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Abstract

The Heavy-Section Steel Technology (HSST) Program s
conducted for the Nuclear Regulatory Commussion (NRC)
by Oak Ridge National Laboratory (ORNL). The program
focus is on the development and validauon of technology
for the assessment of fracture-prevention Marging in com-
mercial nuclear reactor pressure vessels. The HSST
Program is organized in 10 tsks: (1) program manage-
ment, (2) fracture methodology and analysis, (3) material
characierization and properties, (4) special technical 2ssis-
tance, (5) fracture analysis computer progeams,

(6) cleavage-crack initiation, (7) cladding evaluations,

(8) pressurized-thermal-shock technology, (9) analysis

ki

methods validation, and (10) fraciure evaluation tests. The
program tasks have been structured 10 place emphasis on
the resolation fracture issues with near-erm licensing
significance. Resources 10 execule the rescarch tasks are
drawn from ORNL with subcontract support from universi-
ties and other research laboratonies. Close contact is main-
tained with the sister Heavy-Section Steel Irradiation
(HSS1) Progran: al ORNL and with rolated rescarch pro-
grams both in the United Suates and abroad. This report
provides an overview of principal developments in each of
the ten progras: tasks from October 1, 1990, o March 31,
1991,
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Executive

plane-strain out-of-plane boundary conditions such as those
encountered in the analysis of corcamforontial flaws.

Studies of crack-up consuaint effects are in progress at the
University of Maryland (U'M) under an HSST Program
subcontract. These studies utilize a two-dimensional finie-
element mode! of a reactor vessel with boundary conditions
and applied loading adjusted 10 simulate plane stress, plane
strain, and multiaxial stress constraint conditions. The
maodel provides a definition of the crack-up clastic-plastic
stress and straun fields for each of the constraint conditions
analyzed. Results from this analysis are expressed in lerms
of the O'Dowd and Shih Q facior. A somewhat surprising
result was obtained from the case in which pressure loading
was used 1o simulate the stress ficld that would be com-
prised primarily of pressure and thermal stresses in a PTS
transient. A consequence of the loading approximation was
that high radial pressure loads were imposed on the model.
These pressures dominated the Q field, resulung in lowor
values of Q for the biaxial case than for either the plane-
stress or plane-strain cases. While this result is clearly
noaprototypic, it does indicate that at prototypic pressure
loads, some reduction of crack-tp constraint will occur for
all cracks influenced by the radial compressive siress ficld
in the reacior vessel wall,

Finite-clement analysis of the shallow-Naw fructure-tough-
ness specimens has shown that the Rice-Conen-Merkle
single-specimen load vs load-line displacement formula
cannot be used directly o interpret the shallow-flaw frac-
ture-toughnes, test results.

A survey of the effect of constraint on crack-arrest lough-
ness has been conducted by G. R Irwin at UM, The
survey considered crack-arrest daw from small-scale
specimens conforming with ASTM E1221 roquircments,
together with data from the large-scale HSST thermal-
shock and wide-plate experiments, The crack propagaton
maodel used in the evaluation was based on the concept of a
“cloud” of cleavage fracture facets, which ulumately join
when the intervening material fails in a ductile manner 10
form an exiension of the fracture surface. Under plane-
strain constraint, the cloud is clongated in the direction of
cract ropagation. Additional stresses parallel to the crack
from. cause the cloud w thicken, and may cause crack
branching, but do not inflluence the crack-arrest toughness,

NUREG/CR-4219, Vol §, No. |

avi

HSST Program support of the mulusponsor Japanese
program nvestgatng elastic-plasuc fracture in inhomo-
geneous materials and structures continued. The program
15 under the direction of Professor €. Yagawa of ihe
University of Tokyo.

In the current reporting period residual stress measuremoents
in welds were made using diverse wechmques. The destruc-
tive resicdual-stress determinabion echnigue gave residual
stresses lower than those obtained from the nondestructive
technigues. Additional fracture tests have been conducted
1o determine the effects of specimen thickness and crack
onentation and location relative 1o the weld-fusion line on
fracture 1oughness, Measurements of crack-up strain Hiclds
have been made using both Moire gnid and interferomotry
methods, Results showed the crack-up fields 10 be divided
into three zones, with characterisucs clearly delined by the
strain-ficld slopes. Crack-growth expeniments have been
run with surface cracks crossing a weld fusion line at nght
angles. They showed no significant difference n crack-
growth behavior in the weld metal or parent material seg-
menis of the crack.

Round-robin, finite-clement analyses of lest specimens
were conducted o evaluate the vanous J-integral
formulations. Calculated and measwed J values were found
10 agree to within 10%. A single [racture st was
completed under nomsothermal conditions, with the
objective being 1o detect any effect of crack-tip temperature
gradients on fracture oughness. No effect was detecied.
Elastic-plasuc, finite-clement analysis of three-dimensional
(3-D) cracks was performed o determine under what
conditions HRR-type singular crack-tip fields exist.
Results showed that the ficlas did not exist in many cases
of practical importance, such as the case where stresses in
the ligament are tensile across its entire width. Work
continued on the development of estimation schemes for
application of the program results.

3 Material Characterization and |
Properties

Characterization of matorial for the shallow-Tlaw fracture-
toughness Lesting program 1s in progress. Test specimen 1
types and locations within the test plate have been defined
andl plate cut-up drawings prepared.
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realistic value of 2 x 1073, which is considered 10 be a
wean value, If other LOC As wre included 10 account for
thedr contribution in & cOnServative mannor, assuming that
SBLOCA.7 represents the most severe of the LOCAs, the
effective froquency is increased (0 4 x 101,

4.1.3 PTS Transient Thermal/Hydraulics

The question of partculsr ccneern regarding the Yankoe
thermalhydraulic analysis is whother the PTS ransient
described by the calculated primary-system pressure, down-
comer coolant wemperature, and vessel inner-surface heat-
wransfer coofficient s likely 10 be more severe than
indicated. The reviewers helieve that the coolant
tempersture is more likely 1o be lower than higher, and the
pressure is more likely to be higher than lower. Thus, with
regard 10 these two parameters, the severity of the transient
s more likely (o be groater than less. The heat-wunsfor
coefficient, on the other hand, is more likely 10 be less, and
this would 1ond to reduce the severity. However, based on
sensitivity studies in Rof. &, it is believed that the reducuon
would not be significant. Therefore, the reviewers con-
cluded that the calculated transient was less severe than a
hest estimate

4.1.4 Radiation Effects
4141 Increase in RTypy

There are two values of RTypr of particular intorest with
regard 10 10 CFR 50,61 and Regulatory Guide 1.154. For
10CFR 506!, a +20 value is noeded for comparison wilh
the PTS screening crilera. For Regulatory Guide 1154, a
mean value and a distribution are needed for use in o
probabilistc fracture-mechanics analysis.

ORNL and Yankee estimates for 10 CFR 5061 + 20 values,
minus the 2a, are given m Table 4.1 for 1990, Assuming
20 15 ~33°C. it is apparent that all vadues excoed the
screening oriteria, which are 132°C for axial Naws and
167°C for ciroumferential flaws. As required by
Regulatory Guide 199, Rev. 2, the copper concentration i
the welds was assumed 10 be 0,35 wt % because
measurements are not available. Based on the BR-3 weld
chemical composition data, the concentration of nickel was
assumed 10 be 0.7 wt %

Special

“Bew esumate” values of KTy for the upper uxial weld
were obtained using Regulmory Guide 199, Rev. 2, with
an sddition of 24°C in the ORNL analyses to account for
the lower wradiation temperature (263°C compared W
2RRC). An irradiation-wemperature comection facior of
19C/1°C is believed 1o he appropriste for the materials,
fluonces, and wmporatu o inlerest.

In the absence of specific data for the Yankee welds, the
best estimate of the copper concentration in the welds is
0.29 wi %, with 10 = 0.07 wi %. Based on the BR-3 data,
the best estimate of the nickel concontration is 0.7 wi %,
The best estimaie of fast-neatron fluence for the nner
surface of the upper uxial weld is 1.24 = 10'Y neu.
wons/em? This Nuence, with an appropriate atienuation
formula, and the above chemistry were used Lo calouliste
RD Ty as o function of crack depth i the ORNL
probabilistic fracturc-mechanccs analysis of Yankoe Rowe.

4.1.4.2 Decrease in USE

There are two speciflic concerns regarding USE. One is
whother the vossel satisfios the LUS analysis for levels A,
B, and C loading conditions i accordance with criteria
recommended by the ASME Sect, X1 Warking Group on
Flaw Evaluation. The other pertains 1o the selection of
upper-shelfl fracture-toughness values for the probabilisuc
fracture-mechanics analysis,

Time did not permit a review of the caloulated Ky values
correspanding 1o load levels A, B, and C. However, the

J R curves used for comparison with the Ky values were
reviewed. ORNL belicves there is adequate margin for
cach of the loading levels, assuming, of course, that the K,
vitlues wre correol

ORNL estmated an appropriate upper-shelfl fracture-
toughness viue for use in the probabilistic fracture-
mechanics analysis 10 be ~ 154 MPasy'm for the upper
axial weld, The Yankee roport used a value of 220
MPasy/m , which was also used for the ORNL IPTS
studies.S ORNL sensitivity studies associated with this
review indicate that the effect on P(FIE) of the difference
hetween 140 and 2000y/m is insignificant.

NUREGAR-4219, Vol 8, No. |
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were more difficult 1o break (successfully) than speciiens
tested during the previous round-bar program. A snocess-
ful break means that the primary failure mode is by
cleavage, with little or no prior ductile waring. This diffi-
culty was apparent at both test temperatures (20 and 42°C)
but more i at the higher lemperature. 1t was
confirmed that the A 533 B material employed in the last
series of tests was different from the material wested during
the previous round-bar program. L particular, the RTypr
for the new material was ~23°C, while the RTnpyp for the
material used carlier was -2°C. This difference in RTypr
effectuvely means that the new material will exhibit more
ductility than the prior material at the same Lesting
temperatures. This difference in maierial explains the
difficulues encountered in successfully breaking the recent
round-bar specimens,

W hile the experimental results from the round-bar speci-
mens of A 533 B suffer 10 some degree because of the
differences described above, the resukis are usable. Ttis
possible 10 plot K4 as a functon of T -~ RTypr and w0
obtain lower-bound crack-initiation toughness for

T - RTNpT up to 50°C.

6.3.2 Modificd-Charpy Specimens

The final draft of a paper, Lower-Bound Iniuauon Tough-
ness with a Modified-Charpy Specimen, was submitied 10
ASTM and will be presented at the ASTM mecting held in
Indianapolis, Indiana, in April 1991,
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Cladding

Table 7.1 Material properties for cladding and base metals?

Thermal Thermal Density Specific heat

Elastic modulus  Poisson's

Material expansion  conductivity .
(GPa) expension “C) (W/mK) (kg/'m*)  (Jkg-K)
Basc 196.5 03 13.5 x 10® 4277 7833.0 5024
Clad 186.2 03 16,4 x 106 173 78330 502.4

“Film coefficient = 567.3 Win'K

ORNL-DWG 913563 ET0

The following three models were used in the ORNL
analyses: (1) a 3-D finie-element model of a cylinder,
(2) a 3-D finite-clement model of a cubic element from a
cylinder, and (3) an influence coefficient model imple-
mented in the OCA-P! probabilistic fracture-mechanics
code. Both models 1 and 2 used generalized plane-strain
boundary conditions 10 impose displacement restraints
appropriate for conditions in an RPV, This methodology
permits the use of increased mesh refinement in the crack-
tip region of the model.

The ORNL 3-D finite-element model of the cylinder is
shown in Figs. 7.2 and 7.3. The model consists of 6768
nodes, 1234 twenty-noded isoparametric brick elements,
and 192 wedge elements at the crack front, with the
midside nodes shifted 10 the quarter-point position for a
Vr singularity in the stress and strain fields. One quarter
of the cylinder is modeled due to symmetry, and a genera-
lized plane-strain condition is applied in the axial direction,
Mesh convergence studies® for RPV cylinders conaining
shallow flaws demonstrated that meshes on the order of
8700 degrees of freedom produced converged Kj values
within 1%. The finite-element maodel of the cylinder
employed in this study has >15,000 degrees of freedom and
is estimated to provide comparable accuracy in Ky values.
Figure 7.2 Three-dimensional, finite-element model of
clad cylinder

The ORNL 3-D, finite-element model of the cube shown in
Figs. 7.4 and 7.5 has the same through-wall thickness as the
cylinder. This model consists of 6763 nodes, 1184 twenty-
noded isoparametric brick clements, and 240 wedge
elements at the crack front with midside nodes shifted o
the quarter-point position. A generalized plane-strain
conditon is applied on two surfaces to approximate the
displacement boundary conditions on 2 cube of material in
the RPV containing a surface crack.

The model implemented in OCA-P utilizes influence
coefficients for an RPV having a slightly different geome-
try from that given in Fig. 7.1. The OCA-P vessel has an
inner radius of 2047.2 mm (R6.0 in.), a totai wall thickness
of 2159 mm (8.5 in.), and a cladding thickness of 5.4 mm
(0.2125in.). (Constraint imposed on the scheduled
completion of this study precluded the generation of
influence coefficients for the geometry of Fig. 7.1.)

NUREG/CR-4219, Yol. 8, No.1 46
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10 Fracture Evaluation Tests
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