deep-crack beams were cut from broken halves of several
of the development phase specimens,

Source material for the beams in the production phase of
the shallow-crack fracture ughness lesting program was
HSST Plate 13B. Material from HSST Plate 13A was used
as source material for most ~f the wide-plate tests'S and
was extensively characterized at that time, HSST Plates
13A and 13B were originally fabricated as one plate
(HSST Plate 13), which was cut inio two pieces by the
metal supplier for transport to ORNL, HSST Plate 13 is
metallurgically typical of RPV plate materia!l, however,
RPVs receive a final heat treatment following the welding;
this was not originally performed on HSST Plate 13, To be
mare prototypic of the conditions in RPV material, the
production phase material was heat treated at 620°C
(1150°F) for 40 h prior 1o final machining. A characteriza-
ton piece was also heat treated and delivered for fabrica
tion into the various characterizauon specimens and test-
ing. The original characterization of this material (HSST
Plate 13A) was performed in the L-T orientation. This
recent charactenzation supplements the original character-
ization by providing properties in the L-S orientation
through the plate thickness. Al pridduction phase shallow-
crack westing was in the L-8 evonturiom,

Material properties used in ihe analysis of the uiinw-
crack test results fov both the development and producor
phases are included 1 Table 2. Additional information on
the shallow-crack productivn phase matenal charactenizo-
tion can be found in Ref. 16, Subsequent shallow-crack
material characerizatn hug wcen performed, and results
will be issued soon.”

*S. K. Iskander, “Preliminaty Roport o the Chameterization of HSST
Plate 138 @ the LS Ornentation,™ o be issusd 43 a USNRC NUREG
oo,
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Table ! Test matrix for the HSST shallow-crack program

- Sy— . — T —— R ——

Test

Phase Temperature  Crack depth Thickness Number of
*C) (mm) (mm) beams tested

Development 60 ~50 50 3
~60 ~50 100 1
~60 ~50 150 1
-60 ~50 SO 3
~60 ~10 100 2
-60 =10 150 2
60 ~14 50 1

-35 ~10 50 ¥
Subtotal 14
Six gdditional 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
-6 ~50 100 3

-6 ~10 100 N
Subtotal 18
Total 38

2.4 Results

Load vs CMOD curves we e generated for cach develop-
ment beam tested at T = -60°C. To normalize the load
between beams of different spans, thicknesses, and slightly
different beam depths, the applied nominal bending stress
(rather than applied load) was plotted vs CMOD. The
applied stresses for the tost and analysis results were calou-
lated according to Mc/1, where M is the applied bending
moment, ¢ is the distance from the beam neutral axis to the

location of the stress, and 1 is the second moment of fuertia.

The stress vs CMOD test data shown in Fig. 2 agree well

with the analytical data, pre viding confidence in the experi-

mental test data.

The analytical stress vs CMOD curves in Fig. 2 were gen-
erated using a plane-strain, elastic-plastic, finite-clement
ADINA!7 model. The test data represent beams of three
different thicknesses. The consistency of the test data and
the agreement with the plane-strain analytical results indi-
cate little loss of out-of-plane constraint dne to insufficient
thickness of the test specimens.

Bt BEER A S LS e LAY i o i B

Critical CTOD (8;) and J-integral (J.) toughness estimates
were determined for each test from available load-CMOD
and load-LLD data, respectively. Because J; and 8 are
related!® according 1o J = mod,, where m is the co-
straint parameter and oy is the flow strength (av.orage of
yield and tensile strength), additional checks on the test
data were made. The constraint parameter m was deter-
mined for cach test and found to average 1.5 for deep-crack
tests and 1.1 for shallow-crack tests; these are similar o
previous analytical results.!? The 8 toughness data were
converted to an elastic-plastic stress-intensity-factor K¢
according to K. = \/(m-u( 8, *E’), where m = 1.5 and
E’ = EA1 - v%) for deep-crack specimens, and m = 1.1 and
E’ = E for shallow-crack specimens. The plane-strain
value of E” was used for the deep-crack data because of the
insensitivity of the deep-crack data to the specimen thick-
ness. The plane-strain value of B’ is inappropriate for the
shallow-crack data due o the loss of constraint and tough-
ness increase in the daa. Comparison of K from the
J-integral and &, calculations reveals consistent results (see
Table 3).

NUREG/CR-5886
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Test

i Table 2 Material properties for A §33 B steels
il - used in HSST shallow-crack program

The toughness data expressed i erms of Ke v o0 o ra-

ture ave presented in Table 3 and Fig. 3 (along with 8 mate-

| rial charscterization curve for HSST Plate 13A15). The

: Devel ix d ! a Cats show a significant increase in the fracture wughness

j_ ot ook fur shallow-crack specimens in the transition region of the
HSST CE - WP A 533 B wughness curve. All of the specimens failed in

. E = 206,850 MPa (30,000 ksi)

cleavage except the data point indicated with the arrow in
v=03 Fiz. 3. As expected, the shallow-crack specimens on the
' lower shelf, where linear-elastic behavior occurs, showed
95-I0 S aine) A0 MR (56 ksl) littfe to no toughness increase. The specimens had crack
| Gy (room temperature) = 556 MPa (81 ksi) depths that were doep (a ~ 50 mm) or shallow {a ~10 mm)
’ ap= 172 (oy + o) = 480 MPa except for one beam with a crack depth of 14 mm. This
| RTNDT = -35°C (-31°F) intermediate crack-depth specimen also appears 1o show
Production phase

the shallow-crack toughness elevation.
HSST Plate 13B after postweld heat treatment
£ = 206 850 MPs (30,000 ksi) Toughness data are plotted as & function of beam thickness
v=03 for all of the tests conductzd at T~ RTypT = <25 and

~11°C (~45 and -20°F) in Fig. 4. As indicated in Figs. 3
Go= 42 MPam T« -40°C (66 ksi mt -4U°F') and 4, the wughness values for the shallow- and deep-crack
Oy = 640 MPa at T = 40" 7 (93 ksi at ~40°F)

specimens from the 100- and 150-mm-thick (4- and 6-in.}
o¢=1.17 ap = 529 MPaw T = -40°C beams generally are consistent with the SO-mm-thick

P TNDY = ~15°C (+5°F) (ceter material) (2-in.) data. However, there appears 1o be slightly more
g and 0, estimuied at other temperature from

data scatier associated with the S0-mm-thigk (2-in,) beams
than with the 100- and 150-mm-thick (4- and 6-in.) beams.

= lemperature, °C;

None of the deep-crack tests strictly meet the requiremenis
of ASTM E399 for a valid plane-strain Kjc result due to
insufficient crack depth, The beanis, which had otherwise
linear-elastic 1est records and were sufficiently thick for
valid results, are indicated in Fig. 4.

= known 0 at tempersiure T

where

oy = yield seength at temperature T, MPa:

T

o
A = culibration constant,

ORNL DWG 92M-2874 ETD
1000 ’ r - - ’ ' . — -

Shaliow 1

800 |-

g T ———

—@— Plane Strain Analysis for

600 | AW = 0 50 ]
1 ~-a— Plane-Strain Analysis for
.FI W - 0 ‘0 B
Temparature ~ -60 “C ~

400 =

S!mss-—‘?f

APPLIED STRESS (MPa)

200

0.0 0.20 0.40 0.60 QS0 1.0
CMOD (mm)

, Figure 2 Applied stress vs CMOD for development beams tested at -60°C
NUREG/CR-5886 6
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o Table 3 HSST shallow-crack test data

from
":‘: Temperature  § B w 8 oW F;:Zn C;z? J integral KC“IOD Ke '"7:'.
No. °C) (mm) (mm) (mm) (mm) &N) (mm; MPa-mm) MPaVm) (MPasVm)
g Development phase
3 -36 406 51 100 100 010 6000 0586 261 269 232
- 61 406 S 100 518 0.52 128.1  0.048 42 97 97
5 -55 406 51 99 512 052 139.7 0.049 48 97 105
6 -59 406 51 100 519 0.52 1846 0.117 102 151 152
7 -59 406 51 G4 102 011 4835 0137 92 134 138
8 &0 406 51 9d 96 010 6574 0476 284 250 243
9 -62 406  5i G4 95 0.10 5524 0352 173 218 189
10 60 406 51 54 140 015 4893 0238 143 176 1
11 -57 864 102 94 g4 009 4724 0.19% 101 160 145
12 ~37 864 102 95 498 053 165 0.061 50 109 106
13 ~60 864 102 94 88 009 5017 0387 208 216 208
14 -60 864 152 91 87 009 7232 0346 225 212 216
15 -59 864 153 94 87 009 684.1 0.146 85 138 133
16 -58 864 153 94 500 0.53 1704 0060 a6 108 102
Six deep-crack beams phase
12A ~da 406 12 94 51.0 0.54 2518 00M 60 120 117
13A 46 406 102 94 508 05 2931 0111 86 144 140
14A1 ) 406 51 93 502 1054 1352 0.121 923 150 145
14A2 14 406 S 03 508 055 1027  0.043 39 90 G4
15A -47 406 153 94 50.7 054 4350 0.0 79 133 134
16A -43 406 153 94 519 055 M83 0.062 51 107 108
Production phase
| 17 -6 610 102 102 526 052 2451 0.416 96 142 148
18 -24 610 101 102 106 0.10 7771 0466 238 239 22
! 20 -4 610 101 101 10.8 0.11 8233 1733 985 451 451
" 21 -23 610 101 102 10.7 0.11 41 0306 i52 193 177
;. 2 -7 610 01 102 109 011 7935 0942 564 333 342
| P2 -7 610 102 102 520 051 2691 0367 268 253 247
25 -39 610 102 102 520 051 2384 0110 85 144 139
| 26 -40 610 102 102 110 011 740.1 0355 175 212 191
E 27 -22 610 101 102 107 011 7873 0558 242 261 224
| 28 -6 610 101 102 103 010 8327 1242 786 382 403
‘ 3 -40 610 102 102 515 0381 2055 0063 51 109 108
n =103 615 102 102 11.1 0.11 417.7 0.018 20 52 65
) 33 -103 ol0 102 102 10.7 0.1 3398 0010 13 40 51
34 ~106 610 101 102 104 010 4310 0019 21 54 67
35 ~7 610 .02 102 51.7 051 2442 0121 95 146 147
36 -38 610 102 102 s16 051 176.1  0.042 s 89 89
37 -39 ALY 02 102 108 011 7459 0.263 135 182 167
38 -39 610 102 102 108 011 7553 0206 106 162 148

7 NUREG/CR-5886
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Figure 3 All toughness (K,) data vs notmalized temperature for shallow- and deep-crack specimens
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Figure 4 Toughness (K data vs beam thickness for shallow- and deep-crack specimens at T = -60,
~45, and -40°C
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Tostiest

model underestimate the displacements of the specimens us
compared with experimentally measured values. Various
reasonable analysis options to reduce the stiffness of the
finite-element models have been sttempied. One option, in
conjunction with othe- analysis techniques to be described
later, that results in good agreement between calculated
and measured mechanical responses of the specimens 1s 10
reduce both the Young's modulus and the uniaxial vield
stress in tension from their pretest characterization values,
The magnitudes of the reduction are consistent with antici-
pated variability in tensile material propertics. In subse-
quent discussions this material model is referred to as the
adjusted model.

The adjusted material model incorporates adjustments 1o
the unirradiated tensile charactenstics of A S33 B (HSST

Plate 13B) steel in the following manner. Wie in the linear-

elastic region, the Young's modulus is reduced by 5% such
that E = 196.5 GPa (28,500 ksi), since E ha1 not been
explicitly determined. The yield stress was arbitrarily
reduced by 9% such that 6g = 413 MPa (59.9 ksi). A 9%
variation in yield is reasonable based on the scatter of
material propertics. The adjusted yield strain is thus £ =
0.0021, and Poisson's ratio remains v = 0.3. The uniaxial
ENZINCEring- s'Tess, engincering-strain curve in wnsion
beyond yield is the same as the unadjusied mode!l. The

200

17

Normalized Stress, ¢ / o,
2
143

A

uniaxial true-stress, rue-plastic-strain curve in tension for
the adjusted model is also indicated in Fig. 6.

Minimal differences are observed between the stress-strain
curves of these two material models when they are pre-
sented in the form indicated in Fig. 6. However, an indica-
tion of the relative plastic response of these two material
models can be obtained with the stess-strain curves pre-
sented in the form indicated in Fig. 7. In Fig. 7, the instan-
taneous yield stress o is normalized by the initial yield
stress 0. The effects of the differences b iween the two
material models on analysis results are expected 10 become
significant as the loading conditions in a specimen
approach elastic-plastic behavior.

3.2 Finite-Element Models and Analysis
Assumptions

The finite-strain, clastic-plastic postiest analyses are per-
formed using the finite-clement code ABAQUS 2! The
analyses assume a rate-independent, J3 (isotropic-har .a
ing) incremental plasticity theory as implemented i
ABAQUS. The planform for both the shallow- and deep-
flaw specimen is 102 by 610 mm (4 by 24 in.). The initial

ORNL-DWG 92-2878 ETD

Oy e e

—

unadjusted
i adjusted

[ T W S SN W [N NN S o F— |

pool A A & i I A A
0000 0 050

0.100 0.150 0.200

True Plastic Strain
Figure 7 Normalized stress-strain curves for unad justed and adjusted material models
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flaw depth is 10.2 mm (0.4 in.) for the stiallow-flaw speci-
men and S0.8 mm (2 in.) for the deep-flaw specimen. The
shallow-flaw specimen geometry is modeled with the
finite-element mesh indicated in Fig. 8(a)-(c), which is
made up of 914 10-node generalized-plane-strain isopara-
metric elements with a total of 2883 noles. The deep-flaw
specimen geometry is modeled with the finite-element
mesh indicated in Fig. 9(a)(c), which is made up of 922
10-node generalized plane-strain isoparametric elements
with a total of 2903 nodes. These 10-node elements behave
as convenuonal 8-node 1soparametric elements except for
an extra degree-of -freedom (DOF) that allows for uniform
unin'mf in a direction perpendicular to the plane of the
mesh. 2! In a plane-sirain analysis the out-of-plane DOF is
not active. The integration order of the elements is 2 x 2.

A unique feature of the finite-element meshes is the highly
refined crack-up region, The rectangular crack-tip region in
Figs. 8(a) and 9(a) is made up of 29 (shallow-flaw) or 31

Posttest

(deep-flaw) “rings” of elements as indicated in Figs. 8(k)
and 9(b). The mathematically sharp crack-tip profile asso-
¢aed with siall-strain fracture analysis is replaced, in the
present finite-strain context, with an initial root radius
before the imposition of 2«1emal loading as indicated in
Figs. 8(c) and 9(c). The assumption of a finite value of the
initial root radius is necessary o facilinate numerical con-
vergence of the finite -element results, The magnuudc of
the initial root radius is rp = 0.6 jum (2,36 by 10-% in.) for
Hie shallow-flaw mcsh while for the deep-Nlaw mesh rp =
1.3 um (5.03 by 1075 in.). The high degree of mesh refine-
ment is necessary o optain an accurate determination of
the crack-tip stress and strain fields ahead of the blunting
noich tip. The proposed Q-stress paramoter is determined
based on crack-tip fields over such a region.

J-integral values are determined from up to 29 (shallow-
flaw) or 31{deep-flaw) paths surrounding the crack tip W
venfy path independence, A measure of the refiaement of

ORNL-DWG 92-2880 ETD
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Figure 8 FEA mesh for /W = 0.1
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appear W indicaze the presence of general y'elding condi-
tions at the onset of crack initiation, The two sets of calcu-
lated curves correspond 1o two cases of analysis conditions
labeled as Cases A and B, The set of calcuated P-LLD and
P-CMOD curves corresponding to Case A were determined
based on &/W = 0.1 and the unadjusted material model. The
finile-element analysis was carried out under “load-con-
wol” because the reaction forces were specified along the
back-side of the specimen ahead of the crack tip.

From Figs. 10 and 11 it is observed that at a given value of
applied load the calculated LLD and CMOD responses are
below the measured values both in the elastic and plastic
regimes. Analysis options that have been attempted (o
reduce the stiffness of the finiwe-element models nclude
reasonabie adjustment of the material model and/or
refinement of the flaw depth, Posuest examination of the
fracture surfaces for the three shallow-flaw specimens,
alang nine locations on the crack front, indicates that the
actual flaw depth is 10,8 mm (/W = 0.106) rather than the
assumed value of 10.2 mm (/W = 0.10).

Analysis resulis for Case B were determined based on an
actual flaw depth of &/W = 0,106 and the adjusted material
maodel described previously. The finie-clement analysis
wis carried out under “displacement-control” because dis-
placements were specified along the back-side of the speci-
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 ¢~\culated and measured mechani-
cal responses both in the elastic and plastic regimes.

In Figs, 12 and 13, analysis results for Cases C and D,
along with the measured responses for the Juee deey Jaw
specimens (beams 36, 31, and 25), are presented. . wmaly.is
results for Case C corresponds o /W = (0.5 and the unad-
justed material model. Discrepancies are observed between
results for Case C and the measured responses. Posttest
examination of the fracture surfaces for the three deep-flaw
specimens indicates that the actual flaw depth is 51.6 mm
(a/W = 0.502) rather than the assumed value of 51 mm
(a/W = (1.50) or an increase of only 19%. Analysis results
for Case D were thus determined based on the nominal
flaw depth of &¥'W = 0.50 and the adjusted material model.
Both Cases C and D were carmed out under “load-co, ‘rol.”
As evident from Figs. 12 and 13, analysis conditions for
Case D appear 10 resuit in beuer agreement between the
caleulated and measured mechanical responses both in the
elastic and plastic regimes.

b e e e
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3.4 Comparison of J-Integral Values
from Finite-Element Analysis and
J-Estimation Schemes

Fracture toughness is often expressed as the magnitude of
the J-integral or the stress-intensity factor (K) at the onset
of erack initiation. The J-imegral values have been deter-
mined as a part of the postiest analysis of the specimens. In
Fig. 14, the magnitude of the J-ir‘egral as a function of
LLD is presented for the shallow-flaw geometry based on
Case B conditions. The magritude of critical values of P
and LLD (P, LLD) for the three shallow-flaw specimens
at crack initiation are indicated in Table 4. The magnitude
of the analytical J-integral based on attaining LLD, can be
determined from the curve labeled as J 1 p in Fig, 14,
These J-integral values are denoted as J1 | p, and are listed
in Table 4, Because the calculated P-LLD curve for the
shallow-flaw specimen underestimates the measured value
of LLD at a given value of P, JLD. can be regarded as an
upper bound 1o the actual value of ch J-integral at the on-
sut of crack inttiation, On the other hand, the magnitude of
the J-in .gral based on attaining Pg can be regarded as a
lower bound (o the actual value of the J-integral. These
J-integral values are deroted as Jp, and are listed in

Table 4. In terms of the stress-intensity factor, magnitudes
of K Lp, and Kp, are also listed in Table 4. Analogous
results for the deep-flaw geometry based on Case D condi-
tions are presented 1n Fig. 15 and in Table §.

A measure of the shallow-flaw effect on wughness can be
obtined based on the ratio of the lowest-calculated 1ough-
ness beiwecn the shallow- and deep-flaw specimens, Spe-
cifically, lower-bov 1 oughness enhancement in terms of
is wquat 10 2.04, and in terms of Kppp, is equal 1o

Jestimation schemes based on the magnitude of the
experimentally determined LLD and CMOD for both the
shallow- and deep-flaw geometry are presented in Chap. 2
and Appendix A. The J-integral values based on these esti-
mation schemes, denoted as Jpxp, are indicated in Figs. 14
and 15 and listed in Tables 4 and 5. In werms of the suress
intensity factor, magnitudes of Kgxp are also listed in
Tables 4 and 5. The lower-bound oughness enhancement
in terms of Jgxp (LLD) is equal 10 3.03, and in terms of
Kexp (LLD) is equal to 1,74,
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¢ Table § Experimental and analytical resuits fur fhe fracture toughness for deep-Naw
‘i (@/W = 0.5) specimens based en Case D conditions
| Beam P, LLD, Juw P Jexp (KN/m)  Joxp (KN/m)
f. No. (kN) (mm) (kN/m (kN/m) from LLD  fiom CMOD
| 6 176 1.24 44 35 35 34
a 31 206 1.41 57 49 51 51
| _ 25 23 1.82 91 71 RS 89
] Fre \f‘
. (MPasVm) (MPa\m) (MPa+V m) (MPa+Vm)
: 36 97 88 £9 89
| 31 111 103 108 109

Il 25 141 123 139 144
\
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sj‘l“‘ % values of Jgxp (CMC . were above the upper-bound
L value of JLLD,..

As a further check on the evaluation methods, the J-integral
values obtained using either the finite-elemunt method or
the CMOD-hased J-estimation scheme can be compared
with available results in the literature. Specuically,
J-estimation scheme based on plastic work determined
from the experimentsl P-LLD record has recently been
proposed for the SEN3 specimen geometry for a wide
range of crack depths and strain hardening response.” In
Fig. 14, the J-integral values based on this estimation
scheme, for the case with Ramberg-Osgood strain-harden-
ing coefficient n = 5 and 10, are deaoted as Znes and Jp=10-
Unirradiated A 533 B is often identified with 5 s o € 10,
Good agreement between the plastic work-based J-integral
values and JL L. and JExp is observed. For the deep-flaw
case of /W = (0.5, J-integral values using the plastic work-
based scheme are essentially independent of strain-harden-
ing response. Corsequently, only J;,.5 values are indicated
in Fig. 'S. Gc od agreement exists between the plastic
work-based J-imegral values of JLpp_ and JEXP.

*M T, Kirk 30d R. b. Dodds, Jr.. “J nés CTOD Bstimation Equations for
Shallow Cracks in Single Edge Notch Bend Speciwns,” Repon No
UILU-ENG91-2013, Depertment of Civil Engineering, Univenity of
Hlinois &t Urbana-Champaign, Urbana, 11, January 1992
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3.5 Small-Scale Yielding Reference
Crack-Tip Stress Vields

The two-parameter J-Q approach appears to provide a nig-
urous theoretical framework both 1o characterize the crack-
tip ficlds and 1o provide a bv sis for interpreting and order-
ing experimentally detertr aed fracture woughness valves.
The basis for this approa  is a rather precise definition of
crack-tip constraint bas¢ _ on the Q-stress parameter. A
brief discussion on the definition of the Q-stress parameter,
along with its linear elastic fracture-mechanics (LEFM)
counterpart the T-strese perameter, is presented in
Appendix B. In the case of the deep- and shallow-flaw
specimens, the Q-stress parameter is defined as the
difference between the “opening-mode” stress compenent
obtained from a large-stramn, plane-strain, finite-element
analysis of the specimen and the correspondug stress
cumponent determined from the associated reference
small-scale yielding (S§5Y) conditions. A brief discussion
on the conditions of SSY and the related concept of vound-
ary-layer analysis is presented in Appendix C,

The “opening-mode™ stress component for the reference
S8Y problem, along the crack plane directly ahead of the
blunting notch tip, is indicated in Fig, 16 for both the
unadjusted and the adjusted material model. The stress
component is normalized by the initial yield stress o, and
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3.7 Correlation of Deep- and Shallow-
Flaw Toughness in Terms of J(Q)
Locus

The primary objecuves ¢f these analyses are 10 evaluate the
utility of the recently proposed two-parameter J-Q concept
1o characterize the crack-tip fields up to the onset of crack
initiation and provide a framework for interpreting and
ordering the observed toughness differences between the
deop- and shallow-fMaw geometries. Ar+i;sis results for the
shallow- and deep-flaw specimens appear to support the
J.Q concept and interpretation method in the following
sense. First, results from Figs. 17 and 18 indicate that the
Q-stress parameter can be defined for the six specimens up
1o the onset of crack initiation. Crack initiation for the
deep-faw specimens occurred under conditions of Qg = 0,
for the shallow-flaw specimens crack initiation occurred
under conditions of Qg = -0.7. Second, the observed
toughness variation between the shallow- and deep-flaw
specimens can be ordered via the Q-stress paramaoter,
Correlation of toughness for (2 shallow- and deep-flaw
specimens in tams of critical values of JLLp, Ug) and ihe
Q-stress (Q,) is indicated in Fig. 19. The absence of wough-
ness elevation for the deep-flaw specimens (Q¢ = 0) rela-
tive 10 pretest charucterization data is consistent with the

NUREG/ACR-S886

adopiion of the Q-stress parameter as a measure of devip-
tion from plane strain constraint (Q, = () as discussed in
Appendix C. Increase in loughness for the shallow-flaw
specimens relative (o the deep-flaw specimens is associated
with a nontrivial, negative value of the Q-stress parameter,
The results in Fig, 19 are consistent with reported trends on
the effects of Q-stress on the J(Q) wughness locus for
other types of steels.?-* However, recent reanalysis of the
ORNL wide-plate series using 2-D, J-Q techniques resulied
in a differnt set of J(Q) woughness data than that for the
shallow-crack tests.

Interpredation and application of the Jo(Q) toughness locus
indicated in Fig. 19 also noods 1o wke into account the fol-
lowing observations conceming the current definition of
the Q-stress. In view of the Q-stress parameter's role as a
crack-tip field-intensity parameter, determination of the
magnitude of the Q-stress parameter based on differences
of stress distributions at a single location ahead of the
grack up is perhaps unnecessarily restrictive both from a
numerical and physical standpoint. Indeed, while the
Q-stress is defined and evaluated at r/(J/og) = 2 in this

O O S ———

Cr Stih, N. P ODowd, and M. T. Kirk, "A Foemework for
Quantufying Crack Tip . onstraint,” presented &t the ASTM Symposium
on Constraint Effects in Fracwire, Indianapolis, Ind , May 8.9, 196]









curve is characterized by a yield strain of magnitude e =
0y/E = 0.0032, where the Young's modulus E = 1931 GPa
(25,000 ksi), the uniaxial yicld stress in tension o =

621 MPa (90 ksi), and Poisson's ratio v = 0.3, The uniaxial
true-stress, true-plastic-strain curve in tension is modeled
in a bilinear fushion as indicate _ in Fig. 20. In subsequent
discussions this matertal mode! is referred 10 as Case 3.

An indication of the relative plastic response of these three
material models can be obtained with the stress-strain
curves presented in the form indicated in Fig. 21, In
Fig. 21, the instantancous yield swress is normalized by the
initial yield stress 0. Analysis results 1o be presented indi-
cate that the fracture response of the RPY under Case 3
conditions is significantly different than eitter Cases |1

or 2.

4.2 Finite-Element Model and Analysis
Assumptions

The RPY being considered in this study has an inner rad.us
of 1384 mm (54.5 in.) and a wall thickness of 200 mm
(7875 in.). The effects of a thin layer of stainless steel
cladding, deposited on the inner surface of the RPV, on the
thermal-mechanical icsponse of the vessel is not consid-

200
1.7%
1,50
126
1 00 fs
078

0.60

Normalized Stress, o / o,

0.2%

aalk. A A

o | P pe—— A

P R —— T —— S IRrS——

ered. A 2-D inner-surface axial Naw with & depth of

10.2 mm (0.4 1) is assumed 10 exist in this vessel bofore
the onset of the PTS wansiont 1o be described shotly. In
the termunclogy of small-specimen tesiing, the axial Naw 1s
characierized by a flaw-depth 1o wall-thickness ratio YW =
0.08

The finite-strain, elastic-plastic nature of the RPV analyses

ure performed using the finite-element code ABAQUS 2!

The analyses assume a rate-independent, J; (isotropic-

hardening) incremontal plasu, ity theory as implomented 1n
ABAQUS. The RPV geometry is modeled with Jhe finite-

element mesh (indicated in Fig. 22) that is made up of 1112 |
10-node generalized plane-strain isoparametric elements |
with @ total of 3511 nodes. The integration order of the |
clements is 2 x 2. Values of the J-integral as a function of

the PTS transient are determined from up 10 31 paths sur-

rounding the crack tip 1o verify path independence. Similar

to the finite-element models presented in Chap. 3, & unique

feature of the finite-element mesh for the RPV is the highly

refined crack-tip region. The rectangular cruck-tip region is

made up of 31 “angs” of elements, The magnitude of the

initial root radius is rg = 0.26 jum (1 % 105 in.), The high

degree of mesh refinement is necessary 1 obtain an accu-

rale determination of the crack-tip ficlds ahead of the blunt-

ng notch g,
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NUREGAR- 5886







R AT TR TR Y.

RPV
ORNL-DWG 62 2886 ETD
160 1 300
4
g
125 : 260
\ —{ ) pressure . 5
SR R
o A\ ~s7 lemperature : =
wopk \\ 4200 ¥
4 \ A 4
- \ \,‘ R c‘
a ! \ & ] 2
: 18p N 4 150
3 \ 5 4
4 E
b \" \8 -
b <
& : ] “‘ = S— ‘.‘ o < - S i .
| g
25 p 50
3
P
.
00 i VI R R TS I G TR R TR sy WY S SN sy G W e o e 0
0 1000 4000 5000 6000

2000 3000
Transient Time, 1 [s]
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upper-shelf, and irradiation-embrittled condiuons. The
range of material properties represented by the (hiee maie-
rial modeis is believed o be sufficiently broad w simulae
material responses in opeuting vessels,

4.3 Effects of PTS Loading on the RPV
in Terms of J-Integral Values

Effects of the PTS loading on the RPV, in terms of the
value of the applied J-integral as a function of transient
time up 10 ~1200 s, are shown in Fig. 24 for the three mate-
rial models. The magnitude of the J-integral increases
monuotonically with transient ime up 10 ~1200 s; unloading
of the crack tip as chamcterized by a decrease in the magni-
tude of the J-integral occurs after that Lime. Note thai the
time at which unloading occurs is independent of the
Mmmmiummgummmmm;
the J-integral at operating conditio .8 (Jop), and 1.5 maxi-
mum value at ~1200 s into the transent (Jyey). are listed in
Table 6 for the three material models

From Fig. 24 and Tabie 6, it 1s observed that the effects of
the PTS loading on the RPV, when expressed solely in
terms of the value of the J-integral, are relatively insensi-

NUREG/CR-5886
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tive 10 the material model adopted in the analysis. Recall
that each of the analyses was performed assuming lempera-
wre-independencs of wensile material properties during the
transient. Consequently, this relative insensitivity suggests
that the analysis rec (s, in terms of the value of the
J-integral as a funclion of transient time, would not be sig-
nificantly different if detiled accounting of the tempera-
ture-depandence of tensile material properties had been
considered.

4.4 SSY Reference Crack-Tip Stre
Fields

As ('wcuamd in Chap. 3 and in Appeadixes B and C, the

{ the J-Q approach is a definition of crack-tip con-
straiint based on the Q-stress parameter, In the context of
the presest RPV analysis, the Q-stress parameter is defined
@5 the difference between e “opening-mode” suress coin-
ponent obtained from a large-strain, plane-strain, finite-
element analysis of the RPY and the corresponding siress
component from the associated reference SSY problem, A
boundary -layer approach using the finite-element cote
ABAQUS, assuming a rate-independent, J (isotropic -
hardening) incremental plasticity theory, is adopted in
evaluating the reference SSY crack-Lip fields.
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Figure 24 J-integral values as @ function of time for Cases 1, 2, and 3

Table 6 Magnitude of the J-integral at operating
conditions (Jgp) and its maximum value (J gy
at ~1200 s into the transient for

Cases 1,2, and 3
Maode! J“ at ~1200 s
' (u#-) (kN/m)
Case 1 208 203
Case 2 2.14 19.5
Case 3 2.2 17.9

The “opening-mode” stress component for the reference
SSY problem, along the crack plane directy ahead of the
blunting notch tip, is shown in Fig. 25 for Cases 1,2,

and 3, Figures 20 and 21 show that the differences in the
relative plastic response of these three material models are
manifested in the observed differences in their respective
SSY crack-tip fields.

4.5 RPV Crack-Tip Stress Fields Under
PTS Conditions

Distributions of the “opening-mode” stress component for
the RPV based on the Case 1 material model, along the
crack plane directly ahead of the blunting notch up, are
indicated in Fig. 26 for various times during the transient
up to ~1200 5. The stress distribution associated with the
RPV's operating pressure and temperature is labeled as t =
0s. Also indicated in Fig. 26 is the SSY distribution for the
Case | material model shown in Fig, 25.

Analysis results in Fig. 26 indicate that the crack-up fields
in the RPV have deviated from the S8Y distribution even
under operating condit’ 18, The extent of the deviation
from SSY conditions increases as the transient progresses
through time. These results indicate that should crack ini-
tiation occur in the neighbarhood of 1200 s into the tran-
sient, it would do so under substantially non-SSY condi-
tions. The effects of unloading on the crack-tip fields that
occurs for transient times greater than 1200 s, will be dis-
cussed shortly in conjunction with the Case 3 material
model.

NUREG/CK-5886
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region ahead of the crack tip. The extent of the reverse
yielding increases with ansient time because the value of
the J-integral monotonically decreases with tne after
atlaining its maximum value. Interpretation of the crack-up
fields up 1o maximum loading and beyond, in the context
of safety-margin asses<sment of an RPV in torms of a J-Q
approach, is discussed in the following section.

4.6 Effects of PTS Loading on the RPV
in Terms of J-Q Values

The primary objectives of these analyses are 1o evaluate the
utility of the two-parmneter J-Q approach 10 characterize
the crack-tp fields in an RPV throughout & PTS transient
and 1o present a methodology that incorporates small-speci-
men J(Q,T) toughness locus data in the safety-margin
assessmont of an RPV. Analysis results appear 1o support
the applicability of the J-Q approach and interpretation
method under PTS conditions in the following sense.
Results from Figs. 26 to 28 indicate that the Q-stress

RPV

parameler can be defined, for the assumed RPV, flaw
geometries, and transient conditions, up 10 maximum load-
ng (1€ 1200 5) as characterized by the value of the
J-integral during the transient, Potential problems associ-
ated with the determination of the Q-stress parameter under
unloading conditions (1 > 1200 s) will be addressed shortly,
Following the discussion in Appendix B, the Q-stress
parameter (as & function of transient time) 1s defined as the
difference between the “opening-mode” stress component
(as & function of time) and the associated SSY distribution
in Figs. 26 w 28. The effects of the PTS loading on the
RPV in terms of pairs of J-Q values are indicated in Fig. 30
for all three material models up to ~1200 & into the tran-
sient.

Neither transient time ( nor crack-tp emperature T s
exphicitly indicated in Fig. 30, However, by referenzing the
values listed in Table 6 and the results in Figs. 23 and 26 10
25, it is evident that an increase in transient time and a
decrease 1 crack-Up temperature correspond (0 an increase

ORNL-DWG 82M-2902 ETD
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RPV

in the value of the J-integral and a decrease in the value of
the Q-stress parameter, That © aoth transient ume and
crack-ip wmperature are pars stnc vaniables along the
three J-Q trajectones indicated in Fig. 30, Recall that the
fraciure response of the RPV, as indicated in Fig. 24 solely
in terms of values of the J-integral, is only slightly different
for the three material models throughout the ransient up o
maximum loading. On the other hand, the differences in
the assumed tensile response associated with the three
material models result in greater differences in terms of
Q-stress values. Specifically, the absolute value of the
Q-stress for Case 3 conditions (simulated irradiation
embrittlement) 1 much lower than for cither Cases 1 or 2
(unirradiated). Implications of the observed differences in
magnitude of the Q-stress, as a function of the material
model assumed in the analyses, oward the safety-margin
assessment of an RPY based on a two-parameter 1-Q
approach will be addressed in the next section. It is appro-
priate at this point W consider a number of observations
that are relevant toward the evaluation and interpretation of
the Q-stress parameter associsted with an RPY subject 1o
PTS loading conditions.

4.6.1 Definition of the Q-Stress Parameter
Under Unloading Conditions

The current definition of the Q-stress parameter, as a dif-
ference-quantity between the current stress fields and the
reference SSY at a single location, appears (o be implicitly
limited to monotonic loading conditions only. A trivial
example in which use of the Q-stress parameter is not
meaningful is the case of an unloaded bodly without resid.
ual stresses. The Q-struss parameter should reflect this
absence of loading on the body. However, Q = 0 does not
denole the absence of loading, but merely that the crack-tip
fields correspond to the SSY distributions. In the case of an
unloaded body without residual stresses, a strict interpreta-
tion of the current definition of the Q-stress parimeler as a
difference-quantity would imply the magnitude of the
Q-stress parameter is identicaily the magnitude of the
“opening-mode” stress ratio of the reference SSY distribu-
tion,

An example of this limiwtion in the context of RPV analy-
88 is the evaluation of the Q-stress parameter during the

unloading phase of a PTS wansient. As indicated in Fig. 29,

by 1800 s into the PTS transient, reverse yielding has
resulted in the formation of a compressive region ahead of
the crack tp and in a distribution of the “opening-mode™
stress component that is substantially below the various
distributions undor monotonic lnading conditions. Indeed.
the magnitude of the “opening-mode” stress field associ-
ated with the unloading cra k tip, over the range of dis-
tances currently associated with the determ 'nation of the

NUREGACR- 5886

Q-stress parameter, would ¢veniually be negatve al a |
much later time in the pansient. (A related example of this |
Himitation is the evaluation of the Q-stress parameter |
during the reloading phasc of a F'T'S transient that invol es |
repressurization.) Consequeiily, the Q-stress parameter is
currently being considered {ur use only up to the point of
maxunum loading,

4.6.2 Physical Significance of J-Q Annutus

Care must be taken 10 ensure that the vhysical distances
associgted with the evaluation of the Q-stress parameter in
RPV applications are meaningful and consistent with the
underlying continuum analysis assumptions, From Table 6,
the value of the J-integral under operating conditions Jap 18
on the order of 2 kN/m for the present analysis conditions.
The magnitude of the parameter J/a at operating condi-
tions for Cases 1 10 3 thus correspond 10 ~4 10 6 um.
Taking the average grain size of 20 10 30 m for steel plate
A 533 B-13A as representative of RPV-grade materials, !
1115 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 (o
be both physically meaningful and relevant in the context
of continuum mechaiics.

On the other hand, the maximum value of the J-integral,
which accurs at ~1200 s into the transient with a value of
Imax * 20 KN/m, results in a magnitude of the parameter
Jiag on the order of 40 to 60 pm. If one further adapts the
more relaxed definition of the Q-stress proposed in the
previous chapter, numely over a limited range of distances
ahead of the crack tp in the range of 2 < t/)/og) € S, then
evaluation of the Q-stress param Jter at ~1200 s is physi-
cally meaningful and relevant in the context of continuum
mechanics

4.7 Incorporation of Small-Specimen
J(Q,T) Toughness Locus Data in
RPV Safety-Margin Assessment

A methodology o incorporate small-specimen J.(Q,T)
toughness locus data in the safewy-marg.a assessment of an
RPV is presonted in this section. For simplicity, it is
assumed that type-1 warm prestress (WPS) is operative
during the unloading phase of this transient, o atlention is
focused on the PTS transient only up 1o ~1200 5,26 1t will
be shown that the predicted margin of safety in RPVs
under PTS conditions is then greater based on the two
parameter approach than that based on the conv anticnal
one-parameter approach. A schematic illustrating the dif-
ferences between the one- and two-parameter safety-



margin assessment method s given in Fig. 31, in which the
applied 1-Q rapectory for Cases | 10 3 illustrates possible
RPV response as a function of (simulated) wradiation
embrittiement of *he vessel.

Curreat RPY safety-margin assessment methods character-
12¢ the sevenity of a given loading condition solely in terms
of the nu?imde of the J-integral or the stress-inlensity
factor K.5-727 Prediction of crack initiation, crack arrest,
and reinitiation using this single-parameter approach s
based on comparison of the applied value of the J-integral
(or K) with the relevant irradiated malerial toughness
parameter. In an analysis, representation of loading condi-
tions in terms of either J or K is equivalent in the context of
characterizing the caack-tip field-intensity parameter. How:
ever, the determination of fraciure toughness as defined in
ASTM E399 and ASTM ER13 involves an additona! con-
sideration on the micromechanics of fracture. Cleavage

Ly ———

RPV

fracture is assocasted with Ko, and ductile fracture with
Jie. In & subsequent discussion, this distinetion between the
use of J or K in analysis and toughness determination is
ignoted, and J will be used throughout the discussion. in
additon, scater in fracture toughness is also ignored for
purpases of this discussion,

During & PTS transient, the crack-up temperature, and
hence fracture oughness, decreases monotonically with
transient time, A curve that schematicatly illust ates the
locus of one-parameter irradiated fracture oughness,
denoted as Jo(T), is shown in Fig. 31. 1t is emphasized that
the one-parameter Jo(T) toughness locus does not depend
on the Q-stresy parameter but that us indicated variation
with Q-stress is strictly an indication of the dependence
1.(T) on crack-tip temperature. The margin of safety (MS)
can then be established based on comparing the value of
the applied J-integral to Jo(T) as mdicated in Fig. 31, Thus,
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Figure 31 Schematic illustrating the margin of safety based on J-only or J-Q toughness data
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the transieni may be most severe, and the margin of safety
atl a minimum, at the transiont time associated with the
maximum value of the applied J-integral.

Also schematically indicated in Fig. 31 is a curve denoted
s Jo(Q.T) that, based on available small-specimen unirra-
diated wughness data such as those from the HSST shal-
low-flaw testing program, is believed o gualitatively illus-
trate the anticipated J(Q.T) toughness locus trend for irra-
diated RPV-grade materials. Available (isothermal) unirra-
diated results suggest that the J(Q,T) toughness locus
depends woquzond\eQnm for the approximate range
of Q > -0.2.2%.* This weak dependence is reflected in the
near coincidence of the 1.(Q.T) and J¢ locus in that
Q-stress regime. Further, it is assumed tiat “shatlow-flaw”
toughness enhancemcnt dominates over the toughness
degradation associated with decreasing crack-tp tempera-
ture. For values of the Q-stress in the range Q < 0.2, the
experimentally observed "shallow-flaw" or Q-stress effacts
on toughness are reflected in the elevation of the J(Q.T)
locus above the J.(T) locus.

Note that the indicated J.{Q,T) tougkness locus is qualita-
tive in nature due 1o the absence of irradiated experimental
data. However, the point is that the margin of safety, for
example, at the transient time wheu the applied J-integral is
maximum, is predicted (0 be larger based on the two-
parameter J(Q.T) approach as compared with the conven-

*C F Shih, N. P. O'Dowd, and M. T. Kirk, “A Framework for
Quantifying Crack Tip Constraing," presented at the ASTM Symposium
on Constraint Effects in Fracture, Indic vapolis, Ind., May §-9, 1991

36

uonal one -parameter J(T) approach. Furthermore, depend-
ing on the actual shape of J«(T), J(Q.T), and the applicd
1-Q vajectory, the ime at which the PT'S transient 1s most
severe in a J-Q approach, defined as the minimum margin
of safety, might differ with that determined using the one-
parameter J-only approach. Most importantly, a flaw that is
predicted to initiate in a PTS scenario based on the J(T)
approach might be predicted to be siable hased on the more
rigorous ! (Q.T) approach.

A potentially significant aspect of the results in Fig. 31 is
that the calculated J-Q trajectory for Case 3 conditions
(simulated irradiated-embrittlement) involves absolute
values of the Q-stress parameter that are smaller than either
Case 1 or 2 (unirradisted). From Fig. 31, the relarive
increase in the margin of safety between a one- and two-
parameter approach is sensitive o the actua! value of the
Q-stress parameter, The results in Fig. 31 suggest that the
effects of rradiation embritdement may reduce the poten-
tial “shallow-flaw" toughness enhancement relative to
unirradiated matenal conditions, However, it 1s emphasized
that a more definitive interpretation awaits the generation
of irradiated J (1) and J (Q,T) Aata.

Figure 31 suggesis that the margin of safety in RPVs under
PTS conditions is greater based on the J-Q approach than
that predicied based on a J-only approach, However, it is
emphas'zed that the requisite J(Q,T) oughness locus is
not yet available for either unirradiated or irmadiated RPV-
grade materials. Before the J-Q analysis technigue can be
a, plied 10 RPV analyses, the technigue itsell needs further
verification. In addition, the determination and application
of J.(Q.T) toughness dats involve the resolution of several
issues, which are detailed in the following chapter.
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6.4 Summary of Thermal-Shock Tests

1. Previous HSST thermal-shock data fetded 10 Sow any
substantial toughness increase in spite of the fact that
the tests were conducted on large, unclad cylindrical
vessels with @ shaliow, initial flaw. There is no reason
to believe that the thermal-shock cylinders would not
have shown a toughness elevation if the cylinders hud
been subjected 1o the same loadirg conditions as the
shallor-crack beams, namely, no biaxial stress.

2. The current hypothesis is that the w.ermal shock tests
ere being influenced by two nearly offsetting effects: a
shallow -crack effect that increases the toughness and a
biaxial stress effoct that reduces the toughness.

6.5 Interpretation and Implications of
RPV Analyses

The results previously summarized have several important
implications for PTS analysis of an RPV. The primary
implication is that J-Q analysis indicates that for the RPV
transient considered, the margin of safety is poten.dly
greater than that considered using J analyses alone. More
wark needs 10 be done before any available increase in the
margin of safety can be quantified at this time. However, it
is likely that other transients and RPVs that previously
would have boen predicied 1o result in crack initiation
events with conventional fracture methodology would be
stable based on J-Q analyses.

6.6 Future Work

Studies of the shallow-flaw efiect on fracture toughness
have been positive 1o date. The J-Q technique appears
promiging as being able 10 appropriately model differing
constraint levels. However, numerous questions remain and
need to be answered befare the transforability of shallow-
flaw 1est results to the analysis of RPVs can be maue reli-
ably. The future work is based on the use of ' = .0 tech-
nigue. If an alternate constraint theory is used, similar work
will be necessary 1o validate and apply that technique for
RPV analyses.

The following future work is recommended.

1. Generate additional Jo(Q) toughnes: data. The J.(Q)
toughness locus for A 533 B steel needs to be better
defined. In particular, Q-stress data between 0 and -0.7
need (o be collected. In addition, scater in the J.(Q) data
exicts that needs to be quantified. Finally, the current J(Q)
data are based on 2-D finite-element analysis (FEA) and
3D specimen data. The introduction of 3-D effects not
previously considered needs o be assessed.

40

Summary

To produce a sufficient 1.(Q) locus for application 1o an
RPV, additonal testing and analysis must take place. First,
addiuonal analyses of HSST shallow-crack beams . 2d to
be performed. In particolar. brams at other temjperatuncs
and the beam with an intermediate crack depth (a = 14
mm) need 10 be analyzed 10 produce additional Q-stress
data between 0 and -0.7. Tempenature should be included
as & variable w0 determine if a diffarent ] (Q) locus needs to
be determined for each wmperature. Second, tests being
conducted at David Taylor Research Center (DTRC) need
to be included in the 1.(Q) locus. These wsts will be con-
ducted with alternate geometries and with increased-yield-
strength A $33 B material 8o comparisons can be mide
with the HSST shallow-crack beam data. Finally, full-
thickness clad beam tests are 10 be conducted on actual
PWR material with flaw depths similar 1o those tested in
the HSST shallow-crack program in the ncar future. These
ists noed 1o be analyzed in ‘erms of J-0Q 1o dewermine the
mflusnce of different beam depths (W) on fraciure tough-
ness. These steps should begin to quantify the scatter in the
J Q) locus and provide Q-stress data between 0 and -0 7,
Eventually sufficient data will need 1o be generated to
validate the J-Q approach as a reliable correlator of a
toughness increase rather than 4 means of interpreting the
constraint loss,

To assess the inf"aence of 3-D effects, additona’ analyses
need o be conducted 1o evaluate both the 2-D and 3-D
response of a shallow-crack heam. If this analysis is incon
clusive, then 3-D ansiyses of an RPV may need 10 be
compared with current 2-D RPY analyses.

2. Perform sensitivity analyses of applied J-(v ‘ata.
Analyses presenied in this repon are based on one RPV
geometry using one particular transient. Sufficient analyses
need (¢ be performed on muluple RPV geometries and PTS
transients to determine the sensitivity of the applied J-Q
curve to important PTS parameters (such as pre: sure level
and thermal shock severity).

1. Determine applicability of J-Q approach to irradi-
ated data, Available ] .(Q,T) toughness locus dat, includ-
ing the HSST shallow-flaw data, arc limited 1o unirrachated
material properties and simple laboratory -specimen geome-
tries. TSEs Gt involved cylindrical vesseis with shallow
inner-surface axial Naws were performed by the HSST
program staff. The vessel mat-+ial was A S08 chemistry
with elevated tensile proper . . 10 simulate irradiated taar:
rial properties.>*32 Published analyses on the thermal
shock test results are available only in the coatext of lincar-
elastic one-parameter approaches w Lorms of K and 1.
Detailed elastic-plastic J-Q analysis of the theruial-:hok
(esis is in jrogress. A quantitatively correct Jo(O.T) tough-
ness locus needs 1o reflect the effects of ir saiation
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Summary

embritement on fracture toughness. Currenuy, the effects
of crack-tip temperature and irradiation embrittement o
fracture (oughness are 10 e indexed by, or Jepen-
dent on, T - RTwpr. © This temperature -shift methodol-
ogy provides the basis for a convenient engineering
approach 1o incorporate temp arature and irradiation effects
on toughness, Results from the HSS'I shallow flaw testing
program appear (0 indicate that the “shaliow -Caw” or
Q-stress effects on untrradiuted toughness might be amend-
able to some form of RTypyr shift. 1t remains to be
determined if an appropriate temperature -shift methodol-
ogy could be establishad for irradiated 1 (Q.T) toughness
data.

4, Experimentally verify the 1Q fracture methodology.
The J-Q analyses presenited in this report are a promising
method of taking inwo account different constraint levels,
However, befure this technique can be fully implemented
into RPV fracture methodology, additional experimental
verification of the J-Q method should take place. Primarnily,
an inve stigation should be conducted on either direct or
indirect measurement of the Q-stress. In additon, the J-Q
echnique should be applied to other fracture ex, eriments
with differing levels of constraint to determine the limita-
tions of the technigue.

5. Determine influence of biaxial loading. Currently the
influence of sut-of <plane (biaxial) loading is inferred from
thermal-shock and HSST shallow-crack daw. The direct
influence of biaxizl loading needs «o be shown analytically
and expesimentally. The cun ant hypethesis is that the TSE
data ure being influenced by both the shallow-crack effect
and a biaxial stress effect. To substantiate this hypothesis,

NUREG/CR- 5886
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3-D analyses of o shallow flaw in a TSE cylinder and a
free-standing thin riag will be performed urder thermal-
shock loading. The cylinder will represent fully biaxial
loading, and the ring il have out-of -plane (axial) stresses
that are much less than in the cylinder. Thus, the influence
of the axial sress can be investiguted. If a significant
difference is found between the in-plane stresses of (he
cylinder and the ring, the current hypothesis will he sub-
stantiated, If no differences are found, then additional
analyses and alternate criteria sech as a strain -based craeria
may be required to explain the HSST shallow-crack 1ough-
ness clevation and the lack of toughness increase in the
TSE data.

6. Resolve different J.(Q) data. Recent reanalysis of the
ORNL wide-plate series using a 2-D, J-Q analysis and the
HSST shallow-crack heam J-Q analysis produced different
sets of J.(Q) data. According to the underlying theory of
the J Q technigue, these data sets should have been similar.
This discrepancy will have 10 be explained before the J-Q
techniques can be used in RPV fracture methodalogy .

In summary, the enhancement in fracture toughness of

A §33 B steel specimens with shallow flaws has been
verified both experimentall; and anaiytically. However,
addivonal studies, some of which are in progress, are
necessary 10 provide a sound engineering basis for
transferring this information 1o the structural margin
assessment of RPVs with shallow flaws. Accordingly, if i
can be shown that the shallow-fNaw data can be used
reliably in PTS analyses, the actual reliability of reactor
vessels may be greater than currently considered,
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Appendix A
Experimental Determination of Toughness for Shallow Flaws

This appendix describe: the experimental techniques used
10 determine the shallow-crack toughness in terms of the
CTOD, the J-integral, and the stress-intensity factor K.
The toughness has been calculated according to
ASTM E1290, Crack-Tip Opening Displacement (CTOD)
Fracture Toughness Measurement, ASTM ES13, Jj.. A
Measure of Fructure Toughness; and ASTM E399, Plane-
Strain Fracture Toughness of Metallic Materials, respec-
tively, ASTM E813 was used for ), calculations even
though the failures were predominantly cleavage events.
The shallow-crack toughness formulations are as similar as
possible to the deep-crack ASTM standard toughness for-
mulations,

A.1 CTOD &; Calculation

The plastic component of CTOD is determined experimen-
tally rrom the plastic component of CMOD and tue rotation
factxr. The plastic displacement of the crack flanks is
assumed 1o vary lincarly with distance from the plastic
center of rotation. In this way, the plastic CMOD can be
related to the plasuic CTOD. The plastic center of rotation

is located ahead of the crack tip a distance equal  the rota-

uon factor (RF) multiplied by the remaining ligament
(W-a)! Numrous experimental and analytical techniques
have been used (0 deterniine the rotation factor,)~*
although no single technigue seems o be universally
accepted, and the various exp«-imental and uulgﬁcd
determinations sometimes gpynear contradictory,” espe-
cially for shallow-crack specimens, The rotation factor i
ASTM E1290 is given o be 0.4 but is a function of speci-
man geomatry and material.

In the HSST shallow-crack study two experimental
methods were used 1o determine the rotation factor. The
first method was the use of dual clip gages located at dif-
ferent distances from the crack mouth. Clip gages were
mounted directly on the crack snoutn and elevated 8.89 mm
€0.35 in,) above the crack mouth, The second .echnigue
was 10 locaie the newral axis of the --am ahead of the
arack tip using strain gages, assuming that the plastic
center of rotation was located st the “outral axis of the
beam, Because the rotation factor relates the plastic com-
ponent of CMOD 0 the plastic component of CTOD, only
plastic strains were used o determine the rotation facior.
The dual chip gage technigue produced values of the rota-
tion factor that varied significantly from 0.4 and were not
constant as & function of load. However. the rotation fac-
tars determined using the strain gage wechnigue were close
to 0.4 and weve relatively insensitive 1o load once plastic

strains became nontrivial, The rotation factors from strain
pages were averaged for the deep- and shallow-crack
geometries and were used in the CTOD calculations. The
average rotation factor varied from 0.44 for the deep-crack
specimens 10 0.49 for the shallow-crack specimens. The
rotation factor used for the CTOD wughness calculavons is
the average of the values from the strain-gage technigue for
the two crack depths.

A parametric evaluation was performed 1o assess the sensi-
tivity of the caiculated CTOD toughness on the rotation
factor. This evaluation indicated that the plastic component
of CTOD is not overly sensitive 1o the value of the rotation
factor. Shallow-crack beams are less sensitive (o the rota-
tion factor than deep-crack beams. A 25% increase in rota-
tion facior increases the plastic CTOD by ~5% and 17%
for the shallow- and deep-crack geometries, respectively.
The rotation factor is insensitive 1o beam thickness and
absolute beam dimensions, varying only with &/W ratios
for a given material,

A.2 J-Integral J¢ Calculations

Fracture Wughness was determined for each beam in terms
of the J-integral using two slightly different techniques.
Litle or no crack growth took place in these lests, so
ASTM E811 is not strict™ pplicable. In the first wech-
nique, Jo was comy. ‘~d us ny  total energy approach uti-
lizing che total area unos. va2 losa . LLD curve and a
single m factor that was estimated from finile-clement
analyses of the HSST deep- and shallow-crack beams. The
second technique calculates J by dividing the elastic and
plastic components of ] and using only the plastic compo-
nent of area under the load vs LLD curve and a plastic n
factor.? The following equations were used 1o determine
the shallow-crack J-integral toughness:

le=lg+lp | (A1)
where
Ja=K?2 (1 -v3/E (A2)
nd
Jpt = NplUpIB(W-a)] | (AY

where Uy is plastic energy or area under load vs LLD
curve,
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The two J-integral techniques gave reasonably close values
of J-integral toughness within ~20% of «.ch other. The
second technique yielded mare consistent values of ), as a
function of thickness. The J-integral toughness values
using the divided energy technigue are given in Table 3 of
Chap. 2.

A.3 Stress-Intensity Factor K¢
Caleulation

Because J¢ and 8, are related according 10 J = mopd,.,
comparison of Jo and 8; allows m, the constraint .
parameter, 1o be determined as 4 function of crack depth.”
Plots of ) vs CTOD show a linear relationship between the
two toughness expressions. The constraint parameter m for
cach test was determined using (he critical toughness (J,
and 8;) and the estimated flow stress ay. Use of the critical
toughness is in kesping with Sumpter's contention that 1)y,
is valid only for a perfectly plastic material afier limit
1oad.? The constraint values were calculated for each test
The average constraint parameter was 1.5 for deep-crack
specimens and 1.1 for shallow-crack specimens.

Although the Jintegral and CTOD wughness expressions
are generally consistent with each other, the CTOD wugh-
ness was consdered more reliabie than the J-integral
because the experunental load vs CMOD records were
more consistent and repeatable than the load vs LLD
records. For these reasons, K was caleulated from CTOD
using the following relation:

Ko (mopk )17 (A4)

where m = 1.5 and E" = E/(1 - v2) for deep-crack speci-
mens, and m = 1.1 and E' = E for shallow-crack speci-
mens.

The plane strain value of E” was used for the deep-crack
specimen: in spite of not meeting the validity requirements
of ASTM E399 Lecause the experimental data in this pro-
gram indicates little or no influence of beam thickness on
the data,

For comparison, K¢ was caloulated directly from the
Jeintegral values discussed above in addition to using
CTOD and Eq. (A.4). The two methods of determining Ke
are very consistent with the average difference between the
two methods within 6%.
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Appendix B
Definition of T-Stress and Q-Stress Parameters

B.1 Definition of T-Stress Parameter

Within the context of LEFM, it is known that the asymp-
totic 2-D near-<crack-up fields, as a function of position rel-
ative 10 the crack tip, can be expressed in the form of an
infinite series. Let (1,8) denote the position of a material
point relative 1 the crack tip in polar coordinates. The
infinite series denoting the Mode | stress components then
ke the form

K
oy = TZ-I’;a,,(o; FTHBy 4 . (B

where 6,(0) are universal functions that are dependent on
the mgu{ coordinate @ only,

These infinite series are common'y referred (o as the Irwin-
Williams series.»? The first terms in these series become
unbounded as the crack tip is approached. The sire<s-inten-
sity factor K is the amplitade of the first terms in these
series, and its value is undetermined from the asymplotic
expansion. Interpretation of K as a crack-up-field intensity
parameter forms the basis of conventional one -parameier
LEFM theory,

The T-stress parameter is the next higher-order term in the
series expansion for the “opening-mode™ stress component.
The T-saress parameter describes a stress field that is inde-
pendeni of position relative 1 the crack front and repre-
sents a uniform stress field paralle] to the plane of the
idealized 2-D crack. Within the context of 3-D LEFM. the
Irwin-Williams asymplotic expansion concept can be gen-
eralized, resulting in three T-stresslike parameters 34

B.2 Definition of Q-Stress Parameter

Within the context of elastic-p’astic fracture mechanics
(EPFM), the counterpart 1o the Trwin-Williams series in
2-Dis the HRR so'ution for a deformation-theory material,
with a uniaxial Ramberg-Osgood stress-strain relation 3.8
The infinite series denoting the Mode 1 stress components
have the form

|

———

n+l G,J(B)«r way ' RIS

0ij = @ | =
o [Motolnt ]

where 8,,(0) are again universal funcuons that are depen-
dent on the angular coordinate 8 only. In the HRR solution
the first terme are also singular with an amplitude undeter-
mined from the asymplouc analysis. In this case the unde-
termuned amplitude corresponds o the value of the
J-integral. Because the J-antegral is path-independent for all
deformation-theory material, its value can be evaluated
from locations remote from the crack front. The path-inde-
peadence of the J-integral and its identification with the
amplitude or crack-tip-field inensity of the HRR field
together form the hasis of conventional one-param sler
EPFM theory,

In a manngr somewhal analogous to T-stress, the Q-stress
parameter plays the role of a higher-order term in the HRR
serics expansion in the sense that the Mode | stress compo-
nents in these series are assumed 0 take the form

" - U S e
% ou(uoacolnrJ 8i(0) + Qooly + ... . .
(B.3)

Unlike the T-stress parameter, however, the -suress
parameter is not an analytic consequence of the asymplotic
expansion, Insiead, ise of the Q-stress parameter in the
vontext of Eq. (B.3) follows from the following nu serical
observation, Detailed finue-element analyses performed for
power-law hardening materials indicate tha: the near-¢crack-
up fields appear 1o be conmum. with the assurr od expan-
sion indicated in Eq. (B.3).” This assumed furm generuliy
applies only 1o the forward sectors thal are symmetric
about the crack plane ahead of the crack tip, extending
~0° o either side of the crack plane. Consequently, the
utility of a Q-stress description of the near-crack-up fields
requires that the physical micromechanisms of fracture be
confined within the forward sectors. The Q-stress parame
ter is readily understood as a state of 2-I hydrostatic 1en:
si_n superimposed on the HRR solution. The methadology
for extending the Q-stress concept into 3-D fracture analy-
815 18 still an open issue,

Because of the numerical nature of its definition, detormi-
nation of the Q-stress parameteor is not without ambiguity.
In 18 original development, the QQ-stress parameter was
defined as the diffcrence between the full-field stress dis-
tributions of a given application, obtained using finite-
strain theory, and the reference, small-strain HRR stress
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Definition

distributions along the crack planc. (The full-field distribu-
Uons are the stress and strain distributions .o a struc-
ture obtained by explicitly concidenng e imluence of the
finite geometry of the structure and the flaw ) It was
observed (hat the Q-stress parameter thus detersnined was
nearly constant over a range of distances extending ~1 <
Jieg € § ahead of the original crack tip. Definition of the
Q-stross parameter was then made mare precise by identi-
fying Q-stress us e difference between the full-field stress
distributions and reference distributions at a distance of
2)/ap ahead of the crack front. A limitation with this
approach is that the HRR solution is gvailable only for the
case of an idealized pure power-law material mode!.

A inore vecent approach is 1o define the SSY distributions
(discussed in Appendix C) as the reference distributions.
The Q-stress parameter is then defined as the difference
between the full-field distributions and the associated §5Y
problem &t a distance of 2J/0g ahead of the crack front
using finite-strain theory This approach has the advantage
that it admits a more general representation of a material's
stress-strain behavior. Magnitudes of the Q-stress parame-
ter at the onset of crack initiation for the deep- and
shallow-flaw geometry in Chap. 3, and for the various RPV
maodels in Chap. 4, are determined based on this mare
recent approach.
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Appendix C
Small-Scale Yielding Conditions and Boundary-Layer Analysis

.1 Conditiors of SSY

Conditions of SS§Y are present in a fracture mecianics
application when a continuous a~ ~vlar region surround ng
the crack tip can be located for whi.. the influence of
geomerny, muaterial behavior, and loading conditions can be
expressed in termi of an “applied” value of the stress-
intensity factor K that characterizes the magnitude of the
near-crack-tip fields. Plane-strain fracture toughness is
identified with the magnitude of K at the onser of crack
initiation under conditions of S5Y. Adoption of the S§Y
crack-tip fields as the reference distributions from which
the Q-stress parameiter \s evaluated thus represents a natu-
ral measure of deviation from plane-strain constraint.

A unigue feature of the SSY crack-tip fields is that they are
self-similar with respect 1o the normalized distance
parameter t/(J/ag), where 1 is the planar polar distance
ahead of the undeformed crack tp with its or.gin at the
crack tip, J is the magnitude of the J-iniegral, and o is the
initial yield stre<s in tension. Self-similarity in this case
means thut the spatial variation of the crack-tp fields,
associated with a given magnitude of the applied K, is
independent of the magnitude of K when the crack-up
fields are examined using the normalized distance
parameter 1/(J/og). A consequence of the self-similarty of
th S8Y crack-up tields is that the magnitude of the
upplied remote loading, when expressed in terms of
(K/a0)? or Jjoy, represents the only relevant length scale
under conditions of SSY . Based on well-known relations
between (K/ag)? or Jog and the CTOD, self-similarity of
the SSY crack-tip fields is equivalent 1o the viewpoint that
under conditions of S8Y the CTOD sets the size-scale of
the fracture mechanics application.

C.2 Boundary-Layer Analysis

In a boundary-layer analysis one takes advantage of the
self-gimilarity of the S8Y crack-tip fields by focusing
directly on the near-cruck-up fields that result as a conse-
quence of the global response of the structure under SSY
conditions. Conditions of S8Y are then associated with the
asympiotic 2-D plane-strain fracture mechanics problem of
a “semiinfinite” crack within an “infinile” continuum,
Loading of the crack tp is characierized by a “remotely”
applied stress-intensity factor K. The conditions of SSY
require the spread of plasticity o be well confined within
the elastic remote K-field. The elasuc-plastic pi. perties of
the continuum are the same as those of the fracture

49

mechanics application under considerats . | “wesent
study they correspond w those of the deep- anu shallow-
flaw specimens in Chap. 3 and 1o the various RPY matenial
madels in Chap. 4. Depending on analysis requirements in
terms of material description and resolution of near-crack-
tip fields, the analysis technigue for performing a
boundary-layer analysis can be based on the slip-line-ficld
theory or the finite-element inethod.!*

A boundary-layer approach using the finite-element code
ABAQUS, assuming a rate-independent, J3 (isotropic -
hardening) incremental plasticity theory, 1s adopted in
evaluating the reforence SSY crack-tip fields in this study.
In & finite-clement-based boundary-layer approach the
near-crack-tip region, over which the CTOD sets the size-
scale of the problem, is modeled by constructing a finite-
clement mesh with a suitably large outer boundary as indi-
cated in Fig. C.1(a). A unigae feature of the finite-element
mesh is a highly refined crack-tip region and the assump-
tion of an initial root radius prior o the imposition of
external loading as indicated in Fig. C.1(b). The outer
radius of the mesh in Fig. C.1(a) is 1 x 10® times the initial
rool radius indicated in Fig. C.1(b). The finite-element
mesh in Fig. C.1(a) and (b) is made up of 1119 10-nade,
isoparametric generalized-plane-strain elements and 3492
nodes. The integration order for these elements 1§ 2 x 2,

The conditions of SSY require the spread of plasticity W be
confine’ within the elastic “far-field"” of the finite-clement
mesh, and in this study this requirement is accomplished by
limiting the maximum extent of the plastic zone 10 be
<10% of the outer mesh dimension. Convergence require-
ments of the finite-clement result: are accomplished by
limiting the maximum value of the residual nodal force per
unit thickness at any node 10 <0.,1% of the product between
the yield stress and the smallest element dimension in the
finite-ele.nent mesh, Finally, the value of the CTOD upon
reaching a target K value is at least 10 umes the initial
nolch opening so thot self-similarity of the SSY results s
guaranteed.*
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