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Abstract

The Heavy-Section Steel Technology (HSST) Program is
conducted for the Nuclear Regulatory Commission (NRC)
by Oak Ridge National Laboratory (ORNL). The program
focus is on the development and validation of technology
for the assessment of fracture-prevention margins in com-
mercial nuclear reactor pressure vessels. The HSST Pro-
gram is organized in seven tasks: (1) program management,
(2) constraint effects analytical development and valida-
tion, (3) evaluation of cladding effects, (4) ductile-to-
cleavage fracture-mode conversion, (5) fracture analysis
methods development and applications, (6) material prop-
erty data and test methods, and (7) integration of results.

iii

The program tasks have been structured to place emphasis
on the resolution of fracture issues with near-term licensing
significance. Resources to execute the research tasks are
drawn from ORNL with subcontract support from univer-
sities and other research laboratories. Close contact is
maintained with the sister Heavy-Section Steel Irradiation
Program at ORNL and with related research programs both
in the United States and abroad. This report provides an
overview of principal developments in each of the seven
program tasks from October 1994—-March 1995.
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The Heavy-Section Steel Technology (HSST) Program,

which is sponsored by the Nuclear Regulatory

Comimission, is an engineering research activity devoted to

Preface

covers HSST work performed in October 1994-March
1995. The work performed by the Oak Ridge National

extending and developing the technology for assessing the the Engineering Technology Division (ETD) of ORNL.

margin of safety against fracture of the thick-walled steel
pressure vessels used in light-water-cooled nuclear power

reactors. The program is being carried out in close

cooperation with the nuclear power industry. This report

ORNL-4176

ORNL-4315

ORNL-4377

ORNL-4463

ORNL-4512

ORNL-4590

ORNL-4653

ORNL-4681

ORNL-4764

ORNL-4816

ORNL-4855

ORNL-4918

ORNL-4971

ORNL/TM-4655 (Vol. II)

ORNL/TM-4729 (Vol. ID)

ORNL/TM-4805 (Vol. II)

ORNL/TM-4914 (Vol. II)

ORNL/TM-5021 (Vol. II)

ORNL/TM-5170

ORNL/NUREG/TM-3
ORNL/NUREG/TM-28
ORNL/NUREG/TM-49
ORNL/NUREG/TM-64
ORNL/NUREG/TM-94
ORNL/NUREG/TM-120
ORNL/NUREG/TM-147
ORNL/NUREG/TM-166
ORNL/NUREG/TM-194
ORNL/NUREG/TM-209
ORNL/NUREG/TM-239

NUREG/CR-0476 (ORNL/NUREG/TM-275)
NUREG/CR-0656 (ORNL/NUREG/TM-298)
NUREG/CR-0818 (ORNL/NUREG/TM-324)
NUREG/CR-0980 (ORNL/NUREG/TM-347)
NUREG/CR-1197 (ORNL/NUREG/TM-370)
NUREG/CR-1305 (ORNL/NUREG/TM-380)
NUREG/CR-1477 (ORNL/NUREG/TM-393)

Major tasks at ORNL are carried out by the ETD and the
Metals and Ceramics Division. The following is a list of

previous progress reports on this program:

NUREG/CR-1627 (ORNL/NUREG/TM-401)
NUREG/CR-1806 (ORNL/NUREG/TM-419)
NUREG/CR-1941 (ORNL/NUREG/TM-437)
NUREG/CR-2141, Vol. 1 (ORNL/TM-7822)
NUREG/CR-2141, Vol. 2 (ORNL/TM-7955)
NUREG/CR-2141, Vol. 3 (ORNL/TM-8145)
NUREG/CR-2141, Vol. 4 (ORNL/TM-8252)
NUREG/CR-2751, Vol. 1 (ORNL/TM-8369/V1)
NUREG/CR-2751, Vol. 2 (ORNL/TM-8369/V2)
NUREG/CR-2751, Vol. 3 (ORNL/TM-8369/V3)
NUREG/CR-2751, Vol. 4 (ORNL/TM-8369/V4)
NUREG/CR-3334, Vol. 1 (ORNL/TM-8787/V1)
NUREG/CR-3334, Vol. 2 (ORNL/TM-8787/V2)
NUREG/CR-3334, Vol. 3 (ORNL/TM-8787/V3)
NUREG/CR-3744, Vol. 1 (ORNL/TM-9154/V1)
NUREG/CR-3744, Vol. 2 (ORNL/TM-9154/V2)
NUREG/CR-4219, Vol. 1 (ORNL/TM-9593/V1)
NUREG/CR-4219, Vol. 2 (ORNL/TM-9593/V2)
NUREG/CR-4219, Vol. 3, No. 1 (ORNL/TM-9593/V3&N1)
NUREG/CR-4219, Vol. 3, No. 2 (ORNL/TM-9593/V3&N2)
NUREG/CR-4219, Vol. 4, No. 1 (ORNL/TM-9593/V4&N1)
NUREG/CR-4219, Vol. 4, No. 2 (ORNL/TM-9593/V4&N2)
NUREG/CR-4219, Vol. 5, No. 1 (ORNL/TM-9593/V5&N1)
NUREG/CR-4219, Vol. 5, No. 2 (ORNL/TM-9593/V5&N2)
NUREG/CR-4219, Vol. 6, No. 1 (ORNL/TM-9593/V6&NT1)
NUREG/CR-4219, Vol. 6, No. 2 (ORNL/TM-9593/V6&N2)
NUREG/CR-4219, Vol. 7, No. 1 (ORNL/TM-9593/V7&N1)
NUREG/CR-4219, Vol. 7, No. 2 (ORNL/TM-9593/V7&N2)
NUREG/CR-4219, Vol. 8, No. 1 (ORNL/TM-9593/V8&N1)
NUREG/CR-4219, Vol. 8, No. 2 (ORNL/TM-9593/V8&N2)
NUREG/CR~4219, Vol. 9, No. 1 (ORNL/TM-9593/VO&N1)
NUREG/CR-4219, Vol. 9, No. 2 (ORNL/TM-9593/VO&N2)
NUREG/CR~4219, Vol. 10, No. 1 (ORNL/TM-9593/V10&N1)
NUREG/CR-4219, Vol. 10, No. 2 (ORNL/TM-9593/V10&N2)
NUREG/CR~4219, Vol. 11, No. 1 (ORNL/TM-9593/V11&N1)
NUREG/CR-4219, Vol. 11, No. 2 (ORNL/TM-9593/V11&N2)

Laboratory (ORNL) and by subcontractors is managed by

xvii NUREG/CR-4219, Vol. 12, No. 1







Executive Summary

W. E. Pennell

The Heavy-Section Steel Technology (HSST) Program is
conducted for the Nuclear Regulatory Commission (NRC)
by Oak Ridge National Laboratory (ORNL). The program
focus is on the development, validation, and application of
technology for the assessment of fracture-prevention mar-
gins in commercial nuclear reactor pressure vessels
(RPVs). The scope of the project includes development and
experimental validation of analysis methods, development
of testing techniques and the generation of materials prop-
erty data, integration of analysis methods and materials
data into a comprehensive RPV integrity assessment
methodology, technology transfer through participation

in national and international codes and standards activities,
and support to NRC in the area of RPV integrity assess-
ment. Program activities are structured to provide support
to NRC for the resolution of specific RPV licensing issues.
Licensing issues directly influenced by this technology
include the definition of RPV pressure-temperature (P-T)
curves and low-temperature overpressure protection relief
valve set points, evaluation of RPV integrity under
pressurized-thermal-shock (PTS) transient loading, safety
evaluations of RPVs containing material with low-upper-
shelf (LUS) Charpy energy, and data transfer from smali-
scale surveillance specimens for application in RPV
structural integrity assessments.

1 Program Management

An NRC letter transmitting a revised Statement of Work
for the HSST Program for the FY 1995 through FY 1998
performance period (ending December 31, 1998) was
received at ORNL on February 15, 1995. Preparation of the
HSST Program 189 was completed, and a preliminary ver-
sion was forwarded to the NRC HSST Project Manager for
review. Negotiations relating to the scope and schedule for
work defined in the preliminary 189 were completed. NRC
directed the HSST Program to provide background calcu-
lations to support the NRC evaluation of information pro-
vided by Consumers Power Company for the Palisades
Plant,

The HSST Program Manager (PM) gave a number of pre-
sentations at technical society meetings and at meetings
sponsored by the NRC: a meeting on Constraint Issues in
Shallow Crack Behavior sponsored by the Pressure Vessel
Research Council, the 22nd Water Reactor Safety Meeting,
and the NRC-sponsored Workshop on Constraint Effects in
Fracture. The HSST PM briefed members of the NRC
research and regulatory staffs on recent findings from the
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HSST Program investigation of shallow-flaw fracture
toughness. An overview of the HSST Program scope,
objectives, and current status, together with results from
recent research conducted in the program, was presented to
L. C. Shao and M. E. Mayfield of NRC in February and to
E. S. Beckjord and D. Morrison in March. International
interactions took place during this reporting period with
personnel from the United Kingdom, Germany, Italy, and
the Netherlands.

A meeting was held with Dr. Paul Harrup, Chief Inspector,
United Kingdom Nuclear Installation Inspectorate (NII), to
discuss results from the HSST biaxial fracture-toughness
testing. Large-scale biaxial tests of RPV material are under
consideration in the United Kingdom as part of a safety
evaluation of RPVs for the MAGNOX reactors. The sug-
gestion was made that the proposed MAGNOX test speci-
men be analyzed to determine the Ky-In(R) trajectory for
the full range of potential Ky, values. An evaluation of the
Kj-In(R) trajectories can contribute to the overall evalua-
tion of the acceptability of the biaxial test specimen design.
An international fracture technology research team visited
ORNL for an information interchange in November. The
team included representatives from AEA Technology
United Kingdom; Gessellschaft fur Anlagen und Reaktor-
sicherheit, Germany; the Joint Research Center, Nether-
lands; and the University of Pisa, Italy.

Active participation was maintained in the American Soci-
ety of Mechanical Engineers (ASME) Sect. XI Working
Group on Operating Plant Criteria (WGOPC), the Task
Group on Application of NDE (TGANDE) to Plant Operat-
ing Criteria, and the Operability Task Group (OTG). HSST
Program research results communicated to these groups
included test data obtained from material taken from the
longitudinal weld of the pressure vessel from a canceled
nuclear plant, stress-intensity-factor influence coefficients
(SIFICs) for finite-length surface flaws, interim conclu-
sions from an investigation of the influence of metallurgi-
cal factors on fracture toughness, effects of biaxial loading
on the shallow-flaw fracture toughness of RPV steel,

and an estimate the lower-bound shallow-flaw fracture-
toughness curve for RPV steel, with biaxial effects
adjustments.

During the current reporting period, HSST Program
personnel published four NUREG/CR reports, produced
four letter reports, and gave five presentations at program
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reviews and technical society and NRC-sponsored national
and international meetings.

2 Constraint Effects Analytical
Development and Validation

The focus of this task is on the development and validation
of dual-parameter stress-based correlations to reflect the
effect of crack-tip constraint on the fracture toughness of
pressure vessel steels. Crack-tip constraint conditions of
particular concern in RPV structural integrity evaluations
are those associated with shallow flaws and biaxial loading.

Work continued on the development of a material with
relevant properties that simulate “prototypical” irradiated
RPV base metal properties. This material is required for the
fabrication of test specimens that will be used to investigate
constraint effects on fracture toughness. Work performed
during the last reporting period had shown that not all of
the desired characteristics of irradiated material could be
attained by heat treatment. Analyses of the cruciform beam
specimens, performed using several different stress-strain
curve representations, showed the most important param-
eters to be the yield stress and the postyield strain harden-
ing. The work was subcontracted to a commercial vendor,
Lenape Forge, who selected the heat-treating procedure to
give a specified room temperature yicld strength. Dimen-
sions of the plate segment used were 254 X 122 x 23 cm
thick (100 x 48 x 9-1/8 in.). The vendor normalized the
material at 1650°F for 12 h, followed by a water quench
and air temper at 825°F for 5 h. A test block was removed
from one corner of the plate, and two tensile coupons were
machined from this material and tested at room tempera-
ture. Tensile properties obtained from these tests were
acceptable, and the plate was shipped back to ORNL. A
cut-up plan was prepared to yield 40 blanks for machining
intermediate-size cruciform specimens. Sufficient addi-
tional material remains for fabrication of four additional
large-scale specimens.

Investigation of the effect of constraint on failure ductility
was continued using specialized tensile fracture ductility
specimens. Prior work by researchers at U.S. Steel has
shown that (1) ductility measured for plane-strain speci-
mens could be correlated with fracture toughness, Ky, and
(2) the temperature dependence of Ky and plane-strain
failure ductility were similar. The HSST Program is
extending this concept to determine if the effect of con-
straint on the strain field developed in the crack-tip region
is a dominant factor in the determination of fracture tough-
ness. A matrix of plane-strain tensile specimens, similar

to the specimens used by the U.S. Steel researchers, was
designed and fabricated. The specimen had a thin test sec-
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tion integral to two thick end sections. Five of these speci-
mens were tested to failure. The specimens failed by pro-
gressive cracking that initiated near the center of the plane-
strain section. Axial strain gages “sensed” crack initiation
at an axial strain level close to 4%. A detailed elastic-
plastic finite-element analysis of the plane-strain tensile
specimen showed that because of a gradient in transverse
strain across the specimen, true plane-strain conditions
were not obtained. A notched-bar specimen design was
developed having symmetrical straight-sided transverse
slots with a tip radius equal to one-half the slot width. This
specimen design produced uniform through-thickness
strains across ~90% of the specimen width. A series of 10
of the notched-bar specimens was tested to investigate the
effect of notch-tip radius on fracture toughness. All of the
specimens were tested at —50°F. Extension of the notch
section of the test specimen was measured using clip gages.
The total energy density at failure was determined by inte-
grating the area under the load-displacement curve and
dividing by the volume of the test ligament. With the
exception of the specimens with the smallest tip radius, all
of the results gave a near-constant energy density at failure,
with a mean value of 169.8 MJ/m3 (24,623 in.-Ib/in.3).
This finding suggests that fracture energy density isa
material property, independent of crack-tip radius.

Fractographic analyses of fracture surfaces from the cruci-
form tests were performed by the University of Maryland
under an HSST Program subcontract. These analyses were
conducted to determine the location of the cleavage initia-
tion site(s) relative to the fatigue precrack flaw, the amount
of ductile tearing preceding cleavage initiation, and the size
of the plastic zone. The fracture surface of specimen BB-5
revealed that 0.2 mm of plastic deformation occurred
before the cleavage fracture took place. The cleavage initia-
tion site was located very close to the fatigue crack front.
Results from specimens tested under different biaxial load-
ing ratios showed that less ductile tearing occurs before
cleavage as the level of loading biaxiality increases. Infor-
mation from this investigation will provide the data
required for the validation of crack-tip constraint-effects
models and dual-parameter fracture-toughness correlations.

Biaxial loading is present in all loading conditions of con-
cern in RPV integrity evaluations. Results from the devel-
opment phase of the shallow-flaw biaxial-loading-effects
program revealed that biaxial loading had the effect of
increasing crack-tip constraint and decreasing the lower-
bound fracture toughness of RPV steel. An investigation
of the effectiveness of existing dual-parameter fracture-
toughness correlations in predicting this result was com-
pleted. The J-Q dual-parameter comrelation of O’Dowd
and Shih and the D-A constraint correction technique of
Dodds and Anderson were both evaluated. These constraint




correlation/correction methods are similar in that both are
stress based. Fracture is assumed to occur when crack-tip
opening mode stresses reach critical values. A higher
applied stress-intensity factor (SIF) is required to generate
the critical stresses when the crack-tip constraint is relaxed.
Application of the D-A correction to the ORNL shallow-
and deep-flaw single-edge-notched-beam (SENB) test data
was successful. The D-A correction did not, however, pre-
dict the observed effects of biaxial loading on fracture
toughness, Finite-element analysis showed that out-of-
plane far-field stresses had very little effect on in-plane
stresses in the crack-tip region. This finding explained the
lack of sensitivity of the D-A correlation to out-of-plane
biaxial loading effects. The same finite-clement analyses
showed the width of the crack-tip plastic zone in the direc-
tion of crack propagation to be strongly influenced by
out-of-plane stresses. The crack-tip-opening displacement
(CTOD), which is an established measure of fracture
tonghness, is directly related to the width of the plastic
zone. These facts were used to develop a strain-based dual-
parameter fracture-toughness correlation with a function
of the plastic zone width as the second parameter. The
strain-based dual-parameter fracture-toughness correlation
appears to work well when applied to data from the biaxial
shallow-flaw fracture-toughness tests.

A series of six development tests on cruciform specimens
containing finite-length surface flaws was completed. The
objective for these tests was to validate the test specimen
design and test procedures required for planned tests of
clad cruciform specimens. Characterization tests were per-
formed to develop a reference stress-strain curve for the
test specimen material. Finite-element analyses were per-
formed to define the distribution of the applied SIFas a
function of angular location around the flaw front. The
maximum SIF was found to occur at the deepest point of
the flaw under uniaxial loading and at an angle of ~15°
from the free surface for 1:1 biaxial loading. Fracture initia-
tion site data were obtained from the test specimen fracture
surfaces and found to correspond with the location of the
maximum calculated SIFs. The tests confirmed the accept-
ability of the test specimen design and the test procedure.

3 Evaluation of Cladding Effects

Stainless-steel cladding can act to inhibit the initiation and
propagation of cracks from finite-length surface flaws.
This property is not reflected in existing RPV structural
integrity analysis methods. Objectives for this task are to
(1) experimentally determine the influence cladding on
crack initiation from finite-length surface flaws in a proto-
typical RPV biaxial stress field and (2) develop and vali-
date the technology required for incorporation of those
effects into RPV structural-integrity assessment methods.

Executive

An assessment of the potential significance of incorporat-
ing a more refined treatment of cladding effects into RPV
structural integrity assessments was completed during this
reporting period. The assessment was undertaken to pro-
vide the basis for defining the scope and direction of the
“cladding effects” research program. The assessment took
the form of (1) a review of the treatment of cladding effects
in current RPV integrity assessment procedures, (2) an
evaluation of the available cladding-effects experimental
data to determine if a basis existed for revising the RPV
integrity assessment procedures, and (3) an assessment of
the potential impact of revising the treatment of cladding
effects in those procedures.

The review of the treatment of cladding effects in current
RPV integrity assessment procedures focused on the evalu-
ation of PTS loading using the approach defined in NRC
Regulatory Guide (RG) 1.154. An important feature of the
analysis model in RG 1.154 that may be impacted by clad-
ding issues is the requirement that initial flaws of depth
<20% of wall thickness must be assumed to be infinitely
long for the purpose of calculating SIFs (Ky). This require-
ment was imposed in response to results from ORNL
thermal-shock experiments on unclad cylinders. Those
results indicated that, in the absence of cladding, a semi-
circular surface flaw subjected to sufficiently severe
thermal-shock loading would propagate in surface length
to become a very long flaw. Subsequent thermal-shock
experiments, performed at ORNL with a large test cylinder,
studied the effects of cladding on the crack initiation and
propagation behavior of both surface and subclad flaws.
The presence of cladding was found to reduce the potential
for propagation of both through-clad and subclad flaws. A
case exists, therefore, for reevaluation of the shallow-flaw
geometry specification contained in RG 1.154.

Recent HSST Program analytical studies considered the
effects of cladding on the extension of shallow finite-length
cracks in the inner surface of an RPV. The studies demon-
strated a close association between the properties of the
cladding overlay material, the severity of the thermal-shock
loading, and the critical flaw shapes and depths predicted
for RPVs subjected to postulated PTS transients. Both duc-
tile tearing and cleavage fracture initiation modes were
considered in the studies. Tearing-toughness data for irradi-
ated cladding were obtained from a previously completed
ORNL testing program. The analyses showed that the
cladding toughness is sufficiently high to prevent tearing.
The cleavage fracture initiation study employed three-
dimensional (3-D) finite-element analyses to investigate the
behavior of an almost semicircular, finite-length flaw under
PTS transient loading conditions. The study was structured
to determine the effects of using semicircular surface flaws
as initial flaws, as opposed to two-dimensional (2-D) flaws,
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in a PTS analysis of a clad RPV. Results from this study
indicate that semicircular flaws must be deeper than 2-D
flaws to produce crack initiation. The predicted impact of
using finite-length surface flaws in place of 2-D flaws in an
RPV PTS analysis was to reduce the conditional probabil-
ity of failure between a factor of =3 for the more severe
thermal transient to a factor of =20 for the less severe
thermal transient.

Conclusions derived from the evaluations just outlined
were that the inclusion of a more refined treatment of
cladding effects in RPV integrity assessment procedures
was both justified and potentially very significant. An
HSST workscope was developed to provide (1) a quantita-
tive description of cladding effects on the fracture behavior
of shallow finite-length surface flaws in RPVsand (2) a
basis for improved treatment of surface-flaw geometries in
fracture assessment procedures applied to PTS and P-T
limit transients. Testing and analysis of clad specimens
containing finite-length shallow surface cracks will be per-
formed as part of the workscope. The ORNL-developed
clad cruciform specimen, which can be loaded either uni-
axially or biaxially, will be used in the testing program
together with full-scale uniaxial clad-beam specimens. A
preliminary test matrix incorporating 28 intermediate- and
large-scale cruciform test specimens was defined.

Full-scale clad beam specimens were fabricated from a
shell segment of an RPV from a canceled nuclear plant.
Test were conducted on specimens containing through-
thickness shallow flaws ~11 mm deep. The tips of these
flaws were located near the edge of the cladding heat-
affected zone in the RPV shell-course longitudinal weld
material. Fracture-toughness values ranging from 225 to
393 MPa+/m were observed in two tests conducted at
-25°C (~13°F). The lower toughness value is compatible
with a lower bound to the ORNL shallow-flaw fracture-
toughness data from A 533 B plate material. Crack-tip con-
straint in this test was investigated by means of an elastic-
plastic finite-element analysis of the test specimen using a
model with a highly refined representation of the crack-tip
region. Results from this analysis were interpreted in terms
of the J-Q methodology of O’Dowd and Shih and the J-Aer
correlation of Dodds and Anderson. The value of Q was
determined to be —0.36, indicating a moderate departure
from plane-strain constraint conditions. Application of the
J-A; correlation showed the fracture-toughness value
obtained from the latest full-scale clad beam test to be com-
patible with data obtained previously from tests performed
on intermediate-scale SENB specimens fabricated from

A 533 B RPV stecl. Drop-weight tests were performed on
plate material from the RPV shell segment to determine the
nil-ductility-transition (NDT) temperature for this material.
This information is required to set the test temperature for
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the next set of full-scale clad beam tests in which the crack
tip will be located in plate material. NDT for the material
was determined to be —34.4°C (-30°F).

The initial phase of an analytical study of clad modeling
effects on predictions of cleavage fracture initiation from
shallow surface flaws in an RPV subjected to PTS transient
loading was completed. Deterministic analyses were per-
formed using the Fracture Analysis of Vessels, Oak Ridge
(FAVOR) code. A range of length/depth aspect ratios was
considered for the finite-length surface flaws. The severity
of the stylized PTS transients used in this study was charac-
terized by the coolant temperature (T) at completion of the
transient event. A range of RPV internal pressures was
investigated. The finite yield strength and the high cleavage
fracture tonghness of the cladding material were included
in the model. It was found that the critical-flaw geometry
for crack initiation from a flaw of a given depth was
transient-severity dependent. For the most severe transients
(lowest Ty values), results for the infinite-length flaws gave
the minimum values for critical-flaw depth. With increas-
ing Ty, a crossover point was reached, beyond which the
curve for semicircular flaws (aspect ratio = 2) gave the
minimum values for critical-flaw depth. The value of Tr
corresponding to this crossover point was found to increase
with increasing internal pressure.

The HSST Program is participating in an international pro-
gram for the analysis of results from large-scale fracture-
toughness tests. The international program is designated
project FALSIRE. In the current reporting period the
British spinning cylinder experiment SC-4 was analyzed.
In this experiment 40- and 60-mm-long axial semicircular
flaws were located in the inner surface of a cylinder fabri-
cated from A 508 class 3 pressure vessel steel. The cylinder
inside radius, wall thickness, and length, were 500, 200,
and 1300 mm, respectively. Simulated pressure stresses
were introduced by centrifugal force in the spinning
cylinder. Thermal stresses were introduced by spraying
the inner surface of the hot cylinder with cold water.
Thermocouples, strain gauges, and alternating-current-
potential-drop (ACPD) measured test specimen tempera-
tures, strains, and crack growth throughout the test. The
analysis of this experiment was performed by the Univer-
sity of Maryland under an HSST Program subcontract. The
analysis predictions of hoop strains on the outer surface of
the test specimen were significantly higher than the mea-
sured values. The reason for this discrepancy remains
uncertain at this time. The analysis predicted tearing initia-
tion at a location on the crack front close to where tearing
initiation was observed in the test. Tearing initiation
occurred much later in the test than was predicted by the
analysis. The SIF required for tearing initiation was, there-
fore, significantly higher than the predicted value. This



discrepancy is believed to be caused by a reduction in
crack-tip constraint and an associated increase in the
material fracture toughness.

4 Ductile-to-Cleavage Fracture-Mode
Conversion

This task investigates the effect of prior ductile tearing on
cleavage-fracture-initiation toughness. Ductile tearing prior
to cleavage fracture initiation is frequently observed in tests
performed at temperatures corresponding with the lower
transition region of the fracture-toughness curve. Evidence
exists that ductile tearing may act to increase crack-tip
constraint and thereby influence fracture toughness.

Work continued on the characterization of precleavage
tearing bebavior and development of a fracture-mode-
conversion model. The process of precleavage ductile
tearing and mode conversion to cleavage is being investi-
gated metallurgically. Material selected for this investiga-
tion was weld material taken from the RPV from a can-
celed nuclear plant. Fracture-toughness tests on this mate-
rial were performed at the National Institute for Standards
and Technology under an HSST Program subcontract.
Fracture surfaces from some of these tests showed signifi-
cant stable tearing prior to final cleavage fracture. Material
for the metallurgical investigation was taken from broken
Charpy specimens from the circumferential weld of the
RPYV. Sections were taken to reveal the microstructure.
Inclusions present on the face parallel to the fracture sur-
face were examined using a scanning electron microscope
(SEM), and quantitative image analysis was used to charac-
terize their size distribution and spacing, The lack of
uniformity in particle spacing was apparent in the micro-
graphs. These data suggest that significant errors may be
introduced in tearing models that assume a random distri-
bution of particle size, shape, and location.

A fracture prediction model, which includes the effects of
precleavage ductile tearing, is being developed for applica-
tion at transition-region temperatures. In this reporting
period an extensive review of published research results on
this topic was completed. The void formation and growth
model for ductile crack extension emerged from this review
as one of the most successful approaches to calculating
crack extension resulting from ductile tearing. Application
of the void formation and growth model requires that the
void volume fraction in the material at the onset of tearing
be determined and that a characteristic length be defined.
The fractographic investigations outlined above will pro-
vide information on the void volume fraction. The charac-
teristic length is related to the spacing between void nucle-
ation centers. Predictions of ductile tearing behavior have
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been shown to be strongly influenced by the value assumed
for the characteristic length. This influence dictates that the
crack-tip region of analytical models used for the analysis
of ductile tearing must employ extremely small elements.
Analysis performed with such a model is computationally
intensive and not well suited for direct application in RPV
structural integrity assessments. The HSST Program is,
therefore, investigating the use of a simpler model in which
void growth and coalescence are confined to a narrow
material layer that is centered about the macroscopic frac-
ture plane. This development is being conducted by
Professor R. Dodds at the University of Tllinois with sup-
port from an HSST Program subcontract. Professor Dodds’
model uses a simplified form of the Gurson material model
to predict void growth and element failure. The model is
implemented in the WARP-3D computer program. During
this report period enhancement and verification of com-
puter software to model ductile crack growth using the G-T
model were completed. The WARP-3D software for 3-D
nonlinear analyses of fracture mechanics specimens and
structural components was installed on an IBM RISC-6000
workstation at ORNL.

5 Fracture Analysis Methods
Development and Application

Development of the FAVOR computer program continued.
FAVOR is an advanced program for the analysis of RPV
failure rates under PTS transient loading. The program is
being developed in a manner that will make an executable
version of FAVOR available to users without making the
source deck available to them. This feature makes
configuration control of the program possible.

Support was provided to NRC in preparing a planned
revision to RG 1.154. The proposed revision to RG 1.154
permits two analysis methods. One method generates a
best-estimate frequency of failure, while the other gener-
ates a complete probabilistic risk assessment (PRA). The
technology required for the PRA analysis is being devel-
oped jointly by the HSST Program at ORNL and NRC-
funded programs at the Idaho National Engineering Labo-
ratory and at Sandia National Laboratory. During this
report period work was initiated on development of the
specialized FAVOR module that will generate data to be
used as input into a PRA uncertainty analysis.

A reevaluation of the PTS screening criteria specified in
Title 10, Part 50, Sect. 61 of the Code of Federal Regula-
tions (10 CFR 50.61) was completed. This reevaluation
was undertaken in support of the RG 1.154 revision. The
PTS screening criteria were developed before RG 1.154
existed. The objective for the recvaluation was to
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determine how the combination of (1) application of the
RG 1.154 analysis methods and (2) use of current input
data would influence the selection of screening values of
RTnpT- The FAVOR computer program was used to per-
form the required analysis. As a first step in the reevalua-
tion, the original analyses performed to define the PTS
screening criteria were regenerated. This step confirmed
consistency in the analytical methods. Modifications
defined in items (1) and (2) were then incorporated into the
analysis. Screening values of RTNpT obtained from this
analysis were very similar to those currently defined in

10 CFR 50.61.

Analyses were performed to investigate the equivalency of
the margins specified in the acceptance criteria of ASME
Sect. IIT Appendix G (cleavage fracture) and the draft

RG 1.161 (LUS ductile tearing). Results from these anal-
yses were used by NRC to resolve issues raised by the
Advisory Committee for Reactor Safeguards relating to the
RG 1.161.

6 Material Property Data and Test
Methods

This task provides support to the other fracture technology
development tasks and performs evaluations of specific
RPV materials issues. In this report period exploratory heat
treatments were performed to provide Task 2 with RPV
material with the yield strength and transition temperature
properties characteristic of irradiated RPV steels. Test
blocks were quenched from an austenizing temperature of
900°C (1650°F) and tempered at 510°C (950°F). Tensile
tests were performed on the material in both the quench-
only and the quenched-and-tempered condition. The aver-
age yield stress on the material was 1203 MPa (175 ksi)
and 972 MPa (141 ksi) in the quench-only and the
quenched-and-tempered conditions, respectively. These
yield stress values are higher than required for the Task 2
application. Task 3 is performing tests on clad specimens
fabricated from shell segments from the RPV from a can-
celed nuclear plant. Drop-weight tests were performed to
determine the NDT for this material. The drop-weight NDT
was determined to be -34.4°C (-30°F).

An initial investigation of metallurgical features that could
be important to the modeling of tearing-cleavage conver-
sion behavior was completed, and a draft letter report was
prepared. This investigation was performed in support of
the tearing-cleavage conversion research being conducted
in Task 4. The material selected for investigation was weld
metal from the RPV from a canceled nuclear plant. Large-
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scale fracture-toughness specimens with cracks located in
this material had exhibited significant ductile crack exten-
sion prior to failure by cleavage fracture. The examinations
were conducted using a SEM, equipped with a Robinson
backscattered electron detector and an image analysis
system. Data obtained from these examinations showed the
average particle diameter, mean free path, and particle
elongation ratios to all have non-Gaussian distributions. An
important conclusion from this work was that significant
errors could be introduced if tearing-cleavage conversion
models are based on an assumed random distribution of
particle parameters.

An investigation of the ductile tearing characteristics of
seven heats of modified A 302 grade B steel and one

early vintage heat of A 533 grade B stecl was completed.
Both baseline material characterization data and fracture-
mechanics-based J-R curve data were generated for these
materials. The Charpy V-notch (CVN) upper-shelf energies
(USEs) were found to correlate with values of J after

1.5 mm (0.06 in.) of stable crack growth. A letter report
documenting results from this investigation was completed.

A review of RPV material fracture-toughness issues

that could influence the safety factors applied to low-
temperature overpressurization (LTOP) transients was
completed, and a letter report was produced. The review
considered (1) the relevance of crack pop-in data, (2) the
role of cladding as a cleavage crack initiation source,

(3) the potential influence of warm prestress (WPS), and
(4) new information on the margin between dynamic and
static transition temperature curves. Pop-in crack initiation
data were found to fit in with the full-cleavage-instability
Kj. data, but the pop-in data were at the low end of the Kjc
data scatter band. The cladding process was found to have
no adverse effect on the transition temperature performance
of the underlying base metal. WPS was found to have the
potential to increase the in-service fracture toughness of
RPV steel such that Ky instability at lower-shelf tempera-
tures could be elevated by a factor of 2 or more. There is,
however, no experimental demonstration that the WPS
benefits can be retained in materials that are exposed to
damage mechanisms such as strain aging or neutron dam-
age. Static to dynamic margins were evaluated using statis-
tical methods to evaluate data scatter in transition tempera-
ture tests. The objective of this evaluation was to assess the
accuracy of the temperature spread between the lower-
bound Ky and Ky, curves that appear in the ASME Code,
Sect. XI, Appendix A. The evaluation, which considered
newly developed crack-arrest data, indicated that the tem-
perature offset between the K and Ky, curves is in the 23
to 30°C range, a 10°C difference from the offset used in the
ASME Code.




A letter report was completed documenting a plan to inves-
tigate the difference between J-R curves developed isother-
mally vs those developed nonisothermally. The need for
the data to be obtained from the planned tests was identi-
fied when discrepancies were observed between predicted
valued of ductile crack extension and the extent of ductile
tearing observed in an HSST Program intermediate pres-
sure vessel test (PTSE-2A).

Dynamic fracture-toughness tests are being performed by
the Carderock Division, Naval Surface Warfare Center
(CDNSWC) under an HSST Program subcontract. Data
from these tests will be used to assess the stability of
arrested cracks in a dynamic crack-arrest analysis. In the
current reporting period a section of HSST Plate 14 was
identified for shipment to CDNSWC, a specimen fabri-
cation plan for the characterization specimens and the
dynamic fracture toughness test specimens was completed,
specimen grips were procured, Charpy impact specimens
were tested, and the reference temperature was obtained as
7°F. Machining of the 1T compact specimens was
completed.

7 Integration of Results into a State-
of-the-Art Methodology

The primary objective for this task is to extract and inter-
pret fracture technology advances generated in the HSST
Program research tasks, in the Heavy-Section Steel Irradia-
tion Program, and other fracture technology research pro-
grams and to assemble them into a validated state-of-the-art
methodology for assessing the structural integrity of
irradiation-embrittled RPVs containing flaws. In addition,

Executive

this task is responsible for the rapid transfer of fracture
technology advances to national consensus codes and stan-
dards. Task 7 also provides special technical assistance to
NRC for the evaluation and resolution of RPV structural
integrity issues.

Research in this task during the current reporting period
has focused on development of a methodology for esti-
mating full-constraint Ky, values from small-specimen
fracture-toughness data. Transition-range fracture-
toughness data from small specimens is characterized by
(1) loss of triaxial constraint near the crack tip with a con-
sequent elevation of median fracture toughness (size effect)
and (2) significant scatter. Successful application of
fracture-toughness data from small specimens to the struc-
tural integrity evaluation of large components requires
development of methods that account for both of these
effects. A three-parameter Weibull fit has been used to
represent the statistical variability, and associated size
effects, of small-specimen cleavage fracture-toughness data
in the transition temperature range. A draft test method,
based on Weibull statistical methods, has been developed
by the American Society of Testing and Materials (ASTM)
Task Group E08.08.03 for evaluating fracture-toughness
data for ferritic steels in the transition temperature region.
In its present fonn the draft ASTM test method deals with
the data scatter and statistical size-effect issues but does not
deal with the constraint-induced size-effect issue. Devel-
opment carried out in this task combined the validity crite-
rion of ASTM Standard E399 with the Weibull size-effect
equation to produce a practical method for calculating Ky
values using small-specimen transition-range data sets.
This development has been proposed as an addition to the
draft ASTM standard.
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Heavy-Section Steel Technology Program Semiannual Progress Report
for October 1994-March 1995

1 Program Management™

W. E. Pennell

The Heavy-Section Steel Technology (HSST) Program is
conducted for the Nuclear Regulatory Commission (NRC)
by Oak Ridge National Laboratory (ORNL). The program
focus is on development and validation of technology for
the assessment of fracture-prevention margins in commer-
cial nuclear reactor pressure vessels (RPVs).

RPV structural integrity issues of current concern to the
NRC are defined in the FY 1994 Statement of Work
(SOW) for the HSST Program. Six technical issues are
identified in the SOW: (1) crack-tip constraint effects on
fracture toughness of RPV materials, (2) effects of stainless
steel cladding on the initiation and propagation of shallow
surface cracks, (3) ductile-to-cleavage fracture-mode con-
version, (4) fracture analysis methods development,

(5) materials property data and test methods development,
and (6) integration of results from the research programs
into a state-of-the-art methodology for RPV structural
integrity assessments. The HSST Program is structured to
provide the research results required for resolution of these
issues. Management direction and control of the program
are implemented using a seven-clement Level 1 work
breakdown structure (WBS) and a linked cost-schedule
performance monitoring system. The current HSST Pro-
gram Level 1 WBS is shown in Fig. 1.1. Each element of
the Level 1 WBS represents a separate research or manage-
ment task with a designated task leader. Within each of the
Level 1 WBS elements, a Level 2 WBS defines research
subtasks, and a Level 3 WBS defines the individual mile-
stones within a subtask.

Staffing for the research tasks is drawn from the Engineer-
ing Technology, Metals and Ceramics, and Computing
Applications Divisions at ORNL. Subcontracts with con-
sultants, universities, and other research laboratories are
used to gain access to special expertise and capabilities
required for certain research tasks. A summary of resources
applied to the HSST research tasks during this report
period is given in Fig. 1.2

*This report is written in metric units. Conversions from English units for
all SI quantities are listed at the end of the report.
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ANALYTICAL DEVELOPMENT
AND VALIDATION H2

FRACTURE ANALYSIS
METHODS DEVELOPMENT
AND APPLICATION HE

CLADDING EFFECTS MATERIAL PROPERTY
ANALYTICAL DEVELOPMENT DATA AND TEST
AND VALIDATION METHODS
H3 H.6
TEARING-TO-CLEAVAGE INTEGRATION OF RESULTS
FRAGTURE-MODE INTO A STATE-OF-THE-ART
CONVERSION METHODOLOGY H7

Figure 1.1 Level 1 breakdown structure for HSST
Program

An NRC letter transmitting a revised SOW for the HSST
Program for the FY'1995 through FY 1998 performance
period (ending December 31, 1998) was received at ORNL
on February 15, 1995. Preparation of the HSST Program
189 was completed, and a preliminary version of the 189
was forwarded to the NRC HSST Project Manager for
review. Negotiations relating to the scope and schedule for
work defined in the preliminary 189 were completed.
Principal results from those negotiations were (1) the defi-
nition of adjustments to the Task 5 (Fracture Analysis

_ Methods Development and Application) milestone sched-

ule and (2) a decision to delete all elements of work relat-
ing to dynamic crack reinitiation from an arrested cleavage
crack.

The HSST Program Manager (PM) gave a number of pre-
sentations at technical society meetings and at meetings
sponsored by the NRC. A meeting on Constraint Issues in
Shallow Crack Behavior was sponsored by the Pressure
Vessel Research Council (PVRC) and held at the United
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Figure 12 Resources applied to HSST Program R&D tasks

Engineering Center in New York, on October 12, 1994.
The PVRC meeting provided a forum for the interchange
of information on shallow-flaw fracture technology devel-
opments from ongoing programs in both the United States
and Europe. The meeting was chaired by Dr. J. Barsom.
Presentations were given by Dr. Steve Garwood of The
Welding Institute (UX.), J. Smith of the University of
Kansas, Dr. S. Bhandari of FRAMATOME (France),
Professor F. Shih of Brown University, and the HSST PM.
The HSST Program presentation covered (1) normalization
of shallow-flaw fracture-toughness data, (2) test observa-
tions of biaxial effects on shallow-flaw fracture toughness,
and (3) development and validation of dual-parameter
fracture-toughness corrections and correlations, with spe-
cial emphasis on the performance of stress- and strain-
based methodologies. The HSST portion of a joint HSST/
Heavy-Section Steel Irradiation paper, entitled “Reactor
Vessel Structural Integrity Research,” was presented at the
22nd Water Reactor Safety Meeting at the Bethesda
Mariott Hotel in Bethesda, Maryland, on October 24, 1994.
An NRC-sponsored Workshop on Constraint Effects in
Fracture—No. 3 was held at the NRC offices at Two White
Flint Building, Rockville, Maryland, on March 28-29,
1995. A presentation entitled “Development of a Strain-
Based Dual-Parameter Fracture Toughness Correlation”
was given at this meeting. Feedback from the meeting par-
ticipants provided useful information that will be factored
into the future presentation and development of the Kyc-
In(R) dual-parameter fracture-toughness correlation.

The HSST PM met with members of the NRC research
and regulatory staffs at the NRC White Flint, Rockville
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offices on October 25, 1994. The purpose of the meeting
was to brief the NRC staff on recent findings from the
HSST Program investigation of shallow-flaw fracture
toughness. L. C. Shao and M. E. Mayfield visited ORNL
on February 16, 1995, for a review of NRC programs. The
HSST PM presented an overview of the HSST Program
scope, objectives, and current status, together with results
from recent research conducted in the program. Of particu-
lar interest to the reviewers were data from the ongoing
investigation of shallow-flaw and biaxial-loading effects
on the fracture toughness of RPV steels, and the dual-
parameter constraint-effects correlation derived from those
data. These research results are directly relevant to an on-
going NRC evaluation of the adequacy of the pressurized-
thermal-shock (PTS) screening criteria incorporated into
Title 50, Part 50, Sect. 61, of the Code of Federal Regula-
tions. NRC personnel requested that the HSST Program
initiate a high-priority effort to provide NRC with an
assessment of the impact of this newly developed technol-
ogy on the adequacy of the PTS screening criteria. NRC
directed the HSST Program to provide background calcu-
lations to support the NRC evaluation of information pro-
vided by Consumers Power Company for the Palisades
Plant. Adjustments were made to the subtasks in Task 5 to
accommodate this request. E. S. Beckjord and D. Morrison
visited ORNL on March 30, 1995, for a review of NRC
programs. The HSST PM gave a brief presentation of the
current HSST Program scope and objectives and reviewed
ongoing fracture-toughness constraint-effects research
activities during a tour of the testing laboratories.




International interactions took place during this reporting
period with personnel from the United Kingdom, Germany,
Italy, and the Netherlands. Dr. Paul Harrup, Chief Inspec-
tor, United Kingdom Nuclear Installation Inspectorate
requested a meeting with the HSST PM for discussions on
biaxial testing. The meeting took place on October 24,
1994, in conjunction with the Water Reactor Safety Meet-
ing. Dr. Harrup explained that large-scale biaxial tests of
RPV material were under consideration in the United
Kingdom in support of an evaluation of the safety of the
RPV:s for the MAGNOX reactors. Dr, Harrup had been
briefed on the preliminary results from the HSST biaxial
testing program and, in particular, the HSST Program find-
ing that the effects of biaxial loading could be obscured if
the test specimen experienced a nonprototypic loss of con-
tained-plasticity prior to fracture, The HSST Program pre-
liminary results were reviewed with Dr. Harrup. The fea-
ture of the Ky-In(R) trajectory corresponding with loss of
contained yielding was discussed. The suggestion was
made that the proposed MAGNOX test specimen be ana-
lyzed to determine the Ky-In(R) trajectory for the full range
of potential Ky values. An evaluation of the Kj-In(R) tra-
jectories can contribute to the overall evaluation of the
acceptability of the biaxial test specimen design.

Several requests were received from foreign research orga-
nizations for members of their research teams to visit
ORNL for discussions on the ongoing HSST Program
research into shallow flaw and biaxial loading effects on
crack-tip constraint and fracture toughness. The requests
were combined into a single visit on November 11, 1994,
The makeup of the visiting research team was as follows:

Visitor Organization Country
Dr. A. Sherry AEA Technology United
Kingdom

Dr. J. Sievers Gessellschaft fur  Germany
Anlagen und
Reaktorsicherheit

Dr. A.McAllister Joint Research Netherlands
Center

Dr.M. Beghini  University of Pisa Italy

The HSST PM is an active voting member of the American
Society of Mechanical Engineers (ASME) Sect. XI Work-
ing Group on Operating Plant Criteria (WGOPC), the Task
Group on Application of NDE (TGANDE) to Plant Operat-
ing Criteria, and the Operability Task Group (OTG). At

the December 1994 meeting of the WGOPC, HSST PM
informed the WG members that material taken from the
longitudinal weld of the pressure vessel from a canceled
nuclear plant had a yield stress in the range 96 ksi 2 oy 2

Program

82 ksi. Article G-2000 of ASME Sect. X1 states that the
reference Kyr curve may be used for materials having a
yield strength not exceeding 90 kst if (1) Kyp data from at
least three heats of material, including the weld metal and
heat-affected zone, are not less than Kr and (2) the effects
of radiation on the KyR curve are determined for the mate-
rial. Radiation effects are estimated using the procedure of
Article A-4400 of ASME Sect. XI [which incorporates
American Society of Testing and Materials (ASTM) E 185]
and result in a calculated shift in the reference temperature
for nil-ductility transition (RTNpT) for the Kip curve and a
determination of the yield stress of the radiated material. It
appears that radiation to the end-of-license-period neutron
fluence would increase the yield stress of the weld metal
from this reactor vessel to a value significantly above

90 ksi. The question therefore arises, “Is an RTNpT adjust-
ment a sufficient adjustment to account for all of the effects
of radiation on the Kjg curve for a radiated material with a
yield stress well in excess of 90 ksi?” The question was
referred to the ASME Sect. XI Subgroup on Evaluation
Standards.

The WGOPC has initiated work on a proposal to update
the stress-intensity factor (SIF) calculation procedure

of Appendix G of Sect. XI of the code. The proposed
Appendix G update will include the stress-intensity-factor
influence coefficients (SIFICs) for finite-length surface
flaws developed by the HSST Program. Inclusion of the
HSST SIFICs will permit the RPV P-T curve to be defined
using a cooldown profile tailored to deal with the “tight-
window" areas of the P-T operating envelope. The HSST
PM presented a review of the shallow-flaw fracture-
toughness data base to the WGOPC. Interim conclusions
from the work were presented: (1) the metallurgical factors
investigated did not result in data points below the ASME
Kjc curve, (2) 1:1 biaxial loading could reduce the shallow-
flaw fracture toughness of RPV steel to ~60% of the value
obtained from uniaxial single-edge-notch-bend (SENB)
tests, and (3) the lower-bound shallow-flaw fracture-
toughness curve, with biaxial-effects adjustments, could
be marginally lower than the ASME K}, curve.

The objective for the OTG is to prepare a draft of a pro-
posed code case on the operability of nuclear plants in
which (1) nonconforming pipe support conditions have
been discovered during operation or (2) an event, not
included in the design basis loading, has occurred. These
conditions can caunse increased loads to be applied to

the nozzles of components that interface with the roncon-
forming piping, including vessel nozzles. The proposed
code case is intended to address only conditions that are not
covered by existing Sect. X1 rules and criteria (e.g.,

it would not apply to the evaluation of flaws). At the
December 12, 1994, meeting all remaining issues relating
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to the proposed Operability Code Case were resolved with
the exception of an NRC objection to the inclusion of a
defined period (24 months) for application of the operabil-
ity criteria. The proposed code case was forwarded to the
WGOPC for further action. The TGANDE is exploring
means whereby the demonstrated improvement in ultra-
sonic flaw detection and sizing capabilities can be used to
support a case for reducing the postulated flaw size (14t)
which must be used in calculations leading to a definition
of the P-T curve for an RPV.

During the current reporting period, HSST Program per-
sonnel published three NUREG/CR repots, 13 produced
six letter reports,*9 and gave five presentations at program
reviews, technical society meetings, and NRC-sponsored
national and international meetings.10-1
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2 Constraint Effects Analytical Development and Validation

W. J. McAfee

The purpose of this task is to investigate and quantify the
effects of constraint on the cleavage initiation toughness of
RPV steels in the lower transition temperature region. The
work comprises complementary analytical and experi-
mental efforts. Task 2 is divided into two subtasks: 2.1
Biaxial Loading Effects Validation Testing, (i) Verification
Phase Testing and (ii) Analytical Support, and 2.2 Con-
straint Effects Correlation. Progress during this reporting
period for each subtask is discussed below. Additionally, a
final summary is provided for a subtask, 2.3 Finite-Length
Flaw Behavior, which was active in prior reporting periods.

2.1 Biaxial Loading Effects Validation
Testing

2.1.1 Development of Heat-Treating Speci-
fication for Surrogate Irradiated Base
Material (W. J. McAfee and W. E.
Pennell)

Transfer of constraint methodologies and data bases devel-
oped under Task 2 to the evaluation of RPV behavior
requires demonstration of the developed methodologies for
materials whose relevant properties simulate “prototypical”
irradiated RPV base metal properties. A desirable goal for
the base metal is a temperature at the 68-J Charpy V-notch
(CVN) impact energy level (Teg.J) greater than 50°C
~120°F) and a room temperature yicld strength, YSRT, in
the range of 620 to 690 MPa (90 to 100 ksi). These values
are typical for radiation-sensitive RPV steel irradiated to a
fluence of 1.5 x 1019 neutrons/cm?2 (>1 MeV). It was con-
cluded from heat-treating work performed during the last
reporting period that not all of the above desired parameters
could necessarily be attained with heat treating alone. From
analyses performed for the cruciform beam specimens
using several different stress-strain curve representations, it
was determined that the most important parameters were
the yield stress and subsequent stress-strain curve shape,
that is, the strain-hardening characteristics. Explicit control
of the transition temperature was eliminated as a goal.
However, from the previous heat-treating work, it was
expected that, when the yield stress was increased, the
transition temperature would shift toward a higher tempera-
ture. It was thus expected that the actual properties (yield
stress and transition temperature) would be close to the tar-
get values above. The approach chosen was then to select
a commercial vendor who would, based on its expertise,
select the heat-treating procedure to yield the desired room
temperature yield strength,

The job for heat treating Plate 14 was placed with Lenape
Forge in West Chester, Pennsylvania. The plate segment
used was 254 x 122 x 23 cm thick (100 x 48 x 9-1/8 in.).
The 122-cm dimension is in the rolling direction for the
parent plate. To achieve essentially a two-dimensional
(2-D) heat transfer during the quenching operation, Lenape
Forge machined the four edges of the plate smooth and
welded a 23-cm square thermal buffer around the outer
edge of the plate. To assist Lenape Forge in selecting a
heat-treating procedure, the HSST Program provided the
complete material certification records on Plate 14 and the
results of the prior heat-treating work, that is, the yield
strength response to the heat-treating procedures investi-
gated at ORNL. Based primarily on the carbon content,
Lenape Forge selected a procedure of normalizing at
1650°F for 12 h, water quenching, and air tempering at
825°F for 5 h. A test block, ~150 by 250 mm square (3 by
5 in,) was removed from one comner of the plate, and two
tensile coupons were machined and tested at room
temperature by Lenape Forge to verify the resuits. These
tensile results are shown in Table 2.1.

Table 2.1 Summary of tensile properties of
commercially heat-treated Plate 14

Property Test A TestB
Yield strength (0.2%) off-set, 614 (89) 614 (89)
MPa (ksi)
Ultimate strength, MPa (ksi) 765 (111) 772 (112)
Total elongation, % 20 18
Reduction in area, % 63 61

These tensile properties were acceptable, and the plate was
shipped back to ORNL. A cut-up plan was prepared to
yield 40 of the 240 x 240 x 114 mm (9-1/4%9-1/4 x

4-1/2 in.) blanks for machining intermediate-size cruciform
specimens and for characterization material. Current matri-
ces require 32 cruciform specimens. Sufficient additional
material remains to supply four large-scale specimens that
can be machined with the longitudinal beam arms as an
integral part of the specimen. Cut-up of the plate and fabri-
cation of 24 intermediate-size beam specimens for the load
ratio verification matrix will begin in April. Characteriza-
tion will also be initiated to determine the nil-ductility
transition (NDT) temperature, the temperature at the

68-J CVN impact energy level (T¢g-3) and the tensile
properties at test temperatures of NDT — 30°C, NDT,

and NDT + 20°C.
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2.1.2 Tests of Tensile Constraint Specimens
(W. J. McAfee, W. E. Pennell, and
J. W. Bryson)

During the previous reporting period, an effort was initiated
to investigate the effect of constraint on failure ductility
through use of specialized tensile fracture ductility speci-
mens. The motivation for this activity is based primarily on
results by Clausing! and Barsom? in which it was shown
that a relationship exists between failure ductility and
fracture toughness. Clausing! performed a series of
experiments in which he measured the effect of constraint
on failure ductility for seven different structural steels. He
performed tests at room temperature in which he compared
the failure ductility determined from conventional round
bar tensile specimens to that from a plane-strain, tensile
specimen. He observed that the measured true fracture
strain for the round bar specimens was essentially the same
for all seven steels that had yield strengths ranging from
270 MPa (39.1 ksi) to 1710 MPa (248 ksi). The failure
ductility measured in the plane-strain specimens, that is, the
plane-strain ductility, however, was highly dependent on
yield strength. The ratio of plane-strain ductility to round
bar ductility ranged from 72% for the lowest to 17% for the
highest yield strength steels. The ductility measured for the
plane-strain specimens correlated directly with that deter-
mined for slow-bend CVN specimens of the same steels
tested at room temperature. It was concluded that the
decrease in CVN toughness with increasing yield strength
was a direct consequence of the decrease in plane-strain
failure ductility with increasing yield. Barsom? extended
the work of Clausing to a direct comparison of plane-strain
ductility with fracture toughness, Kic. Fracture toughness

(mm L_/J

i JK‘
€ \ 1/16 R (Four Comers)

was determined for four steels with room temperature yield
strengths ranging from 614 MPa (89 ksi) to 1696 MPa
(246 ksi). Tests of three-point beam bend specimens

were used to determine fracture toughness for these steels
over the temperature range from approximately —196°C
(-320°F) to —46°C (-50°F). Failure ductility was measured
using the same plane-strain specimen configuration as was
used by Clausing. It was found that the temperature depen-
dence of K and plane-strain failure ductility were similar.
A preliminary relationship was developed whereby fracture
toughness, K¢, was a function of the square root of the
yield strength and the square of the plane-strain ductility.
This work demonstrated that the strain field developed in
the crack-tip region may be a dominant factor in the deter-
mination of fracture toughness. :

A matrix of plane-strain tensile specimens was designed
and fabricated from the Combustion Engineering (CE)
plate material for testing. This material was used to take
advantage of the data base of uniaxial and biaxial fracture
toughness results on this material and to further assist in the
interpretation of the load-ratio behavior observed in the
biaxial loading development tests. The plane-strain speci-
men design initially used for the ORNL testing followed
the same design as that developed by Clausing and Barsom.
The specimen had a thin, short [2-mm-thick by 6.35-mm-
long by 25.4-mm-wide (0.080- by 0.25- by 1.0-in.)] test
section integral to two thick end sections (see Fig. 201t
was thought that the end sections, being much stiffer than
the test section, would provide sufficient constraint to yield
plane-strain conditions over most of the test section. Two
typical specimens of this design are shown in Fig. 2.2. Five
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Figure 2.1 Details of initial plane-strain tensile specimen design
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of these specimens were fabricated and tested to failure. On
the first four specimens, extensiometers were used to mea-
sure the axial strain and the thickness reduction strain
(henceforth thickness strain) on the test section. Two of
these specimens were tested at room temperature and two
at—46°C (-50°F). The measured thickness strain was
essentially equal to the axial strain providing verification
that the test section was under plane-strain conditions (axial
strain = thickness strain, transverse strain = () at least at
the geometric center. This is shown for plane-strain
specimen B2 in Fig, 2.3, where, for comparison purposes, a
decrease in thickness is plotted as a positive strain. The
stress-strain behavior of these specimens was different
from that previously obtained using standard round bar ten-
sile specimens (see Fig. 2.4). The upper-lower yield region
behavior is not evident in these specimens; there is a
smooth transition from the elastic to the plastic regime.
Second, the plane-strain specimens exhibited greater strain
hardening, reaching a higher ultimate stress but a lower
failure strain (~80% of that for the round bar specimen).
Third, the specimens failed by progressive cracking that
initiated near the center of the plane-strain section. For the
ro0m temperature tests, crack initiation was followed by
slow ductile crack growth. For the ~46°C tests, crack initia-
tion was followed by rapid crack growth from the center
region to near the edges of the specimen. The tests were
discontinued when a minimum 20% rapid load drop was
recorded. The characteristic failure can be seen for the
specimens shown in Fig. 2.2.

-nse ns showing characteristic failure

It was concluded that the extensiometers were insensitive
to detection of crack initiation, particularly for through-
thickness measurements, and, for these tests performed at
—46°C, in-test visual inspection of the specimen surfaces
could not be performed to detect crack initiation. Thus, the
strain at crack initiation conld not be determined accurately
from the set-up used. For specimen No. 5 in this series,
high-elongation, foil-type strain gages were mounted on the
gage length surfaces to measure axial and transverse strain.
Two gages were mounted at the center of front and back
faces of the test section, oriented in the axial direction for
the specimen. Two additional gages were mounted on the
front and back faces on the test section transverse center-
line (transverse being the direction perpendicular to load
application) approximately 1/8 in. off the axial centerline.
This specimen was tested at room temperature. The axial
strain gages “sensed” crack initiation at an axial strain Ievel
near 4% by indicating a relaxation in strain as load contin-
ued to increase. This effect is shown in Fig. 2.5, where the
reversed direction in strain indicates formation of a trans-
verse through-crack across the axial centerline of the speci-
men. Comparable behavior was exhibited by the transverse
gages except that the load at which strain relaxation com-
menced was higher than for the axial gages, indicating that
crack formation initiated near the center of the test section
and grew along a transverse plane in both directions past
the transverse gages. Thus, the center axial gages “sensed”
the crack before the transverse gages. The magnitude of the
transverse strains was approximately —-0.8% as compared to
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Figure 2.3 Comparison of axial and through-thickness stress-strain behavior for plane-stram specimen B2, CE plate
material in as-received condition, —-46°C (-50°F)
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Figure 2.4 Comparison of stress-axial strain curve from standard round bar specimen with typical curve from plane-
strain specimen, CE plate material in as-received condition, -46°C (-50°F)

=49 axial strain. An axial extensiometer was used as the section was induced by continued plastic straining beyond
control for monitoring specimen behavior. Thus, the test the point of crack initiation.

was continued to load drop, which was well beyond the

point of crack initiation. Posttest thickness measurements

of the crack surface did not provide an accurate measure of A determination of failure ductility for the five specimens
failure ductility because additional distortion of the test tested was performed as follows. The procedure used in
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Figure 2.5 Comparison of axial and transverse strains measured using surface-mounted strain gages for test of plane-
strain Specimen A3, CE plate material in as-received condition, 23°C (73°F)

performing the plane-strain tests was to continue the test
until a rapid drop of load was observed. This load drop was
caused by rapid propagation of the initial crack in the trans-
verse direction toward the edges of the test section. It was
determined that the point of rapid load drop did not corre-
spond to the point of crack initiation but was more a point
of plastic instability. Continuation of the tests beyond the
point of crack initiation, because of continued transverse
straining, introduced additional distortion in the area of
initial crack development. The failure ductility values
determined are then more representative of final failure
than of crack initiation and should be considered as upper
bounds to failure ductility.

Measurements of the test section thickness were made for
each specimen. The procedures as set forth in ASTM E8
for determining final thickness3 could not be used directly
because the ligament remaining at each edge of the speci-
men prevented putting the initial fracture area back
together. In addition, the fracture surfaces were character-
ized by formation of a shear lip along the intersection

of the fracture surface with each free surface of the speci-
men. Generally, these shear lips were of the same orienta-
tion at each surface; that is, the specimen failed ona
through-thickness diagonal rather than classic cup-cone
behavior usually evidenced by round bar tensile specimens.
Thickness measurements were then made near the center
of the specimen as close to the fracture edge as practicable.
A micrometer with conical, radiused measuring tips
[0.3175 mm (0.0125 in.)] was used to achieve near point

contact with the surface. Several measurements were taken
over the center region of the specimen to locate the mini-
mum thickness. The measured thicknesses are given in
Table 2.2. Failure ductility was calculated from

ooolt)

g = failure ductility,
to, = initial thickness,
ty = final thickness.

where

The average failure ductility at room temperature was
0.621 compared to 0.634 for -46°C (-50°F). When related
to the material yield strength, which varies from approxi-
mately 393 MPa (57 ksi) at room temperature to approxi-
mately 427 MPa (62 ksi) at —46°C, this low dependence of
ductility on temperature is consistent with the data of
Clansing.! His data indicated that failure ductility did not
begin to decrease with an increase in yield strength for
values of yield strength less than ~586 MPa (85 ksi). The
engineering strains at load-drop as measured by the axial
extensiometer and as calculated using thickness reduction
are also shown in Table 2.1 for compatison.

Table 2.3 shows a comparison of failure ductilities from
round bar tensile specimens with those determined from
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Table 2.2 Failure ductility determined from plane-strain tensile tests

Test Final Thickness . .
Specimen temperature thickness ln(fg-) strain® Ax1al strain

CF) @n.) ) Gnfny @000
Al RT 0.04105  0.667 -0.487 0.2975
Bl RT 0.04605  0.552 0424 0.313%
B2 -50 004250  0.633 -0.469 0.267%
B3 -50 0.04245 0.634 -0.469 0.269%
A3 RT 0.04200 0.644 0475 0.285¢

9Determined from final thickness measurements.
termined using clip gage with 0.25-in. span.
€Determined from cross-head displacement.

Table 2.3 Comparison of failure ductility for round bar

and plane-strain tensile tests
Test . . age Ductility ratio
temperature R?duchon Failure ductility of plane-
°F) inarea  poupdbar? Plane-strain?  grain/round bar®
RT 0.691 1.1740 0.621 0.53
=50 0.661 1.0818 0.634 0.59

“Round bar: €5 =111(1 IRA}

bP1ane-strain: ef = ln(%’-
f

CRatio = (plane-strain/round bar) ductility.

these plane-strain tests. The round bar ductility was deter-
mined from the measured average reduction in area for six
specimens tested at each temperature. For all data at both
test temperatures, the ratio of plane-strain to round bar
ductility is 0.56, indicating a 44% reduction in failure duc-
tility caused by plane-strain conditions.

The failure of these specimens was characterized by devel-
opment of an initial crack near the axial centerline on the
gage section followed by stable crack propagation across
the gage section in a plane perpendicular to the loading
direction. This did not seem to be consistent with plane-
.strain conditions being established over most of the gage
section, in which case one would expect that crack initia-
tion would lead to rapid crack growth. A detailed elastic-
plastic finite-element analysis of the plane-strain tensile
specimen was thus performed to determine what the strain
conditions were in the test section. The analysis showed
that because of a gradient in transverse strain across the
specimen, true plane-strain conditions were not obtained or
at best would be obtained over a very small area at the
center of the specimen. Additional analyses were per-
formed in which the specimen width was increased with
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other specimen dimensions remaining the same. These
analyses showed that a specimen width near 5 cm (2 in.)
would be required to establish uniform plane-strain condi-
tions over a large enongh area to be able to make reliable
failure ductility measurements.

Because the primary purpose of this effort was to evaluate
the effect of constraint on failure, an alternate specimen
design was developed that provided greater control over
constraint conditions. A tensile-type specimen with a notch
will have uniform plane-strain conditions at the notch tip
for conditions where the notch-tip length is much greater
than the notch-tip radius. This type specimen can be
obtained conceptually by simply shrinking the gage length
of the plane-strain specimen described above until the gage
length effectively becomes a notch. Several alternative
designs were assessed through use of detailed finite-
element analyses. The primary criterion for acceptability
was that a near-uniform axial strain field be developed
across the entire cross section of the specimen for load
levels up to almost the ultimate strength of the material and
that plane-strain conditions be established over essentially
all the specimen width. It was determined that a specimen




geometry having symmetrical straight-sided flaws with a
single ligament and with a flaw-tip radius equal to half the
flaw width yielded uniform through-thickness strains
across ~90% of the specimen width if the notch-tip radius
was in the range of one-half the ligament thickness. This is
illustrated in Fig. 2.6, where comparisons are shown

Surface
Quarter
Center

Constraint

between the normal stress and normal strain components
developed across a typical specimen ligament with the
above dimensions. Note that the strain components at dif-
ferent levels through the thickness of the ligament remain
essentially equal up to load levels well beyond material
yield, whereas the stress components indicate constant
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Figure 2.6 Elastic-plastic finite-element analyses showing that specimen with single central ligament with notch-tip
radius one-half of ligament thickness resulted in uniform strain distribution across ligament thickness at

all load levels
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redistribution of stress across the ligament. For cases where
the notch-tip radius was less than one-half the ligament
thickness, the stresses tended to develop a high peak value
at the surface (root of the notch) with a sharp gradient
through the ligament thickness. If the radius of the notch
tip is of the same general size as the remaining ligament,
the sides of the notch remain plane and failure ductility
[e.g., crack-tip-opening displacement (CTOD)] may be
determined directly from crack-mouth-opening displace-
ment (CMOD) measurements for the notch. Because of the

features of this specimen, it has been called a CTOD
specimen.

Details of the final specimen design are shown in Fig. 2.7.
Note that, because of the thin ligament (weak in bending)
for these specimens, a strongback was required to protect
the specimen integrity. The strongback was installed after
the tensile bar had been final machined but before the notch
was machined, This method prevented inadvertent bending,
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breaking, or other distortion of the ligament in subsequent
handling (Fig. 2.8). The strongback was removed after the
specimen had been mounted in the test machine, all instru-
mentation installed, and a slight preload applied to main-
tain geometry. A matrix of ten specimens was defined to
investigate the effect of notch-tip radius on fracture tough-
ness. Two specimens were machined with a flat ligament
(i.e., no notch-tip radius), both to investigate a specimen
design that is somewhat easier to machine and to provide
information on a notch-tip radius of infinity. Finite-element
analyses of this latter specimen indicated that uniform
strain conditions were not achieved across the ligament
cross section as was for the notch-tip radius specimens. For
this specimen, there was a high peak strain (and stress) at
the surface, which makes interpretation of crack initiation
conditions difficult. Material from the CE plate was used
for all specimens. The matrix of specimens is shown in
Table 2.4, .

Constraint

All ten of the specimens were tested at —46°C (-50°F).
Measurements of CTOD were made by mounting a clip
gage across the notch mouth on each side of the specimen
(two clip gages). As discussed previously, the stiffness of
the body of the specimen with respect to the test ligament
permits use of the CMOD measurement as the notch
CTOD. Note that clip gages with a 25.4-mm span were
used. In the data reduction, the elastic strain developed in
the body of the specimen was subtracted from the measured
CMOD, yielding the final CTOD. A summary of the results
for the CTOD is shown in Table 2.3. The CTOD values are
the average of the front and back surface clip gages at the
point of specimen failure. The fracture energy density (Ep
was calculated from

(a)

_ Jpas
T Weer)?
ORNL-PHOTO 641-96

Figure 2.8 Typical CTOD specimen in final configuration showing machined slot and strongback used to prevent
bending during handling: (z) side view and (%) top view
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Table 2.4 Summary of CTOD specimen results

. Radius-R 2R=L CTOD Fracture energy
Specimen . .t . density
[mm@n)]  [mm @n)} [mm (in.)] M3 (inAbin3)]

04 0.127 (0.005) 0.254(0.010) 0.000028 (0.00110) 101.1 (14,663)
05 0.127 (0.005) 0.254 (0.010) 0.000262 (0.00094) 37.4 (5,418)

06 0.254 (0.010)  0.508 (0.020) 0.000104 (0.00409) 150.0 (21,749)
07 0.254 (0.010) 0.508 (0.020) 0.000090 (0.00352) 155.5 (22,552)
01 0.508 (0.020) 1.016 (0.040) 0.000195 (0.00766) 165.9 (24,056)
02 0.508 (0.020) 1.016 (0.040) 0.000221 (0.00869) 195.4 (28,345)
03 0.508 (0.020) 1.016 (0.040) 0.000196 (0.00773) 163.6 (23,732)
08 1.270 (0.050) 2.540(0.100) 0.000568 (0.02247) 188.2 (27,301)
09 NA 1.016 (0.040) 0.000352 (0.01387) 244.0 (35,385)
10 NA 1.016 (0.040)  0.000279 (0.01098) 182.5 (26,469)

91 =ligament thickness
where straight line having a slope of 0.02388 (dimensionless).
Because fracture toughness is proportional to (CTOD)03,
Ef = fracture energy density, Fig. 2.9 may be interpreted as a graphical relationship
f Pd3 = areaunder load-CTOD curve, between notch-tip radius and fracture toughness. This pre-
= width of specimen ligament (nominally sentation of the data is consistent with the premise devel-
1in), oped by Wilshaw et al.# that fracture toughness is linearly
= notch-tip radius (2R is ligament length and related to notch-tip radius over a range of radius sizes.
thickness). Wilshaw additionally observed that there is a radius size

For specimens CTODO1 throngh CTODOS, this is an
approximation because the cross section of the ligament is
not wmiform. However, for purposes of these preliminary
comparisons, it is deemed sufficiently accurate. Specimens
CTOD04 and CTODO05, which bad a notch-tip radius of
0.127 mm (0.005 in.) did not appear to yield reliable
results. Posttest examination would lead to the conclusion
that there were minor imperfections in the machined notch.
Additionally, the magnitude of the CTOD values measured
were at the low end of the sensitivity range for the clip
gages used. Thus, the results for CTOD04 and CTODOS
should be viewed with some caution. Specimen CTOD03
was machined with the ligament slightly off the specimen
longitudinal centerline; the ligament did not lie on the
plane of symmetry for the specimen. During testing, this
specimen was subjected to slight bending, as would be
expected, although the test results were consistent with
other specimens of the same notch-tip radius. The CTOD
results for all specimens are shown in Fig. 2.9 where
(CTOD)9-5 has been plotted as a function of (notch-tip
radius)0-3. Note that the notch-tip radius is simply one-half
the ligament thickness. Effectively, all the datalieona
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below which there is no additional reduction in toughness.
Obviously, the radius sizes for these tests did not reach
such a lower limit. The total energy density at failure was
calculated by simply integrating the area under the load-
CTOD curve and dividing by the volume of the test liga-
ment. The thickness of the ligament was taken as the
minimum, as-machined dimension; the volume of the
radius between the ligament and specimen body was
ignored. These results are shown in Fig. 2.10 and include
the data for specimens with uniform ligament thickness.
With the exception of the specimens with the smallest tip
radius, all of the results represent a near-constant energy
density at failure with a mean value of 169.8 MJ/m3
(24,623 in.-1b/in.3). The preliminary conclusion is that
directly measured fracture energy is a material property
independent of crack-tip radius. This may permit esti-
mation of fracture toughness directly from this type speci-
men. More data and analyses are needed, and additional
tests are planned. Attention will be directed at specimens
with smaller tip radii and at limited specimens tested at
different temperatures to determine if the fracture energy
follows the conventional fracture-toughness transition
curve.
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2.1.3 Metallographic Examination of Cruci-
form Specimen Fracture Surfaces
(W. J. McAfee, B.R. Bass,and J. W.
Bryson, ORNL; W. L. Fourney and X. J.
Zhang, University of Maryland)

Fractographic analysis of the fracture surfaces from the
cruciform tests provide additional information relative to
the effect of biaxial loading on fracture toughness. The
types of information that are of value include location of
the cleavage initiation site(s) relative to the fatigue pre-
crack flaw, the amount of ductile tearing preceding cleav-
age initiation, and, if possible, the size of the plastic zone
developed. This information will provide additional input
for an interpretation of the test results and for the develop-
ment and validation of analytical models. Four fracture sur-
faces were selected from the tests performed in the devel-
opment phase. These specimens were BB-5, -7, -10, and
-11 and represent the full range of biaxial load ratios and
fracture behavior. The fractographic examinations are
being performed by the Mechanical Engineering Depart-
ment at the University of Maryland.

Optical examination of the fracture surface for specimen
BB-10 revealed two main cleavage initiation sites. The
remaining specimens displayed only one initiation site

- each. The fracture surface of specimen BB-5 revealed that
a substantial amount of plastic deformation, represented by
a stretch and ductile zone of 0.2 mm, occurred before the
cleavage fracture took place. The main cleavage initiation
region was located ~2.1 mm from the centerline of the
specimen and was very close to the fatigue crack front. The
width of the fatigue precrack for this specimen was about
2.6 mm. Distinct cleavage propagation lines were observed
radiating from the initiation site. The distance between the
initiation site and the edge of the ductile fracture zone was
~0.12 mm. Enlargement of the initiation area revealed that
the initiation site was close to a small particle clump that
may have contributed to triggering initiation although the
toughness value obtained was consistent with the other
specimen in this series tested under 0.6:1 biaxial loading.

Measurements of the length of ductile crack extension, Aa,
prior to cleavage initiation for each specimen are shown in
Table 2.5. The results shown are consistent in that a higher
degree of constraint results in less ductile tearing prior to
cleavage. Also, the measured fracture toughness correlates
directly with the measured ductile tearing. This finding
tends to substantiate the use of a dual-parameter stress-
strain-based fracture methodology.

The fracture surfaces will next be examined using scanning
electron microscopy (SEM) to perform detailed analysis

NUREG/CR-4219, Vol. 12, No. 1

Table 2.5 Summary of results from fracture

surface examinations
Kj Ductile crack
Specimen I;:;: (ksivin.)  extension, Aa
(um)
BB-11 0:1 191 160-260
BB-5 0.6:1 175 100-160
BB-7 1:1 215 120-200
BB-10 1:1 109 1040

of the fracture zones. Each surface will be sectioned to
remove a sample small enough to fit into the SEM. Section-
ing will be performed along lines ~15 mm (0.6 in.) each
side of the identified initiation site, Examination of these
small coupons using the SEM will permit better definition
of the fracture processes present in the initiation site region.
The exposed cross sections will also provide surfaces from
which definition of plastic zone development may be pos-
sible. The exact procedures for this investigation have not
been determined as yet.

2.2  Analyses and Evaluation of

Constraint Models

(W. J. McAfee, B. R. Bass, W. E. Pennell,
and J. W. Bryson)

During this reporting period, a NUREG report> was pub-
lished summarizing the tests and analysis results for the
development phase of the biaxial beam test program, pro-
viding an assessment of the capability of existing dual-
parameter constraint methodologies in interpreting the
results observed, and providing a preliminary alternative
dual-parameter model that overcomes shortcomings appar-
ent in the existing models. The interested reader is referred
to that report for full details of these results. The following
is a brief summary of the findings and conclusions relative
to the evaluation of dual-parameter methodologies.

The tests in the HSST development phase, biaxial loading
effects on fracture toughness in the transition temperature
region, were carried out using cruciform specimens fabri-
cated from a single heat of A 533 B pressure vessel steel.
Tests were performed for conditions of uniaxial loading
(transverse-to-longitudinal load ratio of 0:1) and for biaxial
0.6:1 and 1:1 loading ratios. The resulting fracture-
toughness data are shown in Fig. 2.11 as a function of the
biaxiality loading ratio. The plot indicates a pronounced
reduction in the lower-bound shallow-crack fracture tough-
ness as the biaxiality ratio is varied from 0:1 to 1:1. As

the biaxiality ratio approaches 1:1, the lower bound to the
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Figure2.11 Reduction in lower-bound toughness values as function of biaxiality ratio for single heat of A 533 B

pressure vessel steel

shallow-crack toughness approaches that derived from
SENB uniaxial deep-crack data for A 533 B pressure
vessel steel. The limited biaxial-toughness data base,
depicted in Fig. 2.11, provides evidence of a significant
biaxial loading effect on cleavage fracture toughness in
the transition temperature region for RPV steels.

2.2.1 Evaluation of Stress-Based
Methodologies

Two stress-based dual-parameter methodologies that are
being investigated within the HSST Program are the J-Q
methodology of O’Dowd and Shih,”-9 combined with the
RKR fracture criteria,10 and the Dodds-Anderson (D-A)
constraint correction technique.11-13 These two fracture
methodologies share the common feature of utilizing the
effects of crack-tip constraint on in-plane stresses at the
crack tip to infer the effect of constraint on fracture tough-
ness. In Ref. 14, both the J-Q methodology and the D-A
constraint scaling model were applied to shallow- and
deep-crack SENB specimen results® and to uniaxially and
biaxially loaded cruciform specimens. Analysis results
from these applications indicated that both methodologies
could be used successfully to interpret experimental data
from the shallow- and deep-crack uniaxially loaded SENB
specimen tests, Figures 2.12 and 2.13 summarize an appli-
cation of the D-A constraint correction model to fracture-
toughness data from the HSST shallow-crack SENB pro-
gram. In Fig. 2.12, the shallow- and deep-crack toughness
data are plotted as a function of crack depth for a normal-
ized temperature range of —-10 to -25°C. As expected in a
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low-constraint geometry, Fig. 2.12 shows both an increase
in the mean fracture-toughness value and in data scatter
from the shallow-crack specimens when compared with the
deep-crack specimens. The corresponding toughness data,
following application of the D-A correction model, are
shown in Fig. 2.13. The regression analysis shown in

Fig. 2.13 implies that the corrected toughness data are
essentially independent of crack depth.

‘When the J-Q and D-A constraint methodologies were
applied to the uniaxially and biaxially loaded cruciform
specimens, the results were considerably more difficult to
interpret than those of the SENB specimens. The uniaxially
loaded cruciform specimen analyzed in Ref. 14 failed ata
sufficiently high load that the far-field bending stress began
to impinge on the near-tip stress fields, a factor that ren-
dered the J-Q results inconclusive. A modified D-A scaling
procedure employed in Ref. 14 resulted in a Jgg/Jg ratio
(JgB =7 finite body; Jo = J infinite body) for biaxial 0.6:1
loading that was ~25% greater than that for uniaxial load-
ing. This result implies a greater constraint loss with
concomitant increased toughness for biaxial 0.6:1 loading
than for uniaxial loading, which is inconsistent with
toughness results determined from the experimental data.
However, these results from the D-A approach were
obtained using an engineering model developed by Dodds
et al.13 that approximates the scaling factors (Jgg/Jo) of the
original D-A model. In the original formulation,12
toughness data are adjusted to small-scale yielding (SSY)
values based on ratios of areas (or volumes) within
principal stress contours around the crack tip. The
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Figure 2.13 D-A constraint adjustment procedure applied to SENB data that predicts no change in toughness with
flaw crack
engineering model applied to the cruciform specimens ahead of the crack rather than areas (or volumes). In
approximates these ratios using the stress distribution in the Ref. 14, the possibility was raised that the engineering
crack plane directly ahead of the crack tip that draws upon model may not be suitable for the cruciform specimen that
a J-Q description of the crack-tip ficlds. Thus, the possesses 3-D stress fields that vary through the thickness
engineering model assumes that the stressed areas are of the test section.

similarly shaped, allowing the comparison of distances
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In an effort to resolve these uncertainties, additional 3-D
finite-element analyses were performed to further assess
the details of the D-A scaling procedure and to evaluate the
stress and strain fields developed in the region of the crack
tip for cases of uniaxial and biaxial loading. As reported in
Ref. 5, the D-A methodology predicts a small biaxial effect
on constraint. Using the D-A methodology, the predicted
failure J for biaxial loading is essentially equal to the mea-
sured value for uniaxial loading. The D-A methodology
does not predict the possibility for the low toughness value
observed in the 1:1 biaxial test (see Fig. 2.11). The conclu-
sion reached was that the D-A and J-Q methodologies
applied to the in-plane stress ficlds at the crack tip do not
adequately describe the effect of biaxial loading on fracture
toughness.

To better understand these results, additional analyses were
performed on the cruciform specimen to clarify the rela-
tionship between biaxial loading ratio and development

of the stress fields and plastic zone in the near crack-tip
region. For comparison purposes, the stress components
were determined at a nodal location (N-5006) at a distance
r=2.54 mm (0.1 in.) from the crack tip. Analysis results
indicated that the point located atr = 2.54 mm (0.1 in.)
experienced yielding at different load levels, depending on
the out-of-plane loading ratio.

Relevant stress components (Cartesian normal stresses,
hydrostatic stress, and Mises effective stress) are shown in
Figs. 2.14-2.16 to provide a better understanding of plastic
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zone development in the cruciform specimen. The Carte-
sian normal stress components (11, S22, S33) represent
good approximations to the magnitude of the principal
stress values (the shear stress components are small).
Applications of increasing ratios for out-of-plane to in-
plane loading are accompanied by substantial elevations
of the hydrostatic stress and the out-of-plane normal stress
(s11). In contrast, the in-plane normal stress components
(s22, s33) do not change a great deal as a function of load
ratio, except at the highest load levels.

Development of the plastic zone can be correlated with the
applied biaxial loading ratio and resultant out-of-plane
normal stress component (s11). For the uniaxial (0:1) load-
ing case (Fig. 2.14), the out-of-plane component is well
below the two in-plane components, and the onset of yield-
ing occurs at a relatively low applied load. When the out-
of-plane load is increased to a 0.6:1 ratio (Fig. 2.15), the
out-of-plane component roughly tracks the lower in-plane
component up to 580 kN (130 kip) and then begins to
increase at a substantially higher rate. The effect of the
0.6:1 load ratio is to delay the onset of yielding to a much
higher load [~756 kN (170 kip)] than was observed in the
0:1 load case.

For the 1:1 load case (Fig. 2.16), the out-of-plane compo-
nent (s11) turns up and essentially tracks the opening-mode
(maximum) stress component (s33) beyond the 667-kN
(150-kip) load level. Also, the normal stress components
(s11, s33) and the hydrostatic stress are observed to
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Figure 2.14 Stress components at material point 2.54 mm ahead of crack tip for uniaxial (0:1) loading
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Figure 2.16 Stress components at material point 2.54 mm ahead of crack tip for uniaxial (1:1) loading

increase at a greater rate beyond 667 kN (150 kip). [In between principal stress components is reflected in the
this load range, observe that the hydrostatic and the out- increasing Mises effective stress.

of-plane stresses for the 1:1 load case are substantially

elevated above those of the 0.6:1 case (see Fig. 2.15).]

Near the 667-kIN (150-kip) level, the plastic zone width Figures 2.14-2.16 illustrate that increasing the out-of-
progresses abmuptly through N-5006, and the node exhibits plane to in-plane biaxial loading ratio from 0:1 to 1:1
significant strain hardening. An increase in differences results in a dramatic increase of the out-of-plane normal
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stress component, while the two in-plane components
remain relatively unchanged (except at the highest loads).
Thus, far-field biaxial stresses have little effect on in-plane
stresses in the cruciform specimen. This effect is further
illustrated in Fig. 2.17, which depicts the variation of stress
components at N-5006 with far-field biaxial stress ratio.
The conclusion reached is that conventional stress-based
cleavage fracture methodologies formulated in terms of in-
plane stress components cannot detect the biaxial toughness
effect clearly demonstrated in the ORNL data base.

2.2.2 Evaluation of Stress-Strain-Based
Methodologies

As just discussed, while out-of-plane biaxial loading has no
significant effect on in-plane stresses ahead of the crack tip,
it does influence development of the crack-tip plastic zone
in the direction of crack propagation, indicating thata
strain-based fracture-toughness correlation is appropriate
for RPV steels in the transition temperature region. Fracto-
graphic data obtained from examinations of broken halves
of uniaxially and biaxially loaded cruciform specimensl4
were found to be consistent with a strain-based fracture-
toughness correlation. Using analysis results, it was shown
that cleavage initiation sites were located in the region of
the crack-tip process zone where strain was increasing,
whereas the stress peak had passed that location and was
decreasing with increasing applied load. The expectation is
that a cleavage initiation event will be governed by a crite-
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rion that exhibits a rising near-tip field at the initiation site
under increasing applied load.

Previous investigations of strain-based methodologies

in the transition region include those of Clansing, 15
Barsom, 16 Merkle, 17 Weiss,! Pennell,!® and Tetelman
and McEvily (T-M).20 Clausing!5 related the decrease in
toughness associated with increased strength of structural
steels to a decrease in plane-strain ductility. Barsom16 and
Merklel7 developed expressions for K. based on plane-
strain ductility, both of which compared well with mea-
sured toughness data in the transition temperature region.

Weiss!® developed an analytical relation for fracturé tough-
ness based on the material fracture strain that Pennelt1?
adapted to provide an estimate of biaxial loading effects
on cleavage fracture toughness for RPV steels. Pennelll?
predicted the ratio of toughness values (Kp/Ky) corre-
sponding to equibiaxial and uniaxial loading conditions,
respectively, to be 0.47 compared to the lower-bound
Kp/K, ratio of 0.57 obtained from measured data in this
work. The good agreement between analytical prediction
and measured data is further support for the validity of a
strain-based fracture-toughness correlation.

According to the T-M criterion,20 plastically induced frac-
ture initiates in a ligament immediately adjacent to the
blunted crack tip when the ligament strain reaches the

1000 —————7— 71

ORNL-DWG 94M-3824 ETD

PL= 667 kN -

Stress at R = 2.54 mm (MPa)

0.4

06
Far-Field Stress Ratio (cz/oy)

Figure2.17 Analyses results that show far-field stress biaxiality exerting little influence on in-plane stresses near the

crack tip

21

NUREG/CR-4219, Vol. 12, No. 1




Constraint

fracture strain (ef) of the material. Pennell?! has inter-
preted the T-M fracture criterion as a limiting condition for
absorption of energy by the crack-tip material as a result of
inelastic deformation. In addition, it was suggested that the
effects of constraint on fracture toughness can be quantified
by analyzing the response of the crack-tip material to
increasing load and determining the radius of the blunted
crack tip corresponding to the crack-tip ligament strain at
fracture (ef). Direct application of the latter strain-based
approach would require a finite-strain elastic-plastic finite-
element analysis to determine the crack-tip radius as a
function of the ligament strain. To circumvent this compu-
tationally intensive approach, Penneli?! proposes an alter-
native methodology that utilizes R, the plastic zone width
in the plane of the crack, as a correlation parameter for
fracture toughness. An important feature of this methodol-
ogy is that the parameter R can be calculated accurately in
a small-strain analysis.

An analytical basis for the approach utilizing plastic zone
width R as a correlation parameter is found in the T-M
development.20 The T-M formulation relates R and crack-
tip displacement as a function of applied stress, crack
depth, and crack-tip radius for the case of plane-stress ten-
sile loading and contained yielding. For the latter condi-
tions, the T-M formulation leads to a proportional relation-
ship between R and the crack-opening displacement. An
analytical relation for the case of plane-strain tensile load-
ing is not provided, although some approximations are dis-
cussed in Ref. 20.

Development of an HSST strain-based methodology is
focusing on correlations of the cruciform test results with
simple fimctions of the plastic zone width R. The jnvestiga-
tion of biaxial loading effects on ligament conditions fat
location r = 2.54 mm (0.1 in.)] described previously pro-
vides the variation of R with applied load shown in

Fig. 2.18; the biaxial load ratio is taken as a parameter in
this figure. The analyses revealed that increasing the load
ratio from 0:1 to 0.6:1 effectively delays the onset of yield-
ing to a much higher applied load. Further increase of the
ratio to 1:1 leads to relatively abrupt uncontained yielding
at an intermediate load level [at ~667 kN (150 kip)], fol-
lowed by behavior essentially like that of the uniaxial case
for load levels beyond those shown in Fig. 2.18. Thus, 2
material point ahead of the crack tip experiences yielding at
different load levels, depending on the out-of-plane load-
ing. As observed by Pennell,2! the abrupt development of
uncontained yielding in the 1:1 case may explain why some
researchers, using small test specimens in which uncon-
tained yielding was unavoidable, have reported no effects
of biaxial loading on fracture toughness.

The ORNL/HSST strain-based constraint effects model,
incorporating R as a second parameter, was utilized to
predict the effect of biaxial loading on fracture toughness.
This approach is illustrated in Fig. 2.19, where the biaxial
fracture-toughness data from Fig. 2.11 are plotted as a
function of the natural logarithm of the plastic zone width
[In(R)]. The data conform essentially to a straight-line
relationship when plotted as a function of In(R). The range
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Figure 2.19 Shallow-flaw fracture-toughness locus, K3-In(R), defined by results from cruciform specimen tests

+20 MPa of similar fracture-toughness loci would be
required to span the full range of normalized temperatures
that could be encountered in an RPV transient analysis.

In Fig. 2.20, Ky vs In(R) loading trajectories for the

three cruciform analyses are superposed on the fracture-
toughness locus of Fig. 2.19. These trajectories have three
distinct phases that are characterized by the growth rate for
R. The range of fracture-toughness values possible at T —
NDT =-10°C, for a given loading condition, is predicted
by the intersection of the Ky vs In(R) loading trajectory
with this fracture-toughness locus. In Fig. 2.20, unique Kjc
values are predicted for the uniaxial and biaxial 0.6:1 load-
ing cases. The intersection of the Ky vs In(R) trajectory for
biaxial 1:1 loading with the toughness locus predicts both
low and high Ky values for this loading condition. In fact,
these low and high toughness values were realized in two
tests of the biaxial 1:1 loading case; these toughness data
are given in Fig. 2.11. Uncontained yielding that developed
in two of the biaxial 1:1 tests gave high toughness values
that were similar to those of the uniaxial loading tests.

Implicit in the previous correlation of biaxial toughness
data with the parameter R is an apparent influence of crack-

23

tip strains on determination of cleavage fracture toughness
in the transition region. Specifically, strains in the plastic
zone adjacent to the blunted crack tip are observed to
increase as the root radius of the blunted crack decreases.
Furthermore, the root radius of the blunted crack can be
related directly to the width R of the plastic zone under
certain conditions (see Ref. 19). Thus, correlation of frac-
ture toughness with the width R may be caused by the
effect of biaxial loading in restricting the growth of the root
radius of the blunted crack. Consequences of this effect
may be such that strains in the near-tip region increase to
the plane-strain fracture ductility of the material. Confirma-
tion of this fracture model for the cruciform specimen
under uniaxial and biaxial loading requires computationally
intensive finite-strain inelastic analyses of the crack-tip
region that are not yet completed. Some evidence for these
arguments is provided by normalized curves for cleavage
fracture toughness (Kjc) and crack-tip opening displace-
ment (CTOD) of the cruciform specimens vs In(R), which
are found to have similar trends (see Fig. 2.21). These
results lend support to the argument that the strain-based
Ky vs In(R) approach has potential as a dual-parameter cor-
relation model capable of representing fracture behavior of
RPYV steels in the transition region, including effects of
biaxial out-of-plane loading on fracture toughness.
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(R) growth rate. Intersection of trajectory for 1:1 loading with fracture-toughness locus predicts both
low and high Ky, values for this loading condition
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2.3 Test and Analysis of Unclad Finite-
Length Flaw Cruciform Specimens
(W. J. McAfee and J. W. Bryson)

The overall objective of these tests is to investigate the
influence of finite-length flaw profiles, out-of-plane load-
ing, and material condition on the effective fracture tough-
ness of RPV plate material. The biaxial, finite-length

flaw test specimen design has been described in detail
previously.22 A series of six specimens was fabricated and
tested to demonstrate the viability of the design and to
develop fabrication and test procedures required for
implementation of a large matrix of clad cruciform beam
tests. Reduction of the data from these finite-length flaw
tests has been completed. To calculate toughness values,
finite-element analyses of the finite-length flaw specimen
under 0:1 and 1:1 loading were performed. Characteriza-
tion tests were performed to develop a reference stress-
strain curve for the material in the as-received condition at
the nominal test temperature. This curve is shown in

Fig. 2.22. The finite-element results were used to develop
tabular values of toughness, Kj, as a function of angular
location around the flaw front and load. These results are
shown graphically in Figs. 2.23 and 2.24 for the uniaxial
(0:1) and biaxial (1:1) load cases, respectively. On each
fracture surface, the initiation site was located, and its
angular position from the specimen free surface was mea-
sured (see Figs. 2.25-2.28). The failure load and initiation
site position were then used to interpolate from the pre-
pared tables to determine toughness. The results are sum-
marized in Table 2.6. Specimen CF5 appeared to have
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possibly two initiation sites, one near 84°, considered the
primary site, and another near 43° below the surface.
Toughness values were determined for both these locations.
For the uniaxial load case, Ky is essentially uniform over
the central portion of the flaw front (i.e., that portion cen-
tered about 90°), so that this angular difference made little
difference in the values of toughness determined. The
toughness results thus determined are shown plotted on
Figs. 2.23 and 2.24. Tt is observed that the initiation sites
are consistent with the development of K values around the
flaw front. That is, for the uniaxial case, as the plastic zone
develops in front of the flaw with increasing load, K has it
maximum values over the central portion of the flaw front
(i.e., at the deepest point). Both uniaxial specimens failed
in this region. For the biaxial case, however, K tends to
become maximum near 15° below the free surface. The
two biaxially loaded specimens failed between 14° and 22°
below the surface.

In reducing the data, it was observed that the ratio of trans-
verse to longitudinal measured beam arm strains was in the
range of 0.9:1 for both of the biaxial tests. The pressure
ratio, which has normally been used to calculate Iongitudi-
nal load from total load, was 1.0 for both tests. Since align-
ment is carefully checked before each test, this situation
could occur if there were a change in boundary support
conditions cansed by deformation of the specimen. Due to
the short length of the beam arms [25.4 cm (10 in.], a small
change in contact location can introduce a measurable
change in effective beam arm length. The toughness values
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Figure 2.22 Reference stress-strain curve used in final analyses of finite-length flaw specimens
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Table 2.6 Summary of toughness values for finite-length flaw specimens

Initiation
. T Failure load . Toughness K3c
Specimen Biaxiality [KN (ip)] smz :elgg)le“ [MPa~m (ksivim)]
CF-2 0:1 941.2 (211.60) 77 121.6 (110.7)
CE-5b 0:1 982.6 (220.9) 84 135.8 (123.6)
CE-5¢ 0:1 982.6 (220.9) 48 138.0(125.6)
CF-3 1:1 965.7 (217.1) 22 120.4 (109.6)
CF-6 1:1 975.5 (219.3) 14 129.6 (117.9)
CF-3M4 0.9:1 1012.4 (227.6)¢ 22 127.8 (116.3)
CE-6M4  0.9:1 1039.1 (233.6)¢ 14 134.7 (122.6)
4Angle measured from surface.
i initiation site.
€Secondary initiation site.
4R ecalculated for load redistribution.

for the biaxially loaded specimens were reevaluated based
on biaxiality ratios determined from the measured beam
arm strains. New analyses were performed using a nominal
biaxiality ratio of 0.9:1, which was representative of the
beam arm strain ratio for specimens CF-3 and -6. A table of
toughness values as a function of load and angle around the
flaw front was constructed as was described previously.
Toughness for each test was then interpolated from this
table. These results are shown in Fig. 2.29 and also in
Table 2.6 as specimens CF-3M and -6M. These revised
toughness values represent increases of ~6% for CF-3 and
4% for CF-6.

A biaxial loading effect was observed in these tests by

the Iocation of the cleavage initiation site. The fracture-
toughness values obtained were statistically inconclusive so
far as determining the effect of out-of-plane loading. The
small number of tests certainly contributed to this. The
data did, however, demonstrate a shallow-flaw effect when
compared to the toughness values from a series of 1T com-
pact tension specimens using this same material (HSST as-
received Plate 14), same nominal flaw location within the
plate, and same flaw orientation (see Fig. 2.30). Finally, the
fabrication and test procedure development is currently
being applied to a matrix of clad, finite-length flaw
specimens being tested under HSST Task H3.
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3 Evaluation of Cladding Effects

B.R. Bass

3.1 Introduction

During this reporting period, work continued on developing
a quantitative description of the effects of cladding on the
fracture behavior of shallow surface cracks in RPVsand a
methodology for including cladding effects in current RPV
integrity assessment procedures.

3.2 Assessment of Clad Modeling
Effects on Cleavage Initiation in
Embrittled RPVs (B. R. Bass and T. L.
Dickson)

The HSST Program is investigating the effects of the clad-
ding overlay on the propensity for cleavage initiation of
shallow flaws on the inner surface of cladded RPVs. Shal-
low flaws having depths on the order of the combined
thickness of the clad and heat-affected zone (HAZ) domi-
nate the frequency distribution of flawsl~2 assumed in
probabilistic fracture-mechanics (PFM) assessments of
RPVs. Consequently, the initiation probabilities associated
with these flaws under PTS loading conditions can strongly
influence the predicted failure probabilities for RPVs.
Behavior of these shallow flaws during a PTS transient
clearly would be influenced by the material/fracture proper-
ties and mechanical interactions associated with the ele-
ments (ie., cladding, HAZ, and near-surface base material)
that compose the cladding overlay structure. Thus, coordi-
nated experimental and analytical studies are being con-
ducted within the HSST Program to provide a quantitative
description of effects of the cladding overlay on fracture
behavior of shallow surface flaws,

This section describes the initial phase of an analytical
study of clad modeling effects on predictions of cleavage
fracture initiation in an RPV subjected to PTS transient
loading conditions. These analyses were carried out in sup-
port of an HSST clad cruciform beam testing program that
is intended to provide unique shallow-flaw biaxial tough-
ness data from the clad overlay region of prototypic RPV
material. First, some prior experimental and analytical
work that addresses cladding issues, as well as a brief
description of the HSST clad cruciform beam testing pro-
gram, are reviewed. Then, deterministic analyses per-
formed with the FAVOR fracture analysis code are used to
predict envelopes of minimum (critical) flaw sizes (depths
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and lengths) required to achieve cleavage initiation for the
prescribed PTS transients. These envelopes, defined in
terms of flaw sizes and loading conditions, will be vali-
dated with results from the scheduled HSST clad cruciform
beam testing program.

3.2.1 Cladding Issues and Prior Research

The principal function of the cladding overlay in an RPV is
to minimize the volume of corrosion products entering the
primary system coolant. Potential benefits or liabilities of
the cladding that relate to the structural integrity of the
vessel are not considered in safety assessment procedures
applied to RPVs. The fracture-mechanics model3 referred
to in the RG 1.154 for evaluating the integrity of RPVs
under PTS loading conditions includes cladding as a dis-
crete region only to the extent that thermal and stress
effects are considered in the context of a linear-elastic
fracture-mechanics (LEFM) model. Specifically, consid-
eration of the clad region is limited to incorporating the
relatively lower (compared to base metal) thermal con-
ductivity and the higher coefficient of thermal expansion.
The cladding and HAZ are assumed to have the same frac-
ture toughness as that of the base metal. Also, all flaws
are considered to be surface flaws; that is, the flaws
extend through the cladding to the inner surface of the
vessel. These simplifying assumptions generally have
been regarded as a conservative approach to treatment of
the clad region in RPV safety assessments.

Another important feature of the RG 1.154 analysis model
that may be influenced by cladding issues is the assump-
tion that initial flaws of depth <20% of wall thickness

are infinitely long (i.e., 2-D) for the purpose of calculating
SIFs (Kp. This assumption regarding 2-D initial flaws was
based in part on results of analyses and assessments of
ORNL unclad thermal-shock expeﬁments.4‘6 These results
indicated that, in the absence of cladding, a semicircular
surface flaw subjected to sufficiently severe thermal-shock
loading will propagate in surface length to become a very
long flaw. Furthermore, lateral extension of the surface
flaw is predicted to occur before the time in the transient
when a 2-D flaw of the same depth would initiate and
propagate radially. Thus, calculations were not performed
for short, shallow through-clad surface flaws in the Inte-
grated Pressurized Thermal Shock (IPTS) studies’? that
contributed to the development of RG 1.154.

NUREG/CR-4219, Vol. 12, No. 1




Evaluation

Much attention has been focused on efforts to better under-
stand the influence of the cladding overlay on RPV integri-
ty under postulated accident and operating conditions. Sev-
eral experimental and analytical studies have examined
potentially beneficial effects of the cladding overlay when
considered as a structural element of an RPV. In an eatly
HSST analytical study, Robinson et al.10 investigated the
influence of selected variables on the tendency of preexist-
ing flaws in an RPV to initiate during a loss-of-coolant
accident. Based on a comparison of RPV models with and
without cladding, they noted a marked ameliorating effect
of cladding on the tendency for flaw initiation and sug-
gested that cladding effects should be included in RPV
assessments. Subsequently, experiments were performed
at ORNL on a thermally shocked cylinder to investigate
the influence of cladding properties on flaw behavior.

Thermal-shock experimentsi1-12 performed at ORNL
with a large test cylinder studied the effects of cladding on
behavior of both surface and subclad flaws. Four experi-
ments (TSE-§ through -11) were conducted with cladding
and flaws located on the inner surface of the cylinder. The
thermal shock was achieved by first heating the cylinder to
93°C and then shocking the inner surface with liquid nitro-
gen at —160°C. Substantial subsurface and radial propaga-
tion of several flaws was observed during two of the clad
cylinder experiments (i.e., TSE-8 and -11). In these experi-
ments, there was no breaching of the cladding by subclad
flaws or extension of flaws on the surface. The contour of
the arrested flaw that extended from an initially semi-
elliptical subclad flaw in experiment TSE-8 is depicted in
Fig. 3.1. The TSE-9 experiment provided a direct compari-
son of results with the previously performed TSE-7 test,4
which had essentially the same flaw geometry (i..,a
0.75-in.-deep semicircular surface flaw) and loading con-
ditions, but no clad layer. In TSE-7, three initiation-arrest
events terminated with a final crack depth of 2.3 in. By
comparison, only a single event occurred in TSE-9, and
the extension was only 0.25 in. The presence of cladding
reduced the potential for propagation of both through-clad
surface and subclad flaws.

More recent HSST studies by Keeney-Walker et al13:14
and Shum et al.15 considered the effects of cladding on the
extension of shallow finite-length cracks in the inner sur-
face of an RPV. Refined treatments of surface-flaw initial
geometries were used to quantify the degree of conser-
vatism associated with the assumption of 2-D initial flaws
in the fracture-mechanics model of RG 1.154. These stud-
ies reflect a close association between the properties of the
cladding overlay structure, the severity of the thermal-
shock loading, and the critical flaw shapes and depths pre-
dicted for RPVs subjected to postulated PTS transients.

NUREG/CR-4219, Vol. 12, No. 1

Shallow through-clad surface cracks subjected to transient
PTS loading conditions (from the Rancho Seco transient)
were analyzed by Keeney-Walker et al.!3 using finite-
element techniques and elastic-plastic constitutive models.
The clad yield stress used in Ref. 13 (~138 MPa) is at the
low end of data for cladding. Because ductile tearing is
considered the relevant fracture mode for stainless-steel
RPV cladding, the Jr methodology was employed to deter-
mine the propensity for initiation of tearing in the clad-
ding. Tearing toughness data for irradiated cladding were
obtained from an ORNL testing program described by
Haggag et al.}6 In Fig. 3.2 (from Ref. 16), tearing initia-
tion toughness (J1c) of irradiated stainless steel cladding

is seen to be similar to that of irradiated low-upper-shelf
(LUS) weld material. However, results from Ref. 13 indi-
cated that the cladding toughness given in Fig. 3.2 is suffi-
ciently high that ductile tearing is unlikely to occur for the
crack geometries, material properties, and PTS loading
conditions assumed in that study.

Shum et al.15 employed 3-D finite-element techniques to
investigate the behavior of an almost semicircular, finite-
length flaw under PTS transient loading conditions. For the
case in which the cladding shares the toughness of the base
material, the study indicates that the almost semicircular
flaw would propagate unrestrained in the axial direction,
followed by propagation into the vessel wall. When the
cladding is made tougher than the base material, analysis
results imply that the almost semicircular flaw would not
initiate during the PTS transient for the conditions assumed
in that study.

Keeney-Walker et al.14 conducted an analytical study to
determine the effects of using semicircular surface flaws
as initial flaws, as opposed to 2-D flaws in a PT'S analysis
of a cladded RPV. Based on results described in Ref. 13,

it was assumed that no extension of flaws would occur in
the clad layer. The mean Kj curve used in these analyses
was taken from the IPTS studies’~? and is defined by
assuming that the ASME lower-bound curvel7 represents
the mean minus two standard deviations (-20). The results
from 3-D thermoelastic (TE) finite-element analyses and
from IPTS/OCA-P analyses!8 are plotted in Fig. 3.3 (taken
from Ref. 14). The deterministic results in Fig. 3.3 indicate
that deeper semicircular flaws are required for crack initia-
tion as compared to 2-D flaws, except for the least severe
transient. A filter was constructed from the results in

Fig. 3.3 to exclude some flaw sizes as potential initiators
in PFM analyses of various PTS transients. The impact of
including the finite-length surface flaw was to reduce the
conditional probability of failure between a factor of ~3 for
the more severe thermal transient to a factor of ~20 for the
less severe thermal transient.
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Some studies have indicated that an apparent increase in
toughness of the cladding overlay may be the result of high
toughness in the HAZ. McCabe19-20 interpreted results
from testing of unirradiated and irradiated clad bend bars to
imply that fracture behavior of through-clad surface flaws
was controlled by the fracture-toughness properties of the
HAZ. In these tests, the HAZ was tougher than the base
metal both before and after irradiation, although the HAZ
exhibited an irradiation-induced toughness shift similar to
that of base metal. If the fracture toughness of the HAZ
remains greater than that of the base metal, then current

design and analysis procedures will tend to be conservative.

35

However, if the HAZ toughness is low, any beneficial
effects of the cladding overlay must come from the ductile
tearing resistance of the clad layer itself.

Some additional insight into fracture toughness of the near-
HAZ region of unirradiated RPV material is provided by
data from an HSST clad beam testing program.2! The pro-
gram is utilizing full-thickness clad beam specimens (225-
by 225-mm cross section) to quantify fracture toughness
for shallow cracks in materials for which metallurgical
conditions are prototypic of those found in RPVs. The
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beam specimens are fabricated from a standard nuclear unit
power plant shell (SNUPPS) segment (removed from a
canceled nuclear plant) that includes weld, plate, and clad
material. Test were conducted on specimens containing
through-thickness shallow flaws (~11 mm deep) that were
located near the edge of the cladding HAZ in fabrication
weld material. A large variation in fracture toughness (i.c.,
ranging from 225 to 393 MPa+/m ) was observed in two of
the tests conducted at —25°C . The lower toughness value
represents a lower bound to additional ORNL shallow-flaw
toughness data from A 533 B plate material?? tested at

the same temperature referenced to the nil-ductility tem-
perature (see Fig. 3.4). The single low-toughness value
obtained from the clad beam tests appears inconsistent with
an interpretation of the HAZ as a high-toughness region
(such as that described in Refs. 19-20). However, the clad
beam data provide an extremely limited sampling of tough-
ness properties in the HAZ and near-HAZ regions.

A factor that has potential for influencing crack initiation
in the near-HAZ region is locally intensified strain-aging
embrittlement (LISAE), currently being studied by
Dawes.23 Localized strain aging of material occurs at the
tips of preexisting cracks located adjacent to areas where
further welding operations are carried out (e.g., cracks in
areas influenced by the cladding process). The transient
temperature distribution of the welding process causes high
opening-mode tensile stresses to be generated at the crack
tip. These stresses occur at a time when local temperatures
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are sufficiently high for thermally activated carbon and
nitrogen atoms to be available for diffusion to dislocations
and to effectively lock them. An effect of this diffusion
process is to restrict further plastic deformation of the
crack-tip material. It follows that the transition-range frac-
ture toughness of material at the crack tip is reduced by
restricting its ability to yield and to blunt. Thus, LISAE
could affect the fracture toughness associated with pre-
existing subclad cracks.

3.2.2 Cladding Assessment Program

Currently, there is no clear consensus on how to treat the
cladding overlay in assessments of shallow-flaw behavior
in RPVs. A joint Electric Power Research Institute (EPRT)/
NRC Experts’ Workshop Meeting24 described several
areas of investigation that should be addressed to clarify
these cladding issues:

» measurement of the material and fracture-toughness
properties of cladding and quantifying long-term aging
effects on cladding properties;

¢ assessment of the mechanical effects of cladding on
crack initiation and extension in the base material;

+ estimation of the residual stresses produced during the
history-dependent loading of the cladding (i.e., during
the cladding applications, the stress-relieving process,
the preservice hydrotest, and startup/shutdown cycles);
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» effects of differences in thermal expansion coefficients
between the cladding and base metal in analyses of
overcooling accidents.

Reference 24 asserted that at least some of the simplifica-
tions employed in RPV clad modeling (and described
previously) are overly conservative, primarily because of a
lack of appropriate data regarding material and toughness
properties and service flaw distribution. Enhancements in
RPYV analysis models were also recommended to remove
uncertainties concerning whether other cladding assump-
tions are conservative or nonconservative.

Research plans have been formulated within the HSST
Program that focus on several of the issues raised in

Ref. 24. An HSST workscope was developed to provide
(1) a quantitative description of cladding effects on the
fracture behavior of shallow finite-length surface flaws in
RPVs and (2) a basis for improved treatment of surface-
flaw geometries in fracture assessment procedures applied
to PTS and pressure-temperature (P-T) limit transients.
Testing and analysis of clad specimens containing finite-
length shallow surface cracks will be performed as part of
the workscope. Ductile deformation and failure processes
are known to be sensitive to the biaxial stress fields (i.e.,
axial/circumferential in a cylindrical vessel) that are
imposed on an RPV wall by pressure and thermal loading
conditions. Consequently, an ORNL-developed clad cruci-
form specimen?>-27 that can be loaded either uniaxially or
biaxially was proposed for the testing program. This
approach ensures that effects of PTS biaxial stress fields on
shallow through-clad surface flaws are simulated in the test
specimen in a controlled and cost-effective manner.

Clad cruciform specimens will be fabricated from clad-
weld-plate material taken from the SNUPPS reactor vessel
shell section located at ORNL. The weld-overlay cladding
from the SNUPPS segment will be retained in the test sec-
tion of the cruciform specimen. These test sections will be
fabricated from the SNUPPS clad-weld material in the “as-
received” condition to take advantage of the relatively high
yield-stress properties of the weld material 2! A prelimi-
nary test matrix incorporating 28 intermediate- and large-
scale cruciform test specimens has been defined for the
testing program.

3.2.3 Reactor Vessel PTS Analyses

This section describes the initial phase of an analytical
study of clad modeling effects on predictions of cleavage
fracture initiation in an RPV subjected to PTS loading
conditions.

NUREG/CR-4219, Vol. 12, No. 1
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32.3.1 RPV Model and Loading Conditions

The model of the vessel had an internal radius (R;) of
2.18 m (86 in.), wall thickness (w) of 0.216 m (8.5 in.),
and cladding thickness of 5.1 mm (0.2 in.). The thermo-
physical and elastic properties used in these PTS analyses
are given in Table 3.1. The assumed level of embrittlement
was the current PTS screening criterion for axially oriented
welds; 28 that is, RTNDTs + 26 = 132°C (270°F).

Table 3.1 Thermophysical and elastic properties of

base material and cladding
Property Base material Clad material
Thermal 42 W/m-°C 17.5 Wim-°C
conductivity (24 Bw/h-ft-°F) (10 Buw/h-ft-°F)
Specific heat 502 Jkg-°K 502 J/kg-°K
(0.12 Btu/1b-°F)  (0.12 Baw/Ib-°F)
Density 7.84 g/em> 7.84 g/cm3
(489 1v/f3) (489 Io/ft3)
Elasticmodulus 193,000 MPa 186,150 MPa
(28,000 ksi) (27,000 ksi)
Thermal expan-  14.1x10-°C  17.8x1076/°C
sion coefficient  (7.85x 1076/°F)  (9.90x 10-6/°F)
Poisson’s ratio 0.3 03

Loading of the vessel was provided by stylized thermal
transients of varying severity, analogous to the PTS bench-
mark transients utilized in the NRC/EPRI-cosponsored PTS
benchmarking exercise.2® The thermal transient is charac-
terized by an exponentially decaying coolant temperature

given by

TW) =Te+(Ti-Tpexp B * D

where

3.3)

T(t) = the coolant temperature at time t,
T; = the coolant temperature at time t =0,
Tg = the final coolant temperature,
B = the exponential decay constant (min1),

In these analyses, values of T ranged from 66°C (150°F)
to 121°C (250°F), while B was held constant at 0.15 min™!
in all cases. The initial temperature was 288°C (550°F),
and the internal pressure was assigned values of 0, 6.9, and
13.8 MPa (0, 1, and 2 ksi). Figure 3.5 depicts the coolant
temperature as a function of transient time as determined
from Eq. (3.1) for three different values of the final coolant

temperature.
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For these calculations, the clad stress-free temperature was
taken to be the initial (or operating) temperature of 288°C.
Effects of varying the clad stress-free temperature on the
models described herein will be examined in a later study.

32.3.2 Deterministic Analyses

The deterministic fracture minimization option of the
FAVOR program30 was used to generate critical flaw sizes
for a matrix of stylized thermal transients and selected
values of constant internal pressure. Specifically, FAVOR
was used to compute the minimum flaw depth for cleavage
initiation for a specified embrittlement, flaw geometry, and
transient loading condition. All of these deterministic anal-
yses utilized the ASME Kj, curve. Critical flaw sizes were
calculated for axially oriented flaws with aspect ratios
(total flaw length-to-depth) of 2, 6, 10, and infinity (or
2-D). Assessments of specific refinements in modeling the
cladding overlay were carried out using the RPV models
given in Table 3.2. The material model designated as
EPFM in Table 3.2 incorporates an approximation for
effects of clad plasticity that does not allow the stress in the
clad thickness to exceed 379 MPa (55 ksi). In Models IT
and IV, cleavage initiation is not allowed to occur at the
discrete angular location on the crack front that resides in
the clad region.

The base case of Model I in Table 3.2 is the model that was
used in the IPTS studies referenced by RG 1.154. The ele-
ments of Model I include the ASME fracture-toughness
correlation, the LEFM model, and cladding toughness

39

Table 3.2 RPV models and toughness correlations
used in deterministic critical flaw analyses

Model No. Material model Clad model
I LEFM Base metal tonghness?
I LEFM No initiation allowed
m EPEMP Base metal toughness?
v EPEMP No initiation allowed
2]n all cases, the base metal fracture toughness is given by the ASME
toughness correlation.

bCladding plasticity is modeled by restricting stress in clad region to not
exceed 379 MPa (55 ksi).

equal to that of base metal. In Figs. 3.6-3.8, analysis results
are given for Model I expressed in terms of critical flaw
depth (acp vs final coolant temperature (T) for three
values of constant internal pressure, that is, 0, 6.9, and

13.8 MPa (0, 1, and 2 ksi), respectively. [The Figs. 3.6-3.8,
as well as the other figures in this section, are presented

_ with two scales for plots of critical crack depth: (1) a scale

having maximum crack depth of 100 mm and (2) an
expanded scale to elucidate differences in critical flaw
depths predicted for lower values of Tr.] Over the lower
range of T values, results for the 2-D flaws exhibit the
minimum values for critical flaw depth. With increasing T,
a crossover point is reached, beyond which the curve for
semicircular flaws (aspect ratio = 2) provides the minimum
values for critical flaw depth. This result is similar to that
observed in the analyses of Ref. 15 and summarized in

Fig. 3.3. The value of Tf corresponding to this crossover

NUREG/CR-4219, Vol. 12, No. 1
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Figure 3.8 Critical flaw depths (scale 0~100 mm) vs Tg for four flaw configurations in REV evaluated at PTS
screening criteria; LEFM model with pressure p = 13.8 MPa

point increases with increasing internal pressure. Also, note
that critical flaw depth is relatively less sensitive to flaw
aspect ratio for the lower values of Tr considered in this
study.

The K-ratios (defined as the ratio of applied Ky to the frac-
ture toughness Ky, at temperature T) computed for semi-
circular flaws (aspect ratio = 2) have a maximum at the
intersection of the flaw with the inner surface for all tran-
sients used to generate Figs. 3.6-3.8. However, for flaws
with aspect ratios of 6 and 10, the point of maximum
K-ratio moves from the deepest point toward the surface
for increasing values of Tr. This behavior of the point of
maximum K-ratio provides an explanation for the relatively
smooth curves generated for semicircular flaws and for the
abrupt changes in critical flaw depth exhibited by curves
for aspect ratios of 6 and 10.

41

The curves of critical flaw depth in Fig. 3.9 were con-
structed from Figs. 3.6-3.8 by selecting, for a given pres-
sure and final coolant temperature, the minimum value of
critical flaw depth computed for the four aspect ratios. The
FAVOR analyses were repeated using Models IT through
IV from Table 3.2 to generate the results depicted in

Figs. 3.10-3.12, corresponding to internal pressures p = 0,
6.9, and 13.8 MPa, respectively. Thus, the curves for
Models II through IV also represent minimum values of
critical flaw depth computed for the four aspect ratios. For
the case p =0, Fig. 3.10 shows the increase in critical flaw
depth that follows when the assumptions from Table 3.2
concerning clad fracture toughness and yield stress are
applied separately (i.e., Models II and IIT, respectively)
and then in combination (i.e., Model IV). Also, Fig. 3.10
includes, for comparison, the critical flaw depth curve
taken from Fig. 3.8 that corresponds to the base case of
Model I and p = 0. Analogous results for constant internal

NUREG/CR-4219, Vol. 12, No. 1
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pressures p = 6.9 and 13.8 MPa are given in Figs. 3.11 and
3.12, respectively. The results for Model IIT imply that the
clad yielding assumption has a somewhat limited effect on
the critical flaw depth curves for the range of pressures and
final coolant temperatures considered in this study. Further-
more, effects of the cladding toughness assumption (see
Model II) on critical flaw depth are more pronounced for
lower pressures and for less severe thermal transients (i.e.,
higher values of final coolant temperature).

Results from the deterministic analyses showed that critical
flaw depth and shape are strongly dependent on the severity
of the thermal-shock transient. The 2-D flaws provided the
minimum values of critical flaw depth for the more severe
thermal transients (i.e., lower values of Tg considered
herein). With increasing T¢ (i.e., less severe thermal
transients), a point is reached beyond which the results for
semicircnlar flaws (aspect ratio = 2) provide the minimum
critical flaw depth. When initiations are precluded in the
cladding layer, predicted increases in critical flaw depth
were more pronounced for lower pressures and for Iess
severe thermal transients. The clad yielding assumption had
less influence on critical flaw depth curves than the tough-
ness assumption for the range of pressures and final coolant
temperatures considered in this study.

3.23.4 Probabilistic Analyses

Changes in the conditional probability of initiation associ-
ated with changes in selected elements of clad RPV models
for a set of PTS transients will be described in the next
reporting period. These analyses will be performed using
the PFM option incorporated into the FAVOR code.

3.3 Determination of Residual Stresses
in Full-Thickness Clad Beams
(. A. Keeney) :

Welding can cause high tensile residual stresses during the
fabrication of vessels from plates due to the temperature
gradients produced during the process.3! These stresses
cause additional crack-tip loading that may be significant,
especially for shallow cracks, and can be as high as the
yield stress of the material. Because residual stresses can
affect the performance of welded structures, and ultimately
structural integrity assessments, it is important to under-
stand the magnitude and distribution of residual stresses
due to welding.

The HSST Program has been testing full-thickness clad
beam specimens to quantify fracture toughness for shallow
cracks in material for which metallurgical conditions are
prototypic of those found in RPVs.21 The beam specimens

NUREG/CR-4219, Vol. 12, No. 1

were fabricated from the SNUPPS shell segment that was
available from a canceled pressurized-water reactor plant
(the plant was canceled during construction, and the vessel
was never in service). Based on standard procedures, the
vessel underwent a postweld heat treatment at ~620°C
(1150°F) after the cladding layer was applied. The
SNUPPS material is A 533 B with a stainless steel clad
overlay on the inner surface. The shell segment includes
two circumferential welds and one longitudinal weld. The
welds are submerged-arc welds with A 533 B class 1 filler
metal. The plate material, clad overlay, and weldment are
completely prototypic of a production-quality RPV. This
section describes an analytical study that was carried out to
estimate the residual stresses in the full-thickness clad
beam specimens.

3.3.1 Details of Test Specimen

The full-thickness clad beam specimens were fabricated
from the SNUPPS shell segment that has a nominal inner
radius of 2210 mm (87 in.) and a thickness of 232 mm
(9.125 in.). Because the initial series of three specimens
was intended to investigate the fracture behavior of the
longitudinal weld material, the test beams were cut in the
circumferential direction of the shell. A longitudinal
master blank with a length sufficient to fabricate three
test beams was first flame-cut from the shell. The three
required blanks were then saw-cut from the master blank
and machined to final dimensions incorporating handling,
load contact, and flaw details. A sketch of the specimen
geometry is shown in Fig. 3.13.

The specimen was designed to be tested in three-point
bending with a load span (S) of 1219.2 mm (48 in.). Flat,
parallel load-contact points were machined on the top and
bottom surfaces of the beam (see Fig. 3.13) to remove sur-
face irregularities and to ensure uniform load application
across the width of the beam. The flaw was machined in
the beam using the wire electro-discharge machining
(EDM) process and extended from the shell inner surface,
that is, the clad surface, to predetermined depths into the
beam. In the initial test series, one deep-flaw specimen
(CB-1.1) and two shallow-flaw specimens (CB-1.2 and
-1.3) were produced. Measurements of the EDM notch
width were made with feeler gages prior to fatigue pre-
cracking and are listed in Table 3.3. The final dimensions
for each clad beam specimen are shown in Table 3.4. Note
that the flaw in each beam was machined to a different
depth.

The transition temperature and tensile data were used to
develop a consistent set of material properties, listed in
Table 3.5, needed for the clad beam test data evaluation
and the finite-element analyses. The full-thickness clad
beam testing program is described in detail in Ref. 21.
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Figure 3.13 Sketch of full-thickness clad beam specimen

Table 3.3 EDM notch width measurements of full-

Table 3.4 Parameters defining specimen geometry of

thickness clad beam specimens full-thickness clad beam specimens
Distance ] ] CB-1.1¢ CB-12 CB-1.3
from inner EDM noteh width [mm ()] Load span (S), 12192 12192 12192
R R A R span , INIM
[ ;‘:;fz‘i;“)] CB-1.1¢ CB-12 CB-1.3% Thickness (B), mm 2302 2302 2296
. Width, (W), mm 2257 243 2243
0.000(0.0) 0.546 (0.0215) 0.033 (0.013) 0.033(0.013)  Crack depth before 1143 76 203
3.800 (0.15) 0.030 (0.012) fatigue precracking, mm
Crack depth, mm 1175 108 237
7.600 (0.30) 0.028 (0.011) Rafio, 4% 050 005 040
10.20 (0.40) 00300012 e
20.30 (0.80) 0.028 (0.011)

38.10 (1.50) 0.470 (0.0185)
63.50 (2.50) 0.445 (0.0175)
88.90 (3.50) 0.406 (0.0160)
114.3 (4.50) 0.406 (0.0160)

SAverage of front and back side measurements.
bCenter measurements.

3.3.2 Finite-Element Model

The 2-D plane-strain TE analyses were performed on

the clad beam specimen depicted in Fig. 3.13 using the
ABAQUS32 finite-element program. A one-half section of
the complete clad beam specimen illustrated in Fig. 3.13 is

45

represented in the 2-D finite-element model of Fig. 3.14.
The model of the clad beam specimen with 2/W = 0.05 in
Fig. 3.14 incorporates the curvature of the plate and the flat
cut-out where the specimen is supported during loading.
The model consists of 3712 nodes and 1155 eight-node
isoparametric elements. The crack depth for each model is
listed in Table 3.4 (prior to fatigue precracking). Material
properties used for the analyses of the clad beam specimens
were taken from Table 3.5 and from the multilinear true
stress vs true plastic-strain curves given in Fig. 3.15.

The adequacy of using an elastic plane-strain model
in the study was investigated by performing TE and

NUREG/CR-4219, Vol. 12, No. 1
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Table 3.5 Clad beam material properties

Base metal Weld metal Cladding

Modulus of elasticity (E), MPa 200,000 200,000 152,000
Poisson’s ratio (V) 0.3 0.3 0.3
Density (p), kg/m3 7861 7861 8027
Coefficient of thermal expansion (), °C  145x105 145x105 1.64x10°3
Yield stress (o), MPa (ksi) 440 (64) 599 (87) 367 (53)
Ultimate stress (Gy), MPa (ksi) 660 (96) 704 (102) 659 (96)
RTnNDT, °C -23
NDT, °C -50
ORNL-DWG 94-3085 ETD
CRACK
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Figure 3.14 (a) Finite-element mesh of clad beam specimen with a/W = 0.05, (§) crack-plane region, and (c) crack-tip
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Figure 3.15 Material representation for clad beam

thermoelastic-plastic (TEP) 3-D analyses of a clad beam
model without a notch. The results indicate the following:

1. 3-D analyses gave the same principal stress values using
TE or TEP material models for analyses having a small
or large AT [initial temperature set to 0°C (small AT) or
the “stress-free” temperature (large AT)];

2. 2-D TE plane-strain analysis gave approximately the
same in-plane stress value at the inner surface (~3%
higher) as that from the 3-D TE analysis;

3. 2-D TEP plane-strain analysis techniques cannot be
utilized if there is a large AT because it produces a
large, physically unrealistic, out-of-plane stress compo-
nent (0zz) and lowers the stress of interest (Cyy) due
to plasticity.

It was determined that the 2-D TE plane-strain model
would be appropriate for this study.

3.3.3 Residual Stress Calculations

Residual stresses are generally tensile on the inside and
outside surfaces of a vessel and compressive in the mid-
wall. The stress profile is a self-equilibrating type and
closely approximates a cosinusoidal shape through the ves-
sel wall.33 Figure 3.16, taken from Ref. 34, is an example
of the approximate cosinusoidal shape of the residual
stresses in an unclad welded plate. The plate material is

A 533 B steel with a K bevel weld-groove geometry and

thickness B = 45 mm (1.7 in.). The peak residual stress in
Fig. 3.16 is ~62 MPa (9 ksi), which is similar to residual
stress values [55 MPa (8 ksi)] from measurements by
Combustion Engineering33 for RPV geometries.

In the case of a single material with homogeneous proper-
ties, the postweld heat treatment of an RPV would gener-
ally relieve residual stresses. However, because of the dif-
ference in coefficients of expansion between the cladding
and the base material, a residual stress pattern remains due
to the cooling from the heat treatment temperature to room
temperature. In an experimental study33 to determine resid-
ual stresses in a bimaterial plate, a plate with cladding on
both sides was stress relief annealed at 538°C and allowed
to cool uniformly to room temperature. It was determined
that the stresses in the cladding are tensile, while the
stresses in the base material are compressive. In Fig. 3.17,
the stresses are tensile in the cladding and increase in mag-
nitude to a peak value of 379 MPa (55 ksi) at the weld
fusion line, where the stresses become compressive in the
base material. Another aspect of the study3> was to deter-
mine the residual stresses in a 32-mm-thick specimen
(cladding on one side) cut from the clad plate. Figure 3.18
shows that the stress distribution is similar to the left side
of Fig. 3.17 for the full uncut plate, but the stresses for the
32-mm-thick specimen are much lower [peak stress value
of 241 MPa (35 ksi)] than those for the full plate. In that
case, stresses in the specimen were allowed to relax when
the restraining effects of the plate were removed. Also
shown in Fig. 3.18 are the base material stresses becoming

NUREG/CR-4219, Vol. 12, No. 1
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Figure 3.16 Comparison of transverse and longitudinal through-thickness residual stress distributions at back of

K weld (Source: Ref. 39)

tensile at the outside surface. In both the specimens, the
transverse and Iongitudinal stress distributions were essen-
tially identical, because the width and length dimensions of
the block are at least as large as the thickness dimension.

3.3.3.1 Thermal Gradient Method

The residual stresses were generated in the 2-D clad beam
model by applying a fictitious temperature distribution
through the thickness (B) of the beam in the form of a
cosine function, shown in Fig. 3.19. The cosine function
has the following form:

T="Tamp- cosp- (x/B)] [p- (x/B)]<2x ,
and 3.2
T=-Tympy [p-(*/B)]>2z ,

where T is the beam temperature, Tamp is the prescribed
(temperature) amplitude of the cosine curve, p is a parame-
ter that sets the period of the cosine function, and x is the
distance through the beam. The initial (“stress-free™”) tem-
perature was set to an arbitrary value of 0°C. The opening
displacements of the notch slot were compared to the mea-
sured slot width (SW) values from Table 3.3 after the
values were normalized [SWy = (SW - SWy)/2, where
SWj, is the normalized slot width, SWyq is the slot width

at the deepest point, and the value is divided by 2 for com-
parison with the 2-D model]l. Good agreement was obtained

NUREG/CR-4219, Vol. 12, No. 1

between the measured and calculated displacements
(shown in Fig. 3.20) for the deep notch and fair agreement
for the two shallower notches, when the cosine function
period (p) is set to 0.7375 and the amplitude (maximum
temperature) to 14.76, 45.0, and 17.25°C for CB-1.1, -1.2,
and -1.3, respectively. The period of the cosine function is
less than B (not symmetric across the beam) because the
beam material is not homogeneous.

‘When the same amplitude used in the analysis of CB-1.1
(14.76°C) was used in the analysis of CB-1.2 and -1.3, the
opening displacement at the notch mouth was under-
predicted by 200 and 15%, respectively. The percent error
between the measured and calculated displacements
increased as the notch depth decreased. The EDM notch
width for CB-1.1 was measured with calipers and feeler
gages at several locations along the notch and showed good
agreement between the two methods of measurement. The
notch widths for CB-1.2 and -1.3 were measured with
feeler gages at three locations. The shallower the notch
depth, the smaller the amount of deformation at the notch
surface. At the lower limit of precision for the instruments
(fecler gages) and with the procedures used to measure the
notch width, the probable error increases as notch depth
decreases, and the reliability of the measurements therefore
decreases. The opening-mode (transverse) stresses, shown
in Fig. 3.21, have peak values at the weld fusion line of

74, 239, and 86 MPa (11, 35, and 12 ksi) for CB-1.1,

-1.2, and -1.3, respectively. The shapes of the stress
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Figure 3.19 Temperature distribution through wall for clad beam specimens
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Figure 320 Notch-opening displacement for clad beam specimens
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Figure 3.21 Comparison of opening-mode stress distributions for clad beam specimens calculated by thermal

gradient method (TGM)

distributions compare well with what was observed in pre-
vious studies.34:35 The peak stress values are below the
yield stress values for the materials. The peak stress values
for CB-1.1 and -1.3 compare well with the values reported
in Refs. 33 and 34.

33.3.2 Fixed Displacement Method

Another method used in this study to determine the residual
stresses in the clad beams is to apply fixed displacement
boundary conditions (the measured notch openings) to the
notch faces in the finite-element models and use elastic
analysis techniques. A comparison of the opening-mode
stress distributions for CB-1.1 using both methods [thermal
gradient method (TGM) and fixed displacement method
(FDM)] is shown in Fig. 3.22. The stresses calculated in
the analyses using the FDM were reversed in sign so the
comparison could be made (tension at the inner surface).
There appears to be a good comparison between the two
methods, except the FDM does not show a stress peak at
the weld fusion line (no thermal effects). The peak stress
values using the TGM and FDM are 74 and 87 MPa (11
and 13 ksi), respectively. The stress values are obtained at
quarter-beam when the TGM is used, whereas the stress
values using the FDM are taken from the notch plane (inner
surface to the notch tip).

The FDM was also utilized in analyzing CB-1.3 (the
CB-1.3 notch width measurements are thought to be more
accurate than the measurements for CB-1.2). As a compari-
son, two analyses were performed: (1) linear notch opening
(from measured data) and (2) curved notch opening (as cal-
culated by ABAQUS using the TGM for CB-1.3). A com-
parison of the opening-mode stress distributions for CB-1.3
using the TGM and the FDM (linear and curved notch
opening) are shown in Fig. 3.23. The peak stress values
using the TGM, FDM (linear notch opening), and FDM
(curved notch opening) are 86, 138, and 90 MPa (12, 20,
and 13 ksi), respectively. And as a check to both methods,
there is good agreement between the TGM and the FDM
(curved notch opening). The two analyses using the FDM
indicate that a small change in notch-opening shape results
in a large change in the peak stress value at the inner sur-
face, which highlights the importance of accurate notch-

. opening measurements for the shallow flaws.

3.3.3.3 Residual Stress Contributions

The measured slot openings in the clad beam specimens
were the result of relaxing residual stresses from (1) clad-
base material differential thermal expansion (DTE) and
(2) residual stresses generated by the structural welding
process that were not completely relaxed by the postweld

NUREG/CR-4219, Vol. 12, No. 1




Evaluation

. (_DRNL-DWG 95-3834 ETD
Distance From Clad Surface (in.)
0.00 2.00 4.00 6.00 8.00
100 1 L L A N B A
412
75 ]
50 18
;_a? 25 14
i )
\2/ 0 0 <
ES - x
© o5F 1.4 ©
-50 [ ._: -8
s —e—CB-1.1 (TGM) 7
sE —5—CB-1.1 (FDM) 1 12
_100 TR SR T T T SRS ST SN N ST ST SHA S RN RV R T N P :
0.00 5.00 10.00 15.00 20.00 25.00

Distance From Clad Surface (cm)
Figure 3.22 Comparison of opening-mode stress distributions for CB-1.1, calculated by TGM and FDM methods
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heat treatment. A method used to estimate the effects of the
welding process alone (item 2) was to cool the clad beam
specimen uniformly from an assumed stress-free tempera-
ture of 315.6°C to room temperature (22°C). The opening
displacement of the notch from the cooldown is due to the
DTE of the two materials, The difference between the slot
displacement from the cooldown and the total displacement
is the contribution from the welding process. This method
was utilized for CB-1.1 and -1.3 and resulted in the weld-
ing process contributing to 69 and 34% of the measured
slot displacements, respectively.

Good agreement was obtained between the measured and
calculated displacements for the deepest notch and fair
agreement for the two shallow notches using the TGM.
The period of the cosine function used in these calculations
is less than B (not symmetric across the beam) because the
beam material is not homogeneous (clad, weld, and base
material). The percent error between the measured and cal-
culated displacements increased as the notch depth
decreased when the same cosine amplitude was used. At
the lower limit of precision for the instruments (shallow
notch widths), the measurement error increases and the
reliability of the measurements decreases. Accurate notch-
opening measurements are important because a small
change in notch-opening shape results in a large change in
the peak stress value. A method used to estimate the effects
of the welding process alone on the amount of slot dis-
placement resulted in a contribution of 69 and 34% of

the measured slot displacements for CB-1.1 and -1.3,

respectively.

There appears to be a good comparison between the calcu-
lated residual stress values using the TGM and the FDM
for CB-1.1, except that the FDM does not show a stress
peak at the weld fusion line (no thermal effects). The peak
stress values using the TGM and FDM are 74 and 87 MPa
(11 and 13 ksi), respectively. The residual stress values
may be larger in the RPV shell segment from which the
clad beam specimens were fabricated. A previous study3>
showed that the stress level in the specimen cut from the
plate is lower than that in the plate prior to cutting (57%
decrease in the peak stress value). In that case, stresses in
the specimen were allowed to relax when the restraining
effects of the plate were removed.

3.4 Full-Thickness Clad Beam Testing
and Analysis (B. R. Bass, J. A. Keeney,
and W. J. McAfee, ORNL; R. J. Fields and
R. deWit, NIST)

Detailed finite-element analyses were performed at ORNL
on the test data obtained from the fourth full-thickness clad

Evaluation

beam specimen (CB-1.4). The CB-1.4 specimen was tested
at the National Institute of Standards and Technology
(NIST), Gaithersburg, Maryland, during August 1994,

3.4.1 Clad Beam Model

The 2-D finite-element model of the clad beam specimen
(see Fig. 3.13) employed in these analyses is essentially the
same as the model depicted Fig. 3.14. The model of the
clad beam with a/W = 0.05 incorporates the curvature of
the plate and the flat cut-out where the specimen is sup-
ported during loading. The model has a highly refined
mesh in the crack-tip region [see Fig. 3.14(c)] to provide
resolution of stress fields over the normalized distance

2 <rop/J £ 10 in front of the crack; r is the distance from
the crack tip, and o is the yield stress. Collapsed-prism
elements arranged in a focused fan configuration at the
crack tip are used to produce a 1/r strain singularity appro-
priate for inelastic analysis. Reduced integration (fewer
sampling points) was used for all the elements except for
the inner ring of elements at the crack tip in the shallow-
crack models. The use of full integration for the innermost
ring of elements helps in the convergence of the model at
high loads.

Material properties used for posttest analyses of the clad
beam specimen were taken from Table 3.5 and from the
multilinear true stress vs true plastic-strain curves given in
Fig. 3.15. The plane-strain analyses were carried out using
an incremental elastic-plastic constitutive model and small-
strain theory. Local crack-tip fields obtained from these
analyses are used in the application of stress-based con-
straint characterization models.

3.4.2 Analysis Results

Results from the posttest analyses of test CB-1.4 are sum-
marized in Figs. 3.24-3.29. Comparison of the measured
and calculated P vs displacement responses provides a way
to interpret the accuracy of the analysis results and to
establish confidence in the calculated fracture-mechanics
parameters. The calculated P vs LLD curves are compared
with measured data from the test in Fig. 3.24. For com-
parison, results for tests CB-1.1, -1.2, and -1.3 are also
included in Fig. 3.24. For the shallow-crack specimens,
calculated LLD values at a given load were greater than
measured values for the full range of loading. In contrast,
comparisons of calculated and measured P vs CMOD in
Fig. 3.25 show good agreement. The difficulties in analyti-
cally modeling the measured responses of P vs LLD and P
vs CMOD simultaneously have been described in Ref. 21.
For the analyses presented herein, emphasis was placed on
modeling the P vs CMOD response accurately for use in
determining fracture toughness.

NUREG/CR-4219, Vol. 12, No. 1
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Figure 324 Comparison of calculated and measured LLD for full-thickness clad beam specimens
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Figure 3.25 Comparison of calculated and measured CMODs for full-thickness clad beam specimens
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3.4.3 Toughness Estimation Techniques

For the clad beam tests, fracture toughness is estimated in
terms of the critical J-integral and then converted into an
elastic-plastic SIF, Kjc. The two techniques used to deter-
mine the critical J are based on the “work” at the crack tip
as measured by the area under the load-displacement (LLD
or CMOD) curves. The methods require an n-factor, which
relates work at the crack tip to the plastic portion of the
crack-driving force. The first method of estimating J uses
the P vs LLD test record as input for the toughness esti-
mate. The J-integral is divided into elastic and plastic terms
given by

J=Jel+Jpl s

33)

Evaluation
where
¢
_ TlplUpl
T R

, 34)

and Up, is the plastic component of the area under the P vs
LLD curve, B is specimen thickness, b is the remaining lig-
ament (W-a), and nf;l is the dimensionless constant relat-
ing the area term SU pl) to Jp}. Finite-element analysis pro-
vides values of 1 ; as a function of U, for each loading
and specimen con.%guration. Analysis is also required to
determine the relationship between J¢) and P. The Up)
value from the measured P vs LLD curve and the corre-
sponding value of nll for the CB-1.4 test at cleavage ini-
tiation are included in Table 3.6. The second technique for
determining the critical J-integral uses the plastic compo-
nent of the area under the P vs CMOD curve (Apl) to

Table 3.6 Summary of results from the full-thickness clad

beam testing program
CB-1.1 CB-12 CB-1.3 CB-14
a/'W 0.50 0.05 0.10 0.10
Temperature, °C -255+10 -250+x10 25010 -253%10
Stroke rate, mm/min  2.49 8.38 6.89 3.755
Time to failure, s 230 366 440 309
Failure conditions
P, kN 1232.5 5002.3 5,060 3,114
LLD, mm 3.236 5.767 8.083 2.825
CMOD, mm 1.485 0.567 1.718 0.318
Upl, kN-mm 135 6,427 16,879 93
Ap, KN-mm 88 1,473 5,486 79
n-factors
V) 1.37 0.79 1.05 1.69
";l 2.26 4.16 408 2.82
Fracture toughness
Elastic component
JTe1, kN/m 131.3 110.6 230.5 73.52
Ky, MPaym 173.0 154.5 223.1 126.0
P vs CMOD
Jp1, KN/m 8.1 124.7 486.0 4.69
Total J, KN/m 139.4 2353 716.5 7821
Kjyc, MPavm 173.5 2254 393.3 130.0
PvsLLD
Jp1, KN/m 74 103.8 384.8 3.31
Total J, kN/m 138.7 2144 615.3 76.83
Kjc, MPavm 173.1 2152 364.5 128.8
57 NUREG/CR-4219, Vol. 12, No. 1
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calculate Jp). The values of Ap (from the measured P vs
CMOD data) and 7 for the test at initiation are also
listed in Table 3.6.

In Fig. 3.26, values of J calculated for CB-1.4 from the two
7-factor techniques are compared to J determined from
finite-clement analyses. These results showed good agree-
ment among the three methods of calculating J.

3.4.4 Constraint Analyses

The J-Q methodology36 was used to assess crack-tip stress
triaxiality in the clad beam specimens. In these analyses,
results for the deep-crack specimen (CB-1.1) ata J value of
43.63 kKN/m [Jo= 139.4 kN/m (in Table 3.6)] are employed
as an approximation to the SSY reference solution. Earlier
analyses have shown that Q = 0 for the deep-crack speci-
mens under these loading conditions. The opening-mode
stresses ahead of the crack tip for the CB-1.4 specimen,
shown in Fig. 3.27, exhibit an essentially uniform deviation
from the SSY solution over adistance of 2< T £10 (e,
spatially uniform). From Fig. 3.27, the clad beam specimen
has a Q value of about —0.36 at failure (for T = 2). This
moderate loss of constraint in the CB-1.4 specimen is due
primarily to the relatively lower failure load observed in
the test.

3.4.5 Fracture-Toughness Scaling Model

The Dodds-Anderson (or D-A) scaling model37 analyzes
constraint conditions by utilizing the area (or volume for
3-D geometries) within principal stress contours to corre-
late toughness values from finite-body geometries with
SSY conditions. The SSY state is then considered to yield
fracture toughness results independent of specimen size or
loading mode and is comparable to a specimen of infinite
size. The scaling model has been successfully applied to
fracture-toughness results exhibiting either a loss of in-
plane constraint (i.e., shallow cracks) or out-of-plane con-
straint (i.e., thickness effects).37 The scaling model as-
sumes that the volume of critically stressed material sur-
rounding the crack tip is the same in different specimens
with different constraint conditions. As a result, the SSY
critical fracture toughness can be determined in a high-
constraint geometry and then applied to a low-constraint
geometry or vice versa.

The D-A scaling model was used to investigate in-plane
constraint loss in the clad beam test specimen. Application
of the model was based on information available in the
Titerature33 that obviates additional crack-tip analysis.
Fracture toughness data from the HSST clad beam and
shallow-crack?2 programs are shown in Fig. 3.28 as a func-

NUREG/CR-4219, Vol. 12, No. 1

tion of normalized temperature (T — NDT). A lower-bound
curve to the uniaxial shallow-crack data is drawn as a
straight line. Figure 3.28 indicates an increase in toughness
and data scatter with decreased constraint.

The following criterion developed by Dodds and
Anderson37 determines dimensions in deep-crack
(a/W =0.5) specimens necessary for SSY:

a,b, B >200JJof . (3.5)

In Eq. (3.5), a is the crack depth, b is the remaining liga-
ment, B is the specimen thickness, J is the cleavage
J-integral toughness, and o is the flow stress of the mate-
rial. Specimeas not meeting the criterion are expected to
exhibit a toughness increase due to the loss of constraint.
The ratio acgJ determined for each clad beam specimen is
listed in Table 3.7. As expected, the ratio exceeds 200 for
the deep-crack specimen and is considerably less than 200
for the shallow-crack specimens.

Table 3.7 Results of scaling model applied

to clad beam data
HSST

Kje acy  Jpp/ Ko
oad amm apam) Yo Jo  (MPam)
CB-1 1175 174 499  1.04 170
CB-2 10.84 225 27 312 128
CB-3 23.69 393 20 435 189

CB4 2257 130 171 118 120

Using the D-A analysis results, Wallin38 has quantified in-
plane constraint loss by the following equation:

To =JFB/{1+[A.JFB/(a.co)]B} . (66

where

A = 38.1 .In(N/3.14), 5N <50,

B = 127+ N/104.0, 5 <N <50,
Jo = SSY orreference value of J,
Jgp = value of J in the finite-body geometry,

N = hardening exponent.

It is recommended in Ref, 37 that the scaling model not be
used in situations in which Jrp/Jo > 4. The SSY value (Jo)
was computed from Eq. (3.6) for each clad beam specimen
using N = 10, and the results are listed in Table 3.7 as
JEBflo and K. The K, results for the HSST clad beam and
shallow-crack SENB programs are shown in Fig. 329 asa

T3 T T ST e e



function of T ~ NDT. The K, results show no toughness
increase associated with the shallow-crack specimens. The
K, values evaluated for specimens that exhibited Jrp/Jo >
4 do not represent the SSY toughness value and were not
included in Fig. 3.29. The scaling model appears to be
effective in adjusting the HSST test data to account for
in-plane loss of constraint.

3.5 Drop-Weight Testing of SNUPPS
Shell Material

Drop-weight testing was performed on base metal from the
SNUPPS shell to determine NDT and, thus, set test condi-
tions for the first base-metal full-thickness clad beam speci-
men (CB-2.1) being tested at NIST. Eight specimens were
machined from a slab 280 x 230 x25 mm (11 x 9 x 11in.).
The 280-mm length was oriented in the circumferential
direction with respect to the vessel, with the 230- and
25-mm dimensions in the axial and thickness directions,
respectively. The closest surface of the slab on which the
crack-starter bead was placed was about 13 mm (0.5 in.)
from the inside clad surface of the vessel. The flaw would
tend to run in the L-T direction on the surface of the drop
weight specimen. The latter surface on the specimen could
be at a distance of 0.3 to 0.6 in. from the interface between
the cladding and base. Thus, the surface could be in or very
close to the HAZ of the clad layer. The location of the slab
(and resulting drop-weight specimens) was selected to pro-
vide information on material at approximately the same
depth in the beam as the flaws being tested. In addition, the
specimens could be taken from a region with a high tough-
ness gradient. Because this material has not been fully
characterized, it was necessary to use some judgment on
the starting test conditions for the drop-weight specimens.
To provide guidance, a Rockwell-B hardness (HRB) tra-
verse was performed on the shell base metal region of a
segment of a ring forging-to-shell circumferential weld that
was available, No gradient in hardness was apparent, with
an average HRB of 89 to 90. The drop-weéight NDT was
determined to be ~34.4°C (-30°F).

3.6 Fabrication of Clad Cruciform Test
Specimens

Clad cruciform specimens will be fabricated from clad-
weld-plate SNUPPS material taken from broken halves of
uniaxial beams and from the remaining portion of the
SNUPPS wall section at ORNL. Characterization data from
the clad beam specimens revealed that the yield stress for
the weld material at -25°C (i.e., 599 MPa) is 36% higher
than that of the plate material. At room temperature, the
yield stress for the weld material is 565 MPa (82 ksi). The
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yield stress properties of the weld material as a function of
temperature can be represented by the relation

co(MPa) = 390 + 51,650/(T + 273) , 3.7
where T is the temperature in degrees Celsius. Original
plans called for the clad cruciform specimens to be heat-
treated to simulate appropriate properties (mechanical and
fracture toughness) for the plate material near NDT. How-
ever, fabrication plans for the clad cruciforms bave been
altered to take advantage of these high yield-stress proper-
ties of the weld material. A section of the cruciform speci-
men containing the shallow flaw will be fabricated from
weld material and tested in the “as-received” condition,
that is, without any additional heat treatment of the test
section. It is anticipated that satisfactory mechanical and
toughness properties for the test material can be realized by
an appropriate choice of the temperature for testing of the
cruciform specimen.

3.7 Participation in Phase II of
CSNI/FAG Project FALSIRE

[B. R. Bass, ORNL,; and C. W. Schwartz,
University of Maryland (UM)]

The HSST Program participated in Phase I of the
FALSIRE Project by providing analytical solutions for
three reference experiments used in the project. Project
FALSIRE is sponsored by the Fracture Assessment Group
(FAG) of the Committee on the Safety of Nuclear Installa-
tions (CSNI) Principal Working Group No. 3 (PWG-3). On
behalf of the CSNI/FAG, ORNL and the Gesellschaft fur
Anlagen-und Reaktorsicherheit (GRS), Koln, Germany,
have responsibility for organizational arrangements related
to Project FALSIRE. (The chairman of the CSNI/FAG is
H. Schulz of GRS.) The CSNI/FAG was formed to evaluate
fracture prediction capabilities currently used in safety
assessments of nuclear components. Members are from
1aboratories and research organizations in Western Europe,
Japan, and the United States. The CSNI/FAG completed
Phase I of FALSIRE, which assessed various fracture
methodologies through interpretive analyses of selected
large-scale fracture experiments.3® The six experiments,
performed in Germany, Japan, United Kingdom, and the
United States, were designed to examine various aspects of
ductile crack growth in RPV steels under PTS loading.

3.7.1 Organization of FALSIRE I

It was proposed in Ref. 39 that a follow-on Phase I pro-
gram (FALSIRE IT) emphasize experiments that focus
on behavior in the transition temperature region of
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relatively shallow cracks subjected to combined thermal
and mechanical loading. Investigations of crack extension
in connection with clad surfaces should also be included.
The action plan developed for FALSIRE II is summarized
in Table 3.8. In September 1993, the Organizing Commit-
tee (OC) of the CSNIFAG completed the preparation of
comprehensive problem statements for a set of experiments
proposed by testing organizations in France, Germany,
Russia/Finland, United Kingdom, and the United States.
The primary focus of the experiments (see Table 3.9) was
on the behavior of relatively shallow cracks under PTS
loading in the transition temperature region; effects of
biaxial loading and effects of cladding on cleavage fracture
were studied separately in two sets of experiments. The
OC began distribution of these problem statements in
November 1993 to analysts who had previously indicated
a willingness to participate in FALSIRE 11

Table 3.8 Schedule of events for Phase I CSNI/FAG
Project FALSIRE

Table 3.9 Large-scale reference fracture experiments

November 1993  OC distributes problem statements and
participant response form

Participants submit response forms to
0.6

OC distributes 1-page reminder concern-
ing submission of structural analysis
results from participants

Participants submit summaries of struc-
tural analysis results to OC

OC meets to review (1) progress in
Phase IT and (2) structural analysis
results submitted by participants

Participants submit summaries of
fracture-mechanics assessment to OC

OC completes development of evalua-
tion programs FEDIT/FPLOT

OC compiles analysis results submitted
electronically by participating analysts

November 8-10, OC hosts Phase Il FALSIRE Workshop

February 1994

April 1994

May 1994

May 1994

June 1994
August 1994

October 1994

1994 for participating analysts in Atlanta,
Georgia
March 1995 Participants submit additional data and

analysis results to OC (action items)

May 1995 OC meets to review progress in prepa-
’ ration of final report and to discuss
future work of CSNI/FAG
November 1995 OC submits draft final report for
reviews
December 1995 OC completes final report
Spring 1996 OC submits final report to CSNI/PWG-3
Spring 1996 Publication of final reports—ORNL/
NRC (NUREG); GRS/CSNI

NUREG/CR-4219, Vol. 12, No. 1

proposed for FALSIRE II
. o e Testing
£i
Experiment Organization country

Thick cylinder, thermal/ AEA Technology, = United
centrifugal Ioad (SC-4) Risley Kingdom

Thick cylinder, thermal/  Central Research Russia
pressure load (PTS I/6)  Institute of Struc-

tural Mechanics
(Prometey),?

Technical Research  Finland
Center of Finland
(VITY

Clad beam, isothermal/  Electricité de France
uniaxial bend load France (EJF)
(DD2/DSR3)

Thick cylinder, thermal/ MPA, Universitit ~ Germany
pressure/tension load Stuttgart
(NKS-5)

Thick cylinder, thermal/ MPA, Universitit =~ Germany
pressure/tension load Stuttgart
(NKS-5)

Cruciform beam, ORNL United
isothermal/biaxial bend States
load (BB-4)

8Qrganization performing test.

bOrganization performing analysis.

Participants were requested to provide summaries of struc-
tural analysis results to the OC in April 1994. The submit-
ted results were reviewed and assessed by the OC during
scheduled May 1994 working sessions held at GRS. The
primary purpose of this evaluation was to ensure that
proper modeling of structural response was being achieved
by analysts prior to performing fracture assessments of the
reference experiments.

Documentation describing final results from fracture-
mechanics assessments of the reference experiments was
requested from the participants starting at the end of June
1994. Analysts were asked to transmit their results elec-
tronically to GRS, where a special-purpose computer pro-
gram was developed to organize the analyses into a com-
parative data base. This data base also includes selected
portions of the measured data generated in the six reference
experiments. Summaries were generated from the data base
for use in the FALSIRE II Workshop.




The FALSIRE II Workshop was held during November 8-
10, 1994, at the Terrace Garden Hotel in Atlanta, Georgia.
Over 30 participants representing 22 organizations from 12
countries took part in the workshop that focused on analy-
ses of the reference fracture experiments. Final results for
45 analyses of the reference experiments were received by
the OC from the participating analysts.

The OC opened the workshop by providing an overview
of the objectives of the CSNI-FAG, the format used in the
workshop program, and a suammary of recent activities
within FALSIRE II. Comparative summaries prepared
from analyses of the reference experiments performed by
participants were discussed in detail during the workshop.
Also, for each reference experiment, a panel assembled
from the group of participating analysts who contributed
solutions to that experiment provided additional detailed
information concerning the analyses. An extensive list of
preliminary results, conclusions, and action items was
compiled for each experiment as a result of these discus-
sions. These preliminary results and conclusions were
summarized in the official minutes of the workshop by the
OC and sent to participants in mid-December 1994.

3.7.2 HSST Participation in FALSIRE II

The HSST Program provided analytical solutions for four
of the FALSIRE II reference experiments given in
Table 3.9:

+ French clad beam experiments DD2 and DSR3 (J. A.
Keeney, ORNL);

» ORNL biaxial cruciform beam experiment BB-4 (W. J.
McAfee and J. W. Bryson, ORNL);

» AEA Technology spinning cylinder PTS experiment
SC-4 (C. W. Schwartz, UM).

Analysis results for the clad beam experiments DD2 and
DSR3 were reported in Ref. 40 and for the biaxial cruci-
form beam experiment BB-4 in Refs. 25-27. Results pro-
vided by the UM for the SC-4 spinning cylinder experi-
ment are described in the following section.

3.7.3 Analysis of the SC-4 Spinning Cylinder
Experiment (C. W. Schwartz, UM)

This section focuses on the UM analyses of the AEA Tech-
nology Fourth Spinning Cylinder Test (SC-4) as performed
under Phase IT of Project FALSIRE. The following subsec-
tions provide a review of the test configuration, the details
of the analysis model and assumptions, the analysis results
(in the context of similar results for SC-4 from the other
FALSIRE II analysts), and a discussion of the results.
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3.7.3.1 Test Configuration

The Spinning Cylinder Project at AEA Technology, Risley,
focused on the investigation of fracture behavior of thick-
walled test specimens under severe thermal-shock and
simulated pressure loading conditions. A special test rig
was constructed at Risley to produce the appropriate load-
ing conditions. Pressure loading is simulated by rotating
the cylinder about its own axis; the generated hoop stress
distribution resembles that in a large-diameter pressurized
vessel. Specimens can be heated to 350°C and rapidly
cooled on the inside surface using a water spray system.

The SC-4 test was performed on a specimen extracted from
a steel forging having the chemical composition of A 508
Class 3 steel. This material was given a nonstandard heat
treatment to provide suitable mechanical properties for test
purposes. The RTNpT was reported as higher than 100°C.

A schematic of the SC-4 test specimen is depicted in

Fig. 3.30. The specimen contained two semicircular defects
at the inner surface. The defects were oriented in an axial
plane, located halfway along the Iength of the cylinder and
separated circumferentially by 135°. Both defects were
fatigue precracked. Two sizes of defect (40- and 60-mm
radii) were produced to maximize the likelihood of
achieving the test objectives.

Twelve strain gages were positioned on the cylinder at
selected locations. Also, thermocouples were installed to
measure the cylinder temperatmre variations axially, cir-
cumferentially, and through-thickness. Cylinder speed was
measured by an analog tachometer, with backup provided
by electromagnetic and optical digital counters. On-line
monitoring of crack growth was provided by the alternating
current potential drop (ACPD) method developed for use
on the quenched surface of the specimen.

The cylinder was initially thermally stabilized at a mean
temperature of 305°C. The test was conducted at a low
rotational speed of 530 rpm, and the thermal shock was
generated by a 7°C (approximately) water spray cooling of
the inner surface of the preheated cylinder. Crack-tip tem-
peratures at the beginning of the test were consistent with
upper-shelf fracture behavior. As the test progressed, the
crack-tip temperatures at the near surface fell through the
brittle/ductile transition regime.

Data collected during the test provided indications of
crack growth at each end of the 40-mm defect. Subsequent
destructive examination confirmed this result and revealed
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'Figure 3.30 Specimen geometry for SC-4 experiment (Source: Ref. 27)

growth at the ends of the 60-mm defect that had not been
detected using the ACPD method. As indicated in

Fig. 3.31, the fracture surfaces were similar in several
respects. First, the cracks grew in an axial direction, and
no growth from the deepest point of either defect was
observed. Second, the aspect ratios of the arrested cracks
were similar at an ~5:1 length-to-depth ratio. Third, a thin
(2- to 5-mm) ligament of material extended to, or very
close to, the point of intersection of the crack with the inner
surface of the cylinder. The presence of this ligament indi-
cated that the cleavage initiation site was some distance
below the surface. It also explained the failure of the
ACPD method to detect growth of the 60-mm defect,
whicl! had the thicker ligament.

The locations of the cleavage initiation sites were estab-
lished by postmortem examination of the fracture surfaces.
These data have been used with the temperature data and
the results of 3-D, elasto-plastic, finite-clement analyses
performed at Risley to evaluate the toughness under large-
scale conditions. Additional information on these experi-
mental and analytical results is available in Ref. 41.

NUREG/CR-4219, Vol. 12, No. 1

3.7.3.2 Analysis Model

The geometry of the analysis model is based upon the SC4
specimen geometry as given in the FALSIRE II problem
statement. The specimen is a cylinder having an internal
radius of 500 mm, a wall thickness of 200 mm, and an axial
length of 1300 mm. The ends of the cylinder are modeled
as stress-free boundaries without any rotational restraint.

The semicircular defects are located along axial planes on
the inner surface of the cylinder at midheight. Two defects
were tested in the SC-4 specimen, one having a radius of
40 mm and the other a radius of 60 mm. However, these
defects are separated by sufficient distance in the circum-
ferential direction that interactions between the defects are
negligible for modeling purposes. Consequently, each
defect was analyzed separately and independently in the
UM study.

The finite-element mesh for the analysis model geometry is
illustrated in Figs. 3.32 and 3.33. Because each defect was
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Figure 3.31 Comparison of fracture surfaces and ultrasonic profiles for two defects: (@) 60-mm crack depth and

(b) 40-mm crack depth (Source: Ref. 27)

assumed to behave independently of the other and given
the inherent symmetry of the problem, only one half-
quadrant of the upper half of the cylinder was modeled in
the analysis (i.e., 1/16th of the cylinder), and appropriate
symmetry boundary conditions were applied to the cut
faces of the specimen. The mesh consisted of 5780 nodes
and 4608 8-node 3-D solid isoparametric elements
(ABAQUS element type C3D8), producing a total of
16,473 degrees of freedom. Two variations of this mesh
were analyzed, corresponding to the two defect radii of 40
and 60 mm. Element sizes along the crack front were ~8 t0
10% of the crack depth (defect radius) and ~1.5 to 2.5% of
the wall thickness.

Most material properties, including the mass density, ther-
mal expansion coefficient, elastic moduli, and yield stress,
were taken directly from the FALSIRE II problem state-
ment. Temperature dependence of these properties was
included where significant. The measured stress-strain data

63

at various temperatures were fit to a power law Ramberg-

Osgood deformation plasticity constitutive model:
gleq = 6/0o + a(c/o)? . (3.3

Because the analyses were only to be performed up to the

point of maximum J (i.e., no load reversals), the use of a
deformation plasticity constitutive model is appropriate.

- The values for the various material properties used in the

analyses are summarized in Table 3.10. All properties
except mass density were treated as temperature dependent.
Property values were determined at temperatures of 20,
150, and 350°C and linearly interpolated or extrapolated to
other temperatures as necessary.

A thermal analysis of the thermal-shock transient was not
performed as part of the UM study. Instead, the measured
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Table 3.10 Property values used in SC4 analysis The thermal-shock transient was analyzed as a nonlinear
transient thermal stress problem under small displacement
Temperature °C and small strain assumptions: All mass jnerﬁa effects
other than those from the cylinder rotation were neglected.
Property 20 150 350 Conditions at the crack tip were quantified using a
3 domain integral J-integral formulation as implemented in
gt:gn/:; °C 118679 % 106 38377 % 106 Zg% % 106 ABAQUS (Version 5.3-1). Five J-integral contours were
el 'y o . B
E, GPa 211.0 202.4 189.1 evaluated at nodes along the crack fronts.
v 0.28 0.28 0.28 .
GoMPa 5430 532.4 516.1 3733 Analysis Results
Z (1).72’29 }56%8 (1)%7(5)9 Because several other organizations also analyzed the SC4
- - test as part of FALSIRE II, it is more useful and interesting
to present the UM results in the context of those from
the other analysts. Consequently, selected figures pre-
temperature responses recorded by the thermocouples dur- sented in this section are the comparative graphs prepared
ing the test were used as input to the stress analysis. The by J. Sievers of GRS for distribution and use at the
measured temperature records during the test as determined FALSIRE I Workshop in November 1994. In each of
from tabulated data provided in the problem statement are these comparative graphs, the results from the various
summarized in Fig. 3.34. A brief interruption in the cooling analysts are indicated by a legend code; those from the
spray at ~200 s into the experiment caused a momentary UM analyses are designated as “A_14.”
minor temperature rise at the inner surface of the vessel, as
indicated by the records for thermocouples T1-T6 in 3.7.3.3 Outer Surface Mechanical Strains
Fig. 3.34; this small detail in the actual thermal history was
included in the analysis. The centrifugal mechanical load- The predicted outer surface axial strains for the 40-mm
ing from the 530-rpm rotation of the specimen was also defect analysis case are presented in Fig. 3.35 for gage G8
included in the stress analysis, although this makes only a at the specimen midheight. The experimentally measured
small contribution to the peak crack-driving force. strain values have been added to these figures and are
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Figure 3.34 Summary of thermocouple records during SC-4 transient
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Bass et al.¥)

indicated by a solid heavy line. Results for the 60-mm

* defect are essentially the same as those for the 40-mm case,
becanse the defects have negligible influence on the remote
strains on the outer surface of the specimen.

In Fig. 3.35, the predicted outer surface axial strains and
their deviation from the measured values is shown at the
specimen midheight location. In this case, some of the pre-
dicted strains deviate from the measured values by up to
70%. The UM results (A_14) lie at the edge of the range
of predictions.

The predicted, outer surface hoop strains for the 40-mm
defect analysis case are presented in Fig. 3.36 for gage G5
at the specimen midheight. Again, the experimentally mea-
sured strain values have been added to the figure and are
indicated by the solid heavy lines.

The scatter in the predicted outer surface hoop strains at the
specimen midheight location (Fig. 3.36) is also quite small,
but now the deviations of the predictions from the corre-
sponding measured values are considerably larger. The
maximum deviation of the predicted from the measured

*B.R. Basset al., Lockheed Martin Energy Research Corp., Oak Ridge
Natl. Lab., “CSNI Project for Fracture Analyses of Large-Scale Interna-
tional Reference Experiments (FALSIRE II),” USNRC Report NUREG/
CR-6460 (ORNL/TM-13207), to be published.
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strains at 300 s is on the order of 250%. Again, this discrep-
ancy is perplexing because the outer surface axial strain
predictions at this location (Fig. 3.35) were quite good.

In evaluating the results in Figs. 3.35 through 3.36, two
issues must be addressed: the variability among the various
predictions and the deviations of the predictions from the
measured values. The variability among the various predic-
tions is reasonably small, particularly if certain outliers are
eliminated with cause. The variability that remains is likely
due to slight differences in material property values, mesh-
ing details, and strain computation techniques among the
various analyses. The deviations of the predictions from
the measured values are more difficult to explain, how-
ever, and in some cases these deviations are quite large
(Fig. 3.36). All analyses slightly overpredict the outer sur-
face axial strains at the specimen midheight (Fig. 3.35), and
significantly overpredict the outer surface hoop strains at
the specimen midheight (Fig. 3.36).

3.7.3.4 J-Integral Value vs Crack Front Angle

The computed J-integral values vs crack front angle are
summarized in Figs. 3.37 for the 40-mm crack at 4 min
into the thermal shock and in Figs. 3.38 for the 60-mm
crack at 4 min (Note: The UM results—analysis A_14—
were not included in J. Sievers’ original version of these
figures but have been added to the versions included here).
Crack front angle is defined such that 0° corresponds to the
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*B.R.Basset al., Lockheed Martin Energy Research Corp., Oak Ridge Natl. Lab., “CSNI Project for Fracture Analyses of Large-Scale International
Reference Experiments (FALSIRE IT),” USNRC Report NUREG/CR-6460 (ORNL/TM-13207), to be published.
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inner surface of the specimen and 90° corresponds to the
deepest point. Several observations can be made from these
figures: (1) the minimum J values occur at a crack front
angle of 90° (i.e., at the deepest location of the crack);

(2) the maximum J value occurs just beneath the surface of
the specimen at a crack front angle between ~6 to 12°;

(3) the UM results (A_14) generally lie near the upper end
of the prediction scatter band, except for the 60-mm crack
at the deep locations; (4) the scatter in the predictions is
small at the deepest crack front locations; and (5) the scat-
ter in both the magnitude and the precise location of the
near-surface peak J value is quite large among the various
analyses. One hypothesis for the large degree of scatter in
the results for the near-surface location is the sensitivity of
the predictions to slight differences in mesh configuration
and other analysis details in this region where the thermal-
shock gradients are the highest.

An implication of the results shown in Figs. 3.37-3.38 is
that the prediction of crack initiation and advance for shal-
low surface defects under thermal-shock loading may be
problematic. Intuitively, crack initiation and maximum
advance should occur proximate to the near-surface loca-
tion where J is the largest. However, the FALSIRE II pre-
dictions demonstrate the difficulty in predicting J accu-

*B.R. Basset al,, Lockheed Martin Energy Research Corp., Oak Ridge
Natl. Lab., “CSNI Project for Fracture Analyses of Large-Scale Interna-
tional Reference Experiments (FALSIRE II),” USNRC Report NUREG/
CR-6460 (ORNL/TM-13207), to be published.
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rately at this near-surface location. In addition, it is expect-
ed that loss-of-constraint effects will also be greatest at this
near-surface location and that these effects will need to be
included in the fracture evaluation. This loss-of-constraint
issue will be examined in a subsequent section.

3.7.3.5 Kj vs Crack-Tip Temperature

The computed K values vs crack-tip temperature during
the thermal shock event for the near-surface point of the
40-mm crack are summarized in Fig. 3.39. In most of the
analyses, K is obtained from the computed J-integral his-
tories. The crack-tip temperature is obtained from the mea-
sured temperature (or computed temperature, if a thermal
analysis was performed) at the corresponding time value.
As indicated in Fig. 3.39, all analyses predicted broadly
similar K7 vs temperature trajectories, with the trends in
the scatter mirroring those for the J-integral histories (i.e.,
smallest scatter for the deepest crack front location, greater
scatter for the near-surface location). The UM predictions
(A_14) lic at or near the upper bound the scatter bands for
the 40-mm crack in Fig. 3.39.

Figure 3.40 summarizes the computed Ky vs crack-tip tem-
perature histories for the deep and near-surface point of the
60-mm crack. The scatter in the predictions for the 60-mm
crack case are larger than those for the 40-mm crack. The
UM results (A_14) lie at or near the lower bound for the
predictions for the 60-mm crack in Fig. 3.40.
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*B.R. Basset al., Lockheed Martin Energy Research Corp., Oak Ridge Natl. Lab., “CSNI Project for Fracture Analyses of Large-Scale International
Reference Experiments (FALSIRE IT),” USNRC Report NUREG/CR-6460 (ORNL/TM-13207), to be published.
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3.7.3.6 Crack Initiation and Advance

Crack initiation can be evaluated by superimposing the
predicted Ky vs crack-tip temperature histories onto the
material toughness Ky vs temperature plot provided as part
of the FALSIRE II problem statement, The near-surface
region will be critical for this evaluation, because it is in
this region that the predicted Ky values are the highest and
the crack-tip temperatures are the lowest; that is, the crack
tip is the most heavily loaded and the most brittle. Based
upon the UM analysis results, the critical near-surface loca-
tions (i.e., the locations having the highest J values) are at
depths of 4 and 6 mm for the 40- and 60-mm defect cases,

respectively.

Figure 3.41 presents the overlay of the UM-predicted Ky vs
crack-tip temperature history onto the material toughness
curve for the near-surface locations for both the 40- and
60-mm defect cases. Each data point for the predicted Ky vs
crack-tip temperature curve represents the results from a
particular step in the finite-clement analysis, and the corre-
sponding time value for each of these steps is indicated
next to the data point. The measured material tonghness
data exhibit the usual data scatter. As a consequence, the
time, K7y, and temperature values at initiation must be esti-
mated as ranges. These ranges are given in Table 3.11,

Table 3.11 Predicted initiation times, crack-tip

temperatures, and toughnesses
for the SC-4 test
40-mm 60-mm
Crack Crack
Initiation time, s 115-140 120-150
Crack-tip temperature, °C 92-68 102-77
K, MPa/m 135-145  155-165

Data from the ACPD instrumentation i the SC-4 test indi-
cated crack extension for the 40-mm flaw at 4 to 5 min into
the test. The ACPD instrumentation indicated no extension
for the 60-mm flaw, althongh significant crack growth was
discovered during the postmortem fracture surface exami-
nation. The fracture surface evaluation also indicated
cleavage initiation sites at ~6 to 8 mm and 9 to 12 mm deep
in the 40- and 60-mm defect cases, respectively. These ini-
tiation depths are in fair agreement with the predicted criti-
cal values of 4 and 6 mm.

The observed initiation times for the 40-mm defect
disagree with the predictions summarized in Table 3.11.
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Figure 3.41 Predicted stress-intensity factor vs crack-tip temperature trajectory and measured material toughness
for near-surface points of 40- and 60-mm cracks (adapted from FALSIRE I problem statement)
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The analyses predicted crack initiation for the 40-mm
flaw at between 115 and 140 s into the test. These values
are significantly earlier than those observed (at least for
the 40-mm flaw) during the experiment.

3.7.3.7 Discussion

The comparisons of the predictions with the actual mea-
sured response are not as good as hoped. The only mea-
sured response records available for comparison with the
predictions are the strain gage histories. These primarily
provide a record of the gross structural response of the
overall specimen. The predictions are close to the measured
values at some gage locations but far from the measure-
ments at others. This suggests that either some fundamental
modeling error was made by all analysts (because all of the
predictions are in broad agreement) or there was some error
in the instrumentation records.

At the specimen midheight, there are both significant axial
and hoop stresses (the radial stresses remain zero, since the
gage is on the outer surface). However, there appears to be
an unexpected physical relationship between the measured
axial and hoop strains. Consider, for example, the peak
strains at 400 s. The measured axial compressive strain
(Fig. 3.35) is ~0.0007, and the measured hoop compressive
strain (Fig. 3.36) is ~0.0003. If these measured strains are
substituted into Hooke’s law (using the elastic properties in
Table 3.10) and converted to stresses, the corresponding
compressive axial stress is ~134 MPa, and the compressive
hoop stress is ~97 MPa. These stresses contradict physical
intuition in that one would expect the hoop stress in a
thermal-shock experiment to have a higher magnitude than
the axial stress, particularly given that the test cylinder is
open and unrestrained at the ends. Repeating the same cal-
culations using the predicted strain values of 0.00092 for
the axial compression and 0.00066 for the hoop compres-
sion (based on representative results from analysis A_12)
produces an axial compressive stress of ~147 MPaanda
hoop compressive stress of ~173 MPa. These predicted
stress values are more in line with physical expectations.
Again, some questions are raised regarding the accuracy
and internal consistency of the measured strain values.

Alternatively, the discrepancies between the predicted and
measured strains could result from errors in the analyses.
Of course, this explanation would imply that all of the
FALSIRE II analysts made the same errors because their
predictions are all broadly consistent and exhibit similar
variances from the measurements. Incorrect treatment of
the boundary conditions at the ends of the specimen is
always a potential source of modeling errors. However, the
boundary support conditions were considered with some
care by the test designers. The bottom of the specimen
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hangs freely in the spinning cylinder rig, while the top of
the specimen is suspended in a fixture expressly designed
to eliminate any rotational restraint effects. The effective-
ness of this fixture was demonstrated during the early spin-
ning cylinder tests of full-length axial flaws, where no vari-
ations were observed in the crack extension along the flaw
length. Analysis errors might also be attributable to tem-
perature gradients along the length of the test specimen, for
example, maximum cooling at the midheight and reduced
cooling at the specimen ends. All of the analyses assume a
uniform temperature distribution along the length. The
temperature records appear to validate this assumption;
howeyver, a symmetric gradient about the specimen mid-
height would not be detected by the symmetrically located
thermocouple arrays in the SC-4 test.

Only limited comparisons can be made between the pre-
dicted and measured fracture response in the SC4 test.
CMOD was not measured during the test, and J is an
unmeasurable quantity. The time of crack initiation was
observed during the test (at least for the 40-mm defect), as
were the locations of the initiation sites, and these can be
compared to the predictions. Crack advance was also
determined from postmortem examination of the fracture
surface, but the analyses were unable to make any corre-
sponding predictions of crack advance because of limited
material property data.

The ACPD instrumentation indicated an initiation time at
~4 to 5 min into the thermal shock (for the 40-mm defect).
The postmortem fracture surface examination indicated
that the initiation sites were located at depths of 6 to 8 mm
and 9 to 12 mm beneath the inner surface for the 40- and
60-mm defects, respectively. The corresponding predicted
initiation locations of 4 and 6 mm beneath the inner sur-
face (UM analysis A_14) are in fair agreement with these
observations. However, the initiation times of 115t0 150 s
(Table 3.11) are considerably earlier than the observed ini-
tiation times. This difference in turn implies predicted
crack initiation at higher crack-tip temperatures—and thus
higher crack-driving forces—than observed in the test.

One partial explanation for the early predicted initiation is
the neglect of loss-of-constraint effects in the region near
the inner surface of the specimen. Constraint loss will tend
to lower the “effective” crack-driving force, which in tum
will delay the predicted initiation time. If constraint loss is
considered, then it is clear that the predicted Ky values
overlaid on the measured Ky material data in Fig. 341 are
incompatible; the measured Ky values are from highly con-
strained compact tension specimens (i.e., Kj is an approxi-
mation to Kjc), while the predicted Ky values represent
lower constraint values from the actual test specimen.
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Shih’s Q-stress methodology#2 provides one approach for
quantifying the constraint loss near the inner surface of the
test specimen. Unfortunately, the element mesh in the UM
analysis is insufficiently fine for extracting the Q value
from the near-tip stress fields. However, analyses by Dodds
et al.43 for a surface-cracked plate that is broadly similar

to the SC4 flaw conditions can be used to develop an
approximate value for Q for the SC-4 thermal-shock test.
Figure 3.42 from Dodds et al.43 presents the 3-D analysis
results for Q as a function of load level Jjocal/(20,) at vari-
ous locations along a semielliptical crack front for the cases
of uniaxial and biaxial loading. Dodds et al.43 assumed a
power law deformation plasticity material model in their
analyses, with material properties of n = 10, a = 1, E/Gy =
500, and crack geometry properties of a/t = 0.25 (crack
depth ratio) and 2¢/a = 6 (crack aspect ratio). Correspond-
ing values for the SC4 test material and geometry are
n=15, a=0.9, E/lo, =400, 2/t =02 t0 0.3, and 2c/a =2;
these are reasonably similar to the Dodds et al.43 values.
The Jjocal values computed in the UM analysis for the peak
of the SC~4 thermal transient are on the order of 100 to

150 N/mm, which correspond to a Jjgca1/(ac,) value of
roughly 0.005. For this load level at near-surface locations
(i.e., around 3° to 6° along the crack front), Fig. 3.42 indi-
cates that Q ranges between -0.7 to —1.0 for the uniaxial
tension case and between —0.4 and —0.7 for biaxial tension
conditions. The stress conditions at the peak of the SC-4
thermal shock lie somewhere between uniaxial and biaxial
tension, and probably closer to the biaxial case, suggesting
that a Q value range of approximately -0.5 to 0.7 is area-
sonably broad estimate for the SC-4 conditions at the peak
of the thermal transient. This estimated Q value agrees in
broad terms with the values predicted by other FALSIRE II
analysts, as indicated in Fig. 3.43.

Unfortunately, the estimated Q value cannot be used to cor-
rect the prediction of crack initiation times because there
are no test data for quantifying the J-Q material toughness
locus for the SC-4 material. However, the constraint

methodology proposed by Anderson and Dodds*4 can be
employed as an alternative. The Anderson and Dodds
approach relates Jjocal (termed JFinite Body Of JFB in their
terminology) to the highly constrained J, under SSY condi-
tions by equating the areas enclosed within the near-tip crit-
ical principal stress contours. Dodds et al.43 applied this
methodology to their surface cracked plate analyses; the
results from their calculations are presented in Fig. 3.44.

In this figure, the line for J, = JFR represents the case

of no constraint loss; curves below this line correspond to
increasing constraint loss where the “effective” or equiva-
lent J,, for highly constrained conditions is less than the
computed Jgg for the actual specimen.conditions. To apply
Fig. 3.44 to the SC-4 conditions, Jrg/(ac,) is interpreted
as being equal to Jjoca1/(as,) in Shih’s Q-stress method-
ology, that, as discussed previously, has a value of ~0.005
at the peak of the SC-4 response. A value of Jgp/(ac,)
equal to 0.005 for a crack front angle ¢ of 17° (the only
value reported) under biaxial tension corresponds to a
Jo/(ac,) value of ~0.0025 in Fig. 3.44; in other words, the
“effective” J value acting on the crack tip is ~50% lower
than the computed J value as a consequence of constraint
loss.

The Jo/JFR ratio can be converted to Ko/Kpp (i.¢., K1/KD
as follows:

Ko/Kpp = (JoJE)V2 - 39
The Jo/Jgp ratio of 0.5 for the SC-4 peak response corre-
sponds to a Ko/Kgp ratio of ~0.7. Thus, the data in
Fig. 3.44 can be used in a very approximate way to con-
vert the computed Ky values from the UM predictive analy-
ses to equivalent “effective” Kjc values for superposition
onto the material toughness data. The results from these
manipulations are presented in Fig. 3.45. Again, each
analysis data point represents results from a particular time
step during the computations, and these time values are
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Figure 3.42 Evolution of stress triaxiality in surface-cracked plate with increasing local deformation, as measured by
Jiocal/(asg) at different points along crack front (Source: Ref. 43)
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*B. R. Bass et al., Lockheed Martin Energy Research Corp., Oak Ridge Natl. Lab., “CSNI Project for Fracture Analyses of Large-Scale International
Reference Experiments (FALSIRE II),” USNRC Report NUREG/CR-6460 (ORNL/TM-13207), to be published.
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Figure 3.45 Predicted stress-intensity factor vs crack-tip temperature trajectory and measured material toughnesses
for near-surface points of 40- and 60-mm cracks after correction for constraint loss effects (Source:
Adapted from FALSIRE II problem statement)

noted next to each data point. The time, Ky, and tempera-
ture values at initiation must again be estimated as ranges
because of the experimental scatter in the material tough-
ness data; these ranges are given in Table 3.12. The net
effect of the constraint correction is to lower the prediction
curves in Fig. 3.45 as compared to the uncorrected curves
shown previously in Fig. 3.41. The initiation time increases
to between 140 and 200 s for the 40-mm defect, which is
closer to but still short of the observed time 0of 240 to 300 s
(4 to 5 min). Some of the remaining discrepancy may be
due to an underestimate of the constraint loss effect; recall
that the only biaxial tension results available in Fig. 3.44
are for ¢ = 17°, which is deeper and more highly con-
strained than the predicted (and observed) crack initiation
sites. Undoubtedly, some of the remaining discrepancy is
also due to the very approximate nature of this constraint
loss evaluation and to other factors unrelated to constraint
loss.

Table 3.12 Predicted initiation times, crack-tip
temperatures, and toughnesses after correction

for constraint loss
40-mm 60-mm
Crack Crack
Initiation time, s 130-200 140-200
Crack-tip temperature, °C 78-46 84-60
Ki, MPa+m 110-120 115-130
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3.73.8 Summary

The predictions for the SC-4 test made by UM and the
other FALSIRE H analysts provide a reasonable approxi-
mation of the actual behavior observed during the test. The
following specific observations are offered:

1. The UM analysis results are generally consistent with
those from the other FALSIRE II analyses of the SC-4
test. The few significant discrepancies that do exist are
explainable in reasonable terms.

2. The predicted gross structural response of the specimen
(as quantified by strain histories remote from the crack
tip) does not compare well with the actual measured
response at all locations. In some instances, independent
approximate evaluations of the strains cast some ques-
tion on the integrity of the measured strain data. How-
ever, the discrepancies may also be due to modeling
errors (e.g., boundary conditions at the ends of the
specimen). This issue merits further investigation.

3. The UM analysis predicted crack initiation at near-
surface locations reasonably near the actual initiation
sites as determined from postmortem examination of the
fracture plane. However, the analyses predict initiation
times considerably earlier than those observed during
the test. This also implies predicted crack initiation at
higher crack-tip temperatures and higher Ky values than
in the actual test.




4. Part of the discrepancy between predicted and observed
initiation times may be due to constraint loss effects
in the region near the inner surface of the specimen.
Approximate analyses based on published results from
Dodds et al.43 suggest that the equivalent high con-
straint Ky value at the initiation sites may be only
70% of the low-constraint Ky values computed for the
test specimen. Including these constraint loss effects
increases the predicted initiation time and correspond-
ingly decreases the predicted crack-tip temperatures and
Kic values at initiation. However, computed initiation
times are still short of observed initiation times.
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4 Ductile-to-Cleavage Fracture-Mode Conversion

J. A. Keeney

4.1 Introduction

The objective of Task 4 is to study the fracture process in
the transition regime, where crack extension begins in a
stable ductile tearing mode and then converts to a brittle
cleavage mode after some amount of crack extension. The
material failure by cleavage after ductile tearing can be
regarded as a combined effect of a deterministic stable-
tearing process (J-R curve) and a probabilistic cleavage
process. This ductile-to-brittle mode conversion is associ-
ated with large scatter in fracture-toughness testing in the
transition temperature regime. Understanding the fracture-
mode conversion will permit a better prediction of actual
crack extension in vessels and allow more realistic safety
margins to be used in analyses.

During this report period, work continued on the characteri-
zation of precleavage tearing behavior and development of
a fracture-mode conversion model to take into account any
precleavage ductile tearing in fracture predictions.

4.2 Metallurgical Investigations (D. J.
Alexander, M. C. Rao, and R. K. Nanstad)

The process of precleavage ductile tearing and mode con-
version to cleavage is being investigated metallurgically
using existing test results. The physical factors involved

in this phenomenon have to be accounted for in the devel-
opment of a fracture-mode conversion model. Also, dif-
ferent fractographic features are important depending on
the model that is used (i.e., void and inclusion volume
fraction for void formation and coalescence models). This
investigation will (1) identify potential sources of frac-
ture surfaces relevant to precleavage ductile tearing (i.c.,
ORNL); (2) secure the fracture surfaces that are from other
sources besides ORNL; and (3) conduct examinations of
the fracture surfaces. The initial metallurgical examination
will (1) characterize the extent of crack-tip blunting prior to
crack growth, (2) identify and characterize the microstruc-
tural features associated with microvoid formation and
growth, (3) identify and characterize the microstructural
features responsible for the mode conversion to cleavage,
and (4) describe the relationship between the ductile crack
morphology and the trigger points at mode conversion. The
results from these investigations will be used in the devel-
opment of the fracture-mode conversion model.
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The first step of this project was to select a material and to
measure the metallurgical features that might be involved
in the fracture-mode conversion process. This would
demonstrate the capabilities of the characterization facili-
ties and provide an initial set of parameters that might be
involved in any modeling of the material. These micro-
structural features would be incorporated in the appropriate
constitutive equations and models used to analyze the mode
conversion process. A letter report that describes the initial
characterization of the first candidate material has been
written.

The material selected for the initial characterization was the
weld metal from the SNUPPS shell, which was taken from
a canceled nuclear RPV. This material is being used to
determine the effects of material inhomogeneities and fab-
rication procedures on the fracture toughness of prototypi-
cal material from an actual RPV. The submerged-arc weld
was made with A 533 B class 1 filler metal in A 533 B base
metal.l A stainless steel cladding was deposited on the
inner surface of the vessel. Large bend bars complete with
the cladding layer on the inner surface have been sectioned
from the RPV. These specimens have been tested at the
National Institute for Standards and Technology (NIST).1
Some of these tests have shown significant stable tearing
prior to final fracture that occurred by cleavage, making
this material a suitable candidate. In addition, the inclu-
sions expected in a weld metal should be spherical and well
suited to automated image analysis techniques.

The SNUPPS bend bars tested at NIST included portions of
the longitudinal weldment from the RPV. The only imme-
diately available material from the welds in the RPV was in
the form of broken Charpy specimens from the circumfer-
ential weld, which may not be identical to the longitudinal
weld. However, the mechanical properties of the circum-
ferential weld are similar to those of the longitudinal
weld;1 therefore, this material provides a convenient surro-
gate for these preliminary examinations. The Charpy speci-
mens had been oriented across the circumferential weld-
ment so that the fracture surface lay along the centerline of
the weld (T-L orientation). One specimen was selected, and
three sections were taken to reveal the microstructure. The
inclusions present on the face parallel to the fracture sur-
face (the “T” face) were examined by quantitative image
analysis to characterize their size distribution and spacing.
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The sample was examined in the as-polished condition on
an SEM, equipped with a Robinson back-scattered electron
(BSE) detector, an image analysis system, and an energy
dispersive X-ray analysis system. Most of the imaging was
done in the back-scattered mode with the SEM operating at
an accelerating voltage of 20 kV. Image analysis was done
at 4000X, a magnification chosen to achieve reasonable
resolution while still being able to examine a large number
of features (roughly 1000) over a reasonable number of
viewing fields (80).

Selected results of the analysis are shown in Figs. 4.1 to
4.4. The average diameter, mean free path, and elongation
ratio data show significant “tails,” indicating non-Gaussian
distributions. The lack of uniformity in particle spacing
was apparent in the micrographs. The image analysis data
indicate that significant errors may be introduced in model-
ing or analyses that assume a random distribution of parti-
cle size, shape, and spatial distribution.

This preliminary examination of a typical candidate mate-
rial has raised several issues. One of these is the effect of
the voltage at which the SEM is operated. The present data
were gathered with the SEM operating at 20 kV. This volt-
age will result in the sampling of a volume of material that
extends well below the specimen surface. This approach
will reveal particles that are actually below the surface,
which would not be visible in an optical examination. This,
in turn, will give larger apparent volume fractions of parti-
cles than are actually present. One way to examine this

effect is to repeat the measurements with a much lower
operating voltage. At a low voltage only the very near sur-
face features will be revealed. If the lower voltage results
in a lower volume fraction of particles, a lower voltage will
be necessary for the measurements.

Another check of a possible voltage effect is to compare
the results from the SEM examination to those obtained by
optical measurements. The optical measurements will have
to be taken at much lower magnification, which will result
in many more particles being sampled in each field of
view. However, the lower magnification may not permit
the smallest particles to be resolved. The fact that more par-
ticles will be present in each field of view will permit the
optical comparison to be made in a short time.

The lower magnification used in the optical measurements
will also ensure that the larger particles are measured. Ini-
tial examination of the as-polished microstructure suggests
that some very large particles are present. The high magni-
fication used in the SEM study may have resunlted in miss-
ing these large particles. These large particles are likely to
be the first particles to form voids in the fracture process,
and so their characterization is critically important. The
optical measurement will indicate whether these particles
are being sampled. Should the optical and SEM examina-
tions reveal significantly different particle distributions, a
decision as to the suitability of each technique will have to
be made.
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Figure 4.1 Histogram summarizing image analysis data, showing distribution of area fraction (equivalent to volume
fraction) of features (inclusions) measured in 80 viewing fields sampled
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Figure 4.3 Histogram summarizing image analysis data, showing distribution of mean free path (average distance
between particles) measured in 80 viewing fields sampled

Fractographic examination of the fracture surface will exactly which of the many parameters generated by the
provide direct evidence of which particles are involved in image analysis software provides useful information for the
the fracture process. Each dimple should have a particle modeling effort.

associated with it, if the fracture process occurs by the
classical mechanism of voids initiating at a particle in the

matrix, This method should provide additional guidance as It appears that an actual microstructure is much more
to which particles must be characterized for incorporation complex than the simple “cartoon” view of a material that
into the modeling effort. A decision must be made as to is often used in the development of models. To properly
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Figure 4.4 Histogram summarizing image analysis data, showing distribution of elongation ratio (a measure of
particle sphericity) of 942 features (inclusions) measured

characterize a real material will demand significant time
and effort and, thus, expense. These will almost certainly
increase for a base metal material, which can be expected
to have a lower volume fraction of particles that will not be
as evenly distributed and as regularly shaped as the inclu-
sions in a weld metal. This fact will again demand a further
increase in the effort and expense necessary to properly
characterize the microstructure.

4.3 Fracture-Mode Conversion Model
Development (B. R. Bass and J. A.
Keeney)

4.3.1 Fracture Models

The fracture prediction model being developed for the tran-
sition toughness region includes the effects of precleavage
ductile tearing, as well as those due to large-scale yield-
ing. The strategy employed within the HSST Program

to develop and validate a fracture model for predicting
mode conversion in the transition temperature region was
described previously in Ref. 2. In that approach, five areas
of investigation, which contribute to the overall objective
of achieving a validated model, were defined.

1. Fracture- and Tearing-Toughness Data—Analyses of
postulated PTS events in RPVs have demonstrated that
the majority of predicted crack initiations originate from
shallow-flaws located on the inner surface of the vessel.
Fracture mechanics tests of SENB specimens,3 coupled
with detailed elastic-plastic finite-element analyses,
have shown that shallow surfaced flaws exhibit an

NUREG/CR-4219, Vol. 12, No. 1

elevation of mean fracture toughness caused, in part, by
effects of constraint relaxation at the crack tip.3 A lim-
ited biaxial toughness data base developed at ORNL#
from cruciform beam specimens provides evidence of
a significant out-of-plane biaxial loading effect on the
cleavage fracture toughness of shallow flaws. The
shallow-flaw data obtained from SENB and cruciform
specimens play an important role in the validation of
models that characterize cleavage and ductile tearing
processes.

. Cleavage Initiation Model—A key element in the devel-

opment of a fracture model describing mode conversion
in the transition temperature region is a viable model of
cleavage initiation for stationary cracks (i.c., no stable
tearing). A validated model for cleavage fracture must
successfully predict the effects of both uniaxial and
biaxial loading on shallow-flaw fracture toughness in
the transition region of RPV steels. Evaluations being
conducted concurrently under Task 2 are focused on the
selection of a validated model for initiation of cleavage
fracture. The verification process for the selected cleav-
age model will (1) demonstrate the practicality of the
model and (2) identify the parameter(s) controlling
cleavage initiation.

. Ductile Tearing Model—The ductile tearing model pro-

vides output data that represent essential input to the
selected cleavage model for predicting fracture initia-
tion. Functional requirements for candidate ductile
tearing models include the following: (1) reproduce
JRr-curve test data; (2) require only input data that are
validated and readily available; and (3) provide output




that includes crack-tip radius and crack-plane plastic
zone width as a function of crack growth, Initial evalua-
tions will focus on constitutive formulations that
describe progressive damage and material softening

of the local crack-tip region. Should the local damage
approach prove not to be viable, emphasis will shift to
a model based on a parametric correlation of Jr-curve
data with controlled changes in crack-tip constraint.
These data will be obtained from cruciform specimen
tests performed with varying biaxial load ratios. Output
from these performance evaluations will be used to
define the form of the ductile tearing-to-cleavage mode
conversion model.

4. Fractography and Micromechanical Features—
Determinations will be made concerning the availability
of required data for the calibration and practical appli-
cation of the ductile tearing models. This includes rele-
vant information concerning distributions of void nucle-
ating particles in RPV steels. Fractographic examina-
tions will be conducted on fracture surfaces of test
specimens for which ductile tearing preceded initiation
of cleavage fracture. These examinations will provide
essential data for performance evaluations of candidate
ductile tearing models and final validation checks on the
proposed fracture-mode conversion model.

5. Fracture-Mode Conversion Models—Performance
assessments based on applications of the candidate
cleavage and ductile tearing models to measured data
from RPV steels will provide necessary input for defin-
ing the tearing-to-cleavage mode conversion model. The
ORNL uniaxial and biaxial fracture-toughness data base
provides essential input to this process. The candidate
models will be evaluated to determine how the progres-
sion from crack-tip blunting to stable ductile tearing
would affect predictions of mode conversion to cleav-
age for that particular correlation.

4.3.2 Ductile Tearing Model Development

In recent years, developments of models to quantify ductile
tearing resistance in steels increasingly have emphasized
the coupling of fracture processes on the microscale with
conventional continuum approaches, Particular attention
has been given to constitutive models that describe the evo-
lution of local damage in front of the growing crack. The
paper by Brocks et al.> provides an argument in favor of
the continuum damage approach to modeling of the ductile
tearing process. Constraint conditions influence triaxiality
of the crack-tip stress fields, which impacts the extent of
plastic flow around the crack tip. Higher stress triaxiality
inhibits plastic flow, promotes void growth on the micro-
mechanical level, and leads to increased damage in the
fracture process zone. Constitutive equations have been
formulated to describe the physical effects of constraint
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on void nucleation, growth and coalescence and, conse-
quently, on tearing resistance. An advantage claimed for
micromechanical models over conventional continunm
models is that material parameters describing the tearing
process can be transferred in a more general way among
different specimen geometries. Typically, these parameters
for the damage model are determined through a process
that combines small-specimen testing and numerical mod-
eling. Key issues giving rise to different analytical formu-
1ations for damage models include requirements to define
characteristic length scales and constitutive equations
incorporating material damage parameters.

4.3.2.1 Length Scales

The issue of characteristic length scales has been closely
linked to mesh refinement in the crack-tip region. Predic-
tions of local damage from constitutive models that include
strain softening are strongly dependent upon mesh refine-
ment near the crack tip. Shih and Xia6 emphasize that
crack initiation toughness and crack growth resistance are
not influenced by element dimensions only when a length
scale is introduced into the calculation. They also observe
that void growth models utilizing a highly refined mesh of
the crack-tip region must include a statistical treatment of
voids or inclusions. Approaches of the latter type have been
described by Pinean” and by Rousselier.3

In their review of prior developments, Shih and Xia®
briefly summarize several approaches to modeling the
fracture process and to introducing, either implicitly or
explicitly, a characteristic length scale into the fracture
calculations. The dilatant plasticity model of Gurson®

was employed by Aoki et al.10 and by Aravas and
McMeeking!! to study the behavior of long cylindrical
holes ahead of a blunting crack tip. The distance between
the crack tip and the void provided a length scale for frac-
ture initiation. The Gurson formulation was used also by
Becker et al.12 to describe the growth of cracks along grain
boundaries by void growth and coalescence. A characteris-
tic length for the problem is derived from the grain bound-
ary thickness. Tvergaard and Hutchinson!3 modeled the
fracture process using a traction-separation law defined on
the crack plane. The traction-separation law incorporates a
characteristic length for the fracture problem. In studies
performed by Needleman and Tvergaard, 14 the spacing
between colonies of large void-nucleating inclusions served
as the length scale for a fracture problem.

Brocks et al.5 discussed the introduction of localization
limiters into the constitutive model as one approach to the
problem. In this technique, weight functions are introduced
that limit the influence of neighboring points on the evolu-
tion of internal state variables at a material point. Several
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methodologies of the latter type have been proposed, 15-18
all of which require the introduction of a new critical length
material parameter. This length parameter defines the
region of influence of the weight function and may be
linked to microstructural features such as mean spacing
between inclusions.

Alternative approaches that involve effectively an element
averaging technique have been proposed in numerous
studies, including those of Brocks et al.,> Klingbeil et al., 19
Ruggieri and Dodds,* Xia and Shih,20 and Shih and Xia.5
Brocks et al> calibrate the element size by numerically
matching an experimental load vs displacement record for a
cracked specimen. Xia and Shih,20 Shih and Xia,% and
Ruggieri and Dodds* propose a row of elements on the
crack plane (designated as computational cells) of size D/2,
where D is chosen to be representative of the mean spacing
between voids. Void growth within the computational

cell is governed by stress and strain fields averaged over
that cell. The latter techniques for introducing a length
scale into the calculation can be related to the French

local approach embodied in the work of Rousselier and
Rousselier et al.,2! as well as references included therein.
The characteristic length in the Rousselier model may be
compared with the previously referenced length scales such
asD/2.

4.32.2 Constitutive Relations

Constitutive formulations that describe progressive damage
and material softening of the local crack-tip region include
the previously referenced Gurson model,? as well as those
from Rousselier® and to Lemaitre.22 Here, the Gurson
theory will be emphasized because of an extensive body

of technical literature supporting key features of the model.
Relevant studies addressing numerical and experimental
features include those by Aravas,?3 Tvergaard, 24 and
Needleman, Tvergaard, and Hutchinson.?> Applications by
Brock et al,,> Shih and Xia, Xia and Shih,20 and Ruggieri
and Dodds* will be reviewed below. Brock et al.> apply the
Gurson model globally over the finite-clement model,
while the other studies confine the Gurson model to a slab-
type region of height D at the crack plane.

4.3.2.2.1 Gurson Model

Papers by Brocks et al.,.> Sun et al., 26 and Klingbeil et al. 19
provide summaries of the Gurson formulation employed by
IWM, Freiburg, and by BAM, Berlin, Germany, to model
ductile tearing in engineering metals. The Gurson formula-
tion comprises a yield condition, flow rule, definition of
void volume fraction, criteria for void nucleation, and a

*c. Ruggier and R. H. Dodds, “Numerical Modeling of Ductile Crack
Growth for Porous Plastic Materials in 3-D Using Computational Cells,”
University of Illinois, to be published.
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rule for evolution of the void volume fraction. Microvoids
nucleate at inclusions and second-phase particles by a pro-
cess of debonding or cracking during plastic deformation.
The ratio of the void volume to the whole volume of a unit
cell is defined as the void volume fraction (f). The temporal
evolution of f is governed by two terms that define void
nucleation and growth rates,

f = forowth + faucl » @.1)

where the growth rate is given by

i.growth = (1 - f) Dll:k > (4-2)
and the initial condition by
f(tp)="1o . @.3)

Here Dj; denotes components of the symmetric part of the
spatial velocity gradient tensor and Dg the plastic part
thereof.

To describe the nucleation of voids, Brocks et al> adopt
the empirical formulation of Needleman and Rice,2’

fouct =A6m + BB)Gxk » 4.4

where oj is the macroscopic Cauchy stress. Brocks et al3
reference the formulation of Chu and Needleman?? for the
parameters A and B. These parameters have one form if
void nucleation is driven by accumulated plastic strain
(strain controlled) or another form if controlled by hydro-
static stress (stress controlled). (The reader is referred to
Refs. 5 and 28 for details concerning the parameters A
and B.)

In the material matrix undergoing plastic deformation, the
nucleated microvoids experience shape changes and volu-
metric growth. Gurson® used a relationship that postulates
that void growth rate depends exponentially on the stress
triaxiality to describe plastic yielding of a matrix material
containing voids. The constitutive relation employed to
model an elastic-plastic solid containing voids is a form of
the Gurson model that was modified by Tvergaard and
Needleman29-32 to improve accuracy of the model. The
central feature of the modified Gurson model is the yield
function given by

2
Ge 3‘120m 2
®d=|2¢| +2q,fcosh| = 2= |- (1+q2£2)=0. (4.5
(Go) 4 (2 00 ) ( % ) @

Here, o, is the macroscopic Mises effective stress, O the
macroscopic mean stress, og the current flow stress, f the




current void volume fraction, and q1, g2, g3 are factors
proposed by Tvergaard.32 (Typical values for these factors
are q1 = 1.25, g2 = 1.0, and q3 = q12.) A flow law relating
the plastic strain rate to the stress rate is provided in various
references (e.g., see Refs. 5 and 20). For the void-free
condition given by f = 0, the Gurson model reduces to J2
flow theory of plasticity.

A modified form of the void volume fraction (f*) is
employed to account for coalescence of voids, which
occurs after a critical volume fraction (fp) is reached:

f for f<f,

f* = f:l - fc . (4-6)

fo+K(f-£c) for f>fc with K=
ff - fc

The material loses stress-carrying capacity when the final
void volume fraction (fy) is reached and where £* achieves
its ultimate value £y.

The modified Gurson formulation has been augmented
with equations to account for strain rate and temperature
dependence of the current yield stress.33 Also, this model
has been combined with an adiabatic heating model to
incorporate the effects of temperature increase due to plas-
tic work in dynamic fracture analyses.34 Two groups of
material parameters are required to characterize this model:

* parameters associated with classical rate-independent
plasticity or strain-rate-dependent plasticity, which
would include temperature effects, and

» parameters required for the modified Gurson model,
that is, €p, fn, Sn, f0, fo fr, and q1, 92, q3.

Three parameters—ep, f, Sp—are required to model void
nucleation [through Eq. (4.4)]. Other parameters—fo, e,
fg—describe void growth, coalescence, and failure.

Strategies for evaluating the parameters in the modified
Gurson model are discussed by Brocks et al.5 While there
may not be a generally accepted scheme for determining
these parameters, load vs reduction of diameter curves
from notched tensile bars appear to provide one avenue.
Values for the parameters fg, fc, and fr are determined by
fitting various segments of the computationally determined
load vs reduction in diameter curve with the experimental
data. Note that the void volume fraction, fg, was not
determined from micrographs of the material. Tensile bars
from a mild steel with notch radii of 4 and 10 mm were
used to characterize parameters in the modified Gurson
model as follows: fg = 0.0025, fo=0.021, and fr=0.19. A
four-node linear displacement element with full integration
and an edge length of 0.25 mm was used in the center of
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the tensile bar model. The remaining parameters describing
void nucleation were taken from the paper of Needleman
and Tvergaard.3! This set of parameters characterizing the
Gurson model was used to successfully predict JR-curves
from a range of specimen geometries subjected to static
and dynamic loading conditions.

Sun et al.26 performed a comparative study of the damage
models based on the modified Gurson model and on the
critical void growth model developed by Rice and Tracey3’
using the von Mises yield function. Damage parameters
were investigated, and the local and global bebavior of
several specimen geometries were compared with experi-
mental data. Both damage models were described as pro-
ducing qualitatively consistent results with regard to the
influence of stress triaxiality on void growth and on the
early stages of material failure. Conclusions drawn from
the study were that the Gurson model provided a more
accurate simulation of material failure after the onset of
void coalescence, while the critical crack growth model
produced fewer numerical convergence problems in simu-
lating large crack extension.

43.2.22 Slab-Type Gurson Model

Shih and Xia, Xia and Shih,20 and Ruggieri and Dodds*
have idealized the void growth mechanism in a model
which assumes that void growth and coalescence are con-
fined to a narrow material layer of initial thickness D,
which is centered about the macroscopic fracture plane
(see Fig. 4.5). They justify this simplification on the basis
that many metals that fail by void growth and coalescence
exhibit a macroscopically planar fracture process zone of
one or two void spacings in thickness. Ligaments between
the voids experience intense plastic deformation. Voids
that are outside this region are observed to display little or
no growth. Within the fracture process zone layer of thick-
ness D, the material response is described by a simplified
form of the Gurson micromechanical model. Outside

this layer, the material is assumed free of voids, and the
response to deformation is described by classical J2 flow
theory of plasticity. The overall objective of this approach
is to develop an engineering micromechanics model that
embodies the essence of stress triaxiality on fracture tough-
ness, while requiring only a few essential metatlurgical
parametess.

A further simplification of the Gurson model is introduced
by neglecting the evolution equation for void nucleation,
leaving only the void growth rate term in Eq. (4.1). (Some
implications of void nucleation modeling for fracture

*c Ruggieri and R. H. Dodds, “Numerical Modeling of Ductile Crack
Growth for Porous Plastic Materials in 3-D Using Computational Cells,”
University of Hlinois, to be published.
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Figure 4.5 Ductile tearing by hole growth and coalescence is studied with computational teols including local damage
models (Gurson) and highly refined (~100-mm) crack-tip meshes

predictions can be found in papers by Tvergaard and
Hutchinson!3 and Needleman and Tvergaard31) The
parameters of the Gurson model remaining to be specified
are the initial porosity fg, the porosity at failure ff, the
explicit internal length scale D (which defines dimensions
of the computational cells), and the number of finite ele-
ments to be defined over D (two to four elements are
thought to be satisfactory). The important microstructural
parameters are D and fp, which can be taken as material
parameters and estimated from metallurgical studies of the
surfaces of fracture specimens. As an alternative, these
parameters can be treated phenomenologically and selected
to give the best fit to crack-growth data.

Shih and Xia® discretized the process zone with a single
row of computational cells having dimensions D/2 by D/2.
The Gurson cell is modeled using quadrilateral elements,
each of which consists of four constant-strain triangular
elements. Each cell contains a single void of initial volume
fraction fp, and growth of the void is governed by the stress
and strain (computed from the Gurson model) averaged
over that cell. Typically, the cell for which f= 0.1 is taken
as the current position of the advancing crack tip. A dam-
aged cell is rendered extinct using the element-vanishing
technique of Tvergaard>® when its volume fraction £
exceeds a critical value fz. When this failure condition is
reached, the nodal forces computed from the remaining
stresses in the now-extinct cell are released in N subsequent
solution steps (N is typically 5 to 20).
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Shih and Xia® employ the simplified Gurson material
model (SGMM) in finite-element calculations to deter-
mine crack growth resistance curves for plane-strain
mode-I crack growth under SSY conditions. Values of
initial porosity (fg) ranged from 0.001 to 0.03. Their calcu-
lations show that the stress peak and stress distribution in
front of the crack tip are strongly affected by the initial
porosity and Iength of the fracture process zone. For a low
initial porosity, strong spatial gradients are computed for
both the porosity and the normal stress ahead of the crack
tip. These results are interpreted as being consistent with
a single void interacting with the crack tip, the latter being
a fracture mechanisin previously studied by Rice and
Johnson.37 In the case of a higher initial porosity, results
indicating less severe gradients in porosity and stress are
interpreted as being consistent with multiple interacting
voids.

These SGMM fields were shown to be different from those
obtained from transient and steady state solutions for a
growing crack that did not include damage and material
softening in the calculations (such as Varias and Shih38
and O’Dowd, Shih, and Dodds39). For low initial porosi-
ties, material softening was found to reduce the normal
stress in the fracture process zone, but to cause an elevation
immediately outside the process zone; the latter redistribu-
tion of stress was not found in Refs. 38 and 39. This result
is cited as indicating a possible drawback for those analysis
procedures that do not include material softening, such as
node release techniques.




The SGMM was employed to compute J-resistance curves
for deep- ang shallow-crack bend bars previously tested by
Joyce and Link.40 Applications using damage parameters
given by D/2 = 100 pm and fg = 0.005 (fr= 0.2) success-
fully reproduced the experimentally measured J-Aa curves
for both the shallow- and deep-crack bend bars.

Results from these calculations are used to address the
competition between ductile tearing and unstable cleavage
fracture in the transition temperature region. Their discus-
sion focuses on the argument that the stress elevation
caused by crack growth is one of several factors contribut-
ing to the transition to cleavage fracture after some amount
of stable ductile crack growth, It is suggested that the
SGMM can be used in combination with a statistical cleav-
age fracture model and a proper length scale to predict the
transition to cleavage fracture after some amount of ductile
tearing. A procedure is proposed for calibrating the param-
eters of such a combined ductile/cleavage computational
model. A combined testing/analytical program would uti-
lize high-constraint specimens (i.e., no ductile tearing) to
determine parameters for the cleavage model, while low-
constraint geometries would provide data incorporating
substantial ductile tearing for calibration of D and fg. The
calibrated model would then be used to predict fracture
behavior in a third geometry that exhibits some amount of
precleavage tearing.

In a later study, Xia, Shih, and Hutchinson?! select the two
parameters, D and fp, using a phenomenological approach;
the parameters are adjusted to give the best fit for one set of
experimental crack growth data for a specific material. In
applications of the model to specific materials, it is recom-
mended in Ref. 41 that the analyst first choose a subele-
ment discretization scheme for the Gurson slab on the
fracture plane. In the second step, D and fg are selected to
best reproduce the experimental data for the material. The
subelement discretization and parameters D, fg are then
transferred to different specimen geometries of the same
material. The latter technique was applied in Ref. 41 to
model ductile crack growth in specimens of A 533 B and
A710 steels, using as many as five different specimen
geometries (i.e., three-point bend, compact tension, double-
edge-notch tension strip, single-edge-notch tension strip,
and center crack panel).

Ruggieri and Dodds* have incorporated the SGMM into
the finite-element computer program WARP-3D,42 which
is under development at the University of Illinois. Descrip-
. tions of the WARP-3D program emphasize a solution strat-

*c. Ruggieri and R. H. Dodds, “Numerical Modeling of Ductile Crack
Growth for Porous Plastic Materials in 3-D Using Computational Cells,”
University of lllinois, to be published.
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egy employing an implicit element-by-element, precondi-
tioned conjugate-gradient algorithm. The computational
scheme is implemented to execute in parallel/vector mode
for the efficient solution of large-scale, 3-D finite-element
models. The WARP-3D program is described as offering a
range of nonlinear constitutive models (in addition to
Gurson), a domain integral formulation for J-integral calcu-
lations, various procedures for crack growth modeling, and
a global dynamic analysis capability.

Applications* of the WARP-3D model for ductile crack
growth were described for an SSY model (with T=0) and
for a deeply notched SENB specimen (a/W = 0.6), based on
properties typical of a moderate-strength pressure vessel
steel. 42 The focus of these analyses was on the capabilities
of the model to predict J-resistance curves for a range of
initial void volume fraction values under both small- and
large-scale yielding conditions. According to Ruggieri and
Dodds,* crack growth by ductile tearing would be antici-
pated for relatively large initial porosity (e.g., fo = 0.01)
because the high stresses necessary for cleavage initiation
could not be achieved near the crack tip. As the porosity is
lowered (e.g., to fg = 0.001), a transition to the cleavage
mode is expected to be favored because the stresses ahead
of the crack tip would be significantly higher and the high-
stress region would extend over a larger region. Because
the role of void nucleation is neglected in the SGMM, it is
anticipated that the SGMM will perform better for materi-
als characterized by larger initial porosities (such as low-to-
moderate strength structural and pressure vessel steels).

The explicit length scale D was set at 0.2 mm, the critical
volume fraction at ff= 0.2, and values of fo ranged from
0.001 to 0.01, to allow comparisons of results with recent
plane-strain analysis of Xia and Shih.20 In Ruggieri and
Dodds,* D and fy are regarded as computational parameters
that are loosely coupled with specific metallurgical features
of the material, such as mean spacing of particles. Mesh
models used in the analyses employed 8-node, 3-D
isoparametric elements incorporating a finite strain formu-
lation. Plane-strain constraints were imposed on the 3-D
elements to facilitate comparisons with results of Xia and
Shih 20

Analysis results for an amount of crack growth equal to D
in the SSY model indicate that near-tip stresses demon-
strate an inverse dependence on initial porosity. Thus, a
low initial value for the void volume fraction leads to
higher stresses and to larger regions near the crack tip,
which are subjected to higher tensile stresses. Before the
onset of crack growth, stresses ahead of the tip are reduced
in magnitude due to blunting of the crack tip. Crack growth
restores the higher stresses and increases the distance ahead
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of the crack tip over which the higher stresses occur. This
feature of the stress fields associated with ductile tearing
has implications for fracture-mode conversion in the transi-
tion temperature region. In particular, for materials with
initially low void volume fraction, conversion to cleavage
becomes more likely during the ductile crack growth
process.

The model for the SENB specimen used to predict a J-Aa
curve provided somewhat lower J-values than the experi-
mental data. This result was attributed to the effects of
using values for the computational parameters D, fg that
were previously calibrated numerically by Xia and Shih?0
using a stiffer model.

4.32.3 Calibration of Gurson Model

In Task H.4, initial studies of ductile tearing models have
focused on the Gurson-Tvergaard (G-T) dilatant plasticity
model for void growth and an element extinction capability
for modeling crack growth. These special features for mod-
eling precleavage ductile tearing in pressure vessel steels
are contained in the WARP-3D finite-element computer
code?? (described below). Using the G-T model, void
nucleation and growth ahead of a stably tearing crack are
incorporated into a finite-element model using computa-
tional cells with explicit length scales, as illustrated in

Fig. 4.6. Two principal input parameters for the G-T model
are the initial void volume fraction f and the characteristic
Iength D associated with the G-T crack plane elements.
According to theory, these parameters are dependent only
on the material and not on specimen geometry. To evaluate
this model, Task 4 plans to generate ductile crack growth
data from side-grooved compact tension (CT) specimens
taken from the ORNL SNUPPS material. The parameters
fo and D will be calibrated for the material through an itera-
tive process involving finite-element analyses of these CT
specimens (see Fig. 4.7). The calibrated parameters should

provide analytical results in agreement with load vs CMOD
and crack growth data from the CT specimens. Values of
these parameters from the CT specimen analyses will then
be transferred to large-scale structures (e.g., the full-
thickness clad beams) to determine if they predict the
observed response. (In preliminary studies, these parame-
ters were set at fg = 0.005 and D =200 ym.) Metallography
may also provide some estimates of initial porosity and
inclusion spacing in the weld, which could be compared
with values assigned to parameters fp and D.

Recent analyses have verified the ductile crack growth
capabilities for both plane-strain models and preliminary
3-D models, including side grooves. Parameters for the
G-T model (initial porosity and cell size) were calibrated
using an experimental R-curve for a deep-notch fracture
specimen (e.g., a 1T-CT), and then predictions of the
R-curve for a shallow-notch SE(B) specimen and tensile
geometries were made. This approach has been remarkably
successful in predicting constraint effects on R-curves.
However, significant differences in the calibration parame-
ters were found between plane-strain and 3-D analyses of
the specimens. The initial porosity for the 3-D solutions
must be on the order of 20% of the plane-strain value for
the 3-D model to match the experimental R-curve (using
properties for A 533 B). This effect is attributed to the
maintenance of constraint levels to higher J-values in the
3-D models.

4.3.3 Computer Program Development (R. H.
Dodds, Jr., University of Illinois)

During this report period, development and verification of
the WARP-3D finite-clement code#2 continued. Enhance-
ment and verification of computer software to model duc-
tile crack growth using the G-T model were completed.
The WARP-3D software for 3-D nonlinear analyses of
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Figure 4.6 Two material damage parameters, initial slab height D and initial volume fraction fy, selected to give best
fit to experimental crack growth data
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Figure 4.7 Small Iaboratory specimens used to calibrate Gurson model parameters fo and D
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5 Fracture Analysis Methods Development and Applications

T. L. Dickson

5.1 PTS Applications: Development of
Technical Bases and Methodologies
for RG 1.154

The NRC plans to revise RG 1.154.1 The objective is to
publish a revised RG 1.154 that reflects the fracture tech-
nology developed in the last decade and lessons leamed
from the analysis of the Yankee Rowe nuclear plant.23
Technical bases must be developed to support this revision.
Specific aspects of the PTS problem that are being revisited
include thermal-hydraulics, human factors, probabilistic
risk assessment, and fracture-mechanics analyses. This
effort involves interaction between personnel from Idaho
National Engineering Laboratory (INEL) (thermal-
hydraulics), Sandia [probabilistic risk assessment (PRA)],
and Oak Ridge (fracture mechanics) national laboratories.

Currently, the NRC plan is to revise RG 1.154 according
to a “two analysis” methods approach: (1) a best-estimate
frequency of failure with specified flaw variables such as
flaw density, flaw depths, and flaw lengths and (2) a more-
detailed PRA with an uncertainty analysis that determines
a “mean” frequency of vessel failure, using plant-specific
flaw variables.

During this reporting period, there was continuing interac-
tion with INEL and Sandia to develop a methodology for
performing the “method 2" detailed PRA uncertainty anal-
ysis. This methodology requires that a specialized module
of the FAVOR computer code be developed to generate
data that will be used as input into a PRA uncertainty anal-
ysis. During this period, work was initiated on the devel-
opment of the specialized version of the FAVOR computer
code for performing PTS uncertainty analyses. The main
feature of this specialized module is the requirement to
include thermal-hydraulic variability in the analysis. This
requirement necessitates that the code have the capability
for simultaneously analyzing several transient definitions
in a single analysis. The NRC has recently directed that this
computer code should also have the capability to perform
probabilistic fracture-mechanics (PFM) analyses for
embedded flaws.

5.2 PTS Applications: Review of PTS
Screening Criteria

In the early 1980s, extensive deterministic and PFM analy-
ses were performed by NRC and others that led to the
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establishment of the PTS rule. The PTS rule specifies
screening criteria in the form of limiting values of RTNpDT,
which is a measure of the embrittlement of the RPV mate-
rial due to neutron irradiation. The derivation of the PTS
screening criteria is documented in SECY-82-465.4 This
document is quite comprehensive because it addresses all
PTS considerations, including plant systems, thermal-
hydraulics, and fracture mechanics.

The PTS screening criteria developed in SECY-82-465
were derived from both deterministic and probabilistic frac-
ture considerations. During this reporting period, work was
initiated on a letter report that has the objective to review
and reconstruct in detail the fracture-mechanics method-
ologies, modeling assumptions, and fracture analyses
results in SECY-82-465. This is a necessary prerequisite to
revising the current PTS regulations. It is anticipated that
this letter report, which will be entitled “Review of the PTS
Screening Criteria,” will be published during the next
reporting period.

The OCA code? (developed at ORNL) was used to perform
the deterministic analyses in SECY-82-465. The VISA
code (developed by the NRC and Pacific Northwest
Laboratory) was used to perform the PFM analyses in
SECY-82-465. All fracture analyses reconstructions done
during this reporting period were performed using the
FAVOR fracture analysis code.” The development of the
FAVOR code is a continuing task in the HSST Program.
FAVOR combines the best attributes of OCA and VISA
into a single, validated, user-friendly, and well-documented
RPV predictive fracture-mechanics computer code.

The methodology used to derive the PTS screening criteria
from deterministic considerations was based on the deter-
mination of the critical value of RTNDT at the vessel inner
surface (designated as RTNDTs) for infinite length flaws
that penetrate 15% of the vessel wall thickness. Determinis-
tic fracture analyses were performed for the eight most sig-
nificant PTS events that actually occurred in the United
States during 1970-1982. The methodology, modeling
assumptions, and analyses results from which the PTS
screening criteria were derived from deterministic consid-
erations have been successfully reconstructed.

All of the deterministic fracture analyses from which the
current PTS screening criteria were derived will be pub-
lished in the previously mentioned letter report (“Review
of the PTS Screening Criteria™). Here, as an example, the
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results of a single deterministic analysis will be presented.
Figure 5.1 illustrates the Three Mile Island PTS event. The
critical value of RTNDT; for an infinite-length axial flaw
that penetrates 15% of the Three Mile Island RPV wall
thickness is 210°F. Figure 5.2 illustrates the Kyand Kyc
time histories for the subject flaw, evaluated at the critical
value of RTNDTs. The subject flaw is predicted to initiate
in cleavage fracture at a transient time of 330 min, at Ky =
Kic = 69 ksi+/in.

The methodology utilized in SEC-82-465 to derive PTS
screening criteria from probabilistic considerations was to
determine the value of RTNDT;s corresponding to a speci-
fied acceptance criterion. The NRC specified the accep-
tance criterion to be a maximum acceptable frequency of
crack extension due to PTS of 5.0 x 105 per reactor year.

In SECY 82-465, the frequency of crack extension is speci-
fied to be the sum of the products of the transient frequen-
cies of occurrence and the conditional probabilities of crack
extension for the postulated PTS transients. Transient fre-
quency of occurrence is expressed in PTS events per reac-
tor year. The conditional probability of crack extension in

an RPV is determined by performing a PFM analysis and is
expressed as crack extensions per PTS event. The condi-
tional probability of crack extension is conditional in the
sense that the transient is assumed to occur. Therefore, the
frequency of crack extension is expressed as the number of
crack extensions per reactor year.

The PFM analyses were performed for postulated transient
sequences obtained from the Westinghouse Owners Group.
The transient groups were derived from the consideration
of the various possible sequences following each of the
initiating events such as steam line breaks, extended high-
pressure injection (HPI), and stcam generator tube ruptures.
The total frequency of crack extension corresponding to the
NRC-specified acceptance criterion of 5 x 1076 per reactor
year is almost exclusively due to the extended HPI tran-
sient. Therefore, to reconstruct the PFM analysis results
from which the current PTS screening criteria were
derived, it was necessary only to duplicate the results

for the extended HPI PTS event. In SECY 82-465, the
extended HPI PTS transient was characterized stylistically
by T = 125°F, B =0.05 min~1, and a constant pressure of
2250 psi. The extended HPI PTS transient is illustrated

in Fig. 5.3. This transient was determined to have an
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frequency of occurrence of 1 X 104 PTS events per reactor
year; therefore, the corresponding conditional probability
of crack extension that would produce a frequency of crack
extension of 5 x 10-6 is 5x 10-2,

The main requirement for reconstructing the PFM analysis
results for the HPI PTS event was to define the PFM mod-
eling assumptions, input data, and embrittiement and frac-
ture toughness correlations. All of these details will be pub-
lished in the letter report “Review of the PTS Screening
Criteria.” Regarding the PFM modeling assumptions,
VISA and FAVOR have previously been compared and
determined to use essentially the same modeling assump-
tions for calculating the conditional probability of crack
extension.2:8 The conditional probability of crack exten-
sion is sometimes referred to as the conditional probability
of initiation. VISA and FAVOR have previously been
benchmarked as calculating nearly identical solutions for
the conditional probability of crack initiation when applied
to a well-defined problem.2:8

The behavior of a flaw after initial initiation is sensitive
to modeling assumptions regarding the through-wall varia-
tion of certain material properties. VISA and FAVOR use

different modeling assumptions that have previously been
identified as sometimes causing considerable discrepancies
between their respective solutions for the conditional prob-
ability of failure, that is, probability of through-wall pene-
tration.2-8 Fortunately, all conditional probabilities reported
in SECY 82-465 are for crack initiation only; therefore, it
is known that the PFM modeling assumptions are essen-
tially the same.

Figure 5.4 illustrates the PFM solutions from which the
PTS screening criteria were derived, as generated by VISA
and as reconstructed by FAVOR. As can be seen, the
FAVOR PFM analyses results are almost identical to the
solutions from which the current PTS screening criteria
were derived. The value of RTNpTs corresponding to a
probability of crack extension of 5.0 x 102 is ~210°F.
Adding a 2c value (for the uncertainty associated with pre-
dicting RTNDTs) of 60°F yields the PTS screening criterion
of 270°F.

The FAVOR model will serve as a baseline model for
future studies that will examine the impact of various frac-
ture model variations on the PTS screening criteria,
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5.3 NRC Support

Analyses were performed to investigate the equivalency of
the margins specified in the acceptance criteria of ASME
Sect. I, Appendix G (cleavage fracture) and the draft

RG 1.161 (LUS ductile tearing). These analyses success-
fully assisted the NRC to resolve issues raised by the
ACRS relating to the RG 1.161.

The method used to investigate the equivalency of margins
was to calculate and compare the incipient pressure for
cleavage and ductile fracture when a vessel is subjected

to a thermal transient with a constant cooldown rate of
100°F/h, down to a minimum coolant temperature of

Fracture

150°F. The incipient pressure is the maximum pressure
at which the acceptance criterion is satisfied, using the
appropriate factors of safety.

Figure 5.5 illustrates the results of these analyses, that is,
the comparison of the incipient pressures calculated for
cleavage and ductile fracture. The incipient pressure pre-
dicted for ductile fracture of Linde 80 weld material is
shown to be higher than that predicted for cleavage frac-
ture, thus demonstrating that the acceptance criterion for
ductile fracture specified in RG 1.161 is equivalent to the
acceptance criterion for cleavage fracture specified in
ASME Sect. I, Appendix G.
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6 Material Property Data and Test Methods

D. E. McCabe, R. K. Nanstad, and R. E. Link

Three NRC letter reports were prepared under this task
during this reporting period. They are summarized below.

Presentation of Preliminary J-R Curve Fracture Toughness
Data on Modified A 302 Grade B Steel, by D. E. McCabe,
R. K. Nanstad, R. L. Swain, and E. T. Manneschmidt,
ORNL/NRC/LTR-94/29, October 1994: This letter report
presented both baseline material characterization data and
fracture-mechanics-based J-R curve data. Seven heats of
modified A 302 grade B steel and one early-vintage heat of
A 533 grade B steel were tested. Test condition variables
were test temperature [82, 204, and 288°C (180, 400, and
550°F)]; crack-plane orientation (longitudinal, transverse,
and short transverse); and specimen size (1/2T, 1T, 2T, and
4T compacts). Single-value parameters that can be used to
compare J-R curves are Jic at onset of ductile tearing and J
after 1.5 mm (0.06 in.) of stable crack growth. These prop-
erties as well as tensile properties and CVN upper-shelf
energies (USEs) are tabulated.

Table 6.1 illustrates a correlation between the CVN USE
and the J-R curve development rate. Four CVN USE levels
were selected that represent the range of values developed

in these A 302 grade B materials. Values of J at 1.5 mm
(0.06 in.) from R-curves of the matching materials are
listed. It appears that there is a correlation. Figure 6.1
shows that the relationship between J-R curve and CVN
USE does in fact exist, but the data scatter is wide enough
that the correlation as an estimation scheme does not elimi-
nate the need for direct J-R curve determinations. Table 6.1
also lists J at 1.5 mm (0.06 in.) of growth for A 533 grade
B that was calculated using the Eason et al. multivariable
modeling method.!

Assessment of Metallurgical Effects That Impact Pressure
Vessel Safe Margin Issues, by D. E. McCabe, ORNL/NRC/
LTR-94/26, October 1994: The objective of this work was
to identify the outstanding issues that impact the low-
temperature overpressurization (LTOP) transients. Cur-
rently, the factors of safety applied in analyses to set
allowable temperature and pressure combinations during
startup and shutdown operations reflect the uncertainty of
the technical resources available in the early 1970s. At the
same time, most operating reactors were relatively new,
and the undamaged reactor vessels could operate under
excessive imposed conservatism. However, the imposed
safety margins are now severely hindering LTOP

Table 6.1 Comparison of J-R toughness values at 1.5-mm (0.06-in.) crack-growth point
(theoretical for A 533 grade B vs experimental A 302 grade B)

Multivariable model Selected A 302 grade B test data,
USE Test predictions for A 533 B J-R at 1.5 mm (0.06 in.) Aap
[J (ft-1b)]  temperature base metal J-R [kY/m?2 (in.-Ib/in.2)]
[°C (°F)] {k)/m?2 (in.-1b/in.2)] 12T T 2T 4T
89 (65) 93 (180) 464 (2650) 236(1350) 236 (1350) 236 (1350)
204 (400) 298 (1700) 184 (1050)
288 (550) 228 (1300) 140 (800)  148(850)  131(750)
130 (95) 93 (180) 607 (3470) 385(2200) 438(2500) 508(2900) 499 (2850)
204 (400) 385 (2200) 236(1350) 298 (1700) 341 (1950)
288 (550) 298 (1700) 192(1100) 315(1600) 324 (1850) 324 (1850)
171 (125) 93 (180) 718 (4100) 420(2400) 560(3200) 648 (3700) 455 (2600)
204 (400) 472 (2700) 358 (2050)  315(1800) 368 (2100)
288 (550) 385 (2200) 324 (1850) 298 (1700) 341 (1950)
219 (160) 93 (180) 840 (4300) 674 (3850) 621(3550) 612 (3500)
204 (400) 560 (3200) 525(3000) 359 (2050) 455 (2600)
288 (550) 420 (2400) 306 (1750) 394 (2250) 464 (2650)
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operations in several operating reactors. The research activ-
ities discussed in this letter report have the potential for
developing better LTOP pressure and temperature limits
for aging operating units. The new information encom-
passes (1) the relevance of crack pop-in data, (2) the role
of cladding as a cleavage crack initiation source, (3) the
potential of warm prestress, and (4) new information on the
margin between dynamic and static transition temperature
curves.

With regard to item 1, the pop-in phenomenon occurs
under two generic conditions. One condition involves
weldments where cleavage cracks initiate in brittle low-
toughness zones. These cracks arrest because of entering
material of significantly higher fracture toughness. The
other condition is in material that is essentially monolithic
on a macroscale, but a running cleavage crack can be
arrested for more subtle reasons. For a monolithic material
that has low strain rate sensitivity (i.e., where the dynamic
KjRr curve and the static Ky curve are relatively close),
pop-in behavior will develop when the material is tested
within the transition temperature range. This observation
was made in the Heavy-Section Steel Irradiation Program
Fifth Irradiation Series. Figure 6.2, taken from that work,
shows how pop-in crack initiation tends to fit in with the
K¢ data of full cleavage instability, but pop-ins tend to
cluster to the low end of the Ky data scatter band. The
combination of the low initiation Kj. and close proximity

NUREG/CR-4219, Vol. 12, No. 1
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to the crack-arrest barrier (Kig curve) combine to create
the pop-in phenomenon. Often the arrested pop-in crack
can sustain stability to 2 much higher K. value, which
suggests usable post-pop-in fracture toughness above the
pop-in value, Some investigators argue that the highest
value of Kj. obtained, despite the pop-in, is the appropriate
value to use. On the other hand, a structure with a large
reserve of stored elastic strain energy might have no diffi-
culty in driving virtually all crack initiations that occur
within a characteristic pop-in temperature range.

Conceming item 2, crack initiation from the region of
cladding layers, three publications were available that
experimentally demonstrated the behavior of the
composite clad/HAZ/base metal interface region. One
involved research at Materials Engineering Associates,2
and the other two involved work performed at ORNL.3:4
All demonstrated that the cladding process does not
adversely affect the transition temperature perforrnance of
the underlying base metal. In some cases, there can be
marginal fracture toughness enhancement. When the three-
wire clad layering process is performed, followed by a
stress-relief anneal, the underlying HAZ material can have
a lower transition temperature (higher fracture toughness)
than the undeslying A 533 grade B or A 508 class 2 base
metal. The clad metal that contains typically 5 to 15% delta
ferrite does not have the good crack-growth resistance of
wrought austenitic stainless steels. The J-R curve at room
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Figure 6.2 Kj at pop-in vs Ky, at full cleavage for irradiated compact specimens from Fifth Irradiation Series

temperature is no better than that of a LUS pressure vessel
steel. The crack-growth resistance against ductile tearing
deteriorates at low test temperatures, contrary to the
expected toughness increase that is a typical characteristic
of austenitic stainless steels (see Fig. 6.3). A crack embed-
ded in the clad layer will not introduce a running cleavage
crack into the base plate. On the other hand, the low crack-
growth resistance provides only a weak first line of
defense, because the crack can grow at low crack drive to
the HAZ. If it is assumed that the vessel has been given an
adequate stress-relief anneal, the properties of the HAZ
material will dominate the transition temperature perfor-
mance of the composite region,

Regarding the third item, WPS is a phenomenon that has
been identified as a potentially powerful characteristic by
which the in-service fracture-tonghness performance of a
steel can exceed its expected performance established in
laboratory tests on as-received material, Figure 6.4 shows
how the transition temperature curve of an A 533 grade B
pressure vessel steel is influenced by WPS cycles, by
preloading at an upper-shelf temperature, The WPS initial
load was up to the Jj. level for the material. The two cycles
to failure shown are (1) WPS load, Pyps, partial unload to
2/3 Pwps and sustain that load during cooldown to a
lower-shelf temperature, followed by resumption of load to
fracture (LCF); and (2) WPS load, completely unload, then
cool to a lower-shelf temperature, then reload to fracture
(LUCP). Ky instability at lower-shelf fracture toughness is
elevated by a factor of 2 or more, depending on the proxim-

ity of the temperature for reload to that of the transition
range of the virgin material. From a material standpoint, an
initiative to incorporate WPS effects into LTOP operations
is hampered by a lack of trust that the WPS phenomenon
can be retained in materials that are exposed to damage
mechanisms such as strain aging or neutron damage from
in-service use. Experiments to dispel these doubts have yet
to be made.

On item 4, static to dynamic margins, some effort has been
initiated to reevaluate the test data that have been used to
develop the ASME lower-bound Ky, and Ky, curves. These
data were generated in the late 1960s when technology
development was insufficient to know how fracture-
mechanics test methods could be directly applied to struc-
tural materials. Plane-strain conditions were required to
develop usable data, and only a crude statistical method
was used, that is, drawing lower-bound curves on all quali-
fied data that can be gathered. Material-specific toughness
evaluations were applied to these lower-bound curves

- using reference temperatures that are derived from older

empirical test methods. Correlations between fracture-
mechanics methods and empirical methods tend to be
questionable for many reasons. In recent years, the
technology has improved to the point that correlations to
empirical methods may no longer be required. Statistical
methods have been developed that can handle the data
scatter that is normally encountered in transition
temperature tests, specimen size effects on fracture
toughness can be modeled, and a more accurate method-
ology for establishing the transition curve
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is available. An example is given here by revisiting the be characterized by this curve. The dashed line in Fig. 6.5
data used to establish the ASME lower-bound Kj¢ curve is a 5% tolerance bound, and this is easily established from
(Fig. 6.5). In this case, all the data (not just the few lower- the known standard deviation on the data. The dotted line
bound data) are used to establish a median curve fit to the represents the original ASME lower-bound curve used
data; this is called a master curve. Most ferritic steels can since the early 1970s. To make the comparison shown here,
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the test temperature had to be defined as T —NDT to posi-
tion on the master curve. Normally, the master curve is
more material-specific, and test temperature alone is used
to locate the tonghness transition curve.

Another part of the item 4 issue was to revisit strain rate
effects. Specifically, the accuracy of the temperature spread
between the lower-bound Ky and Ky, curves that appear in
the ASME Code, Sect. X1, Appendix A, which show about
a 35°C spread (Fig. 6.6). Only the Ky data were estab-
lished by an ASTM consensus method of test. Crack-arrest
data were developed by different laboratories prior to the
availability of a standard test method. New crack-arrest
data have been generated in laboratories that have used the
recent ASTM guidelines of “Determining Plane-Strain
Crack-Arrest Fracture Toughness, Ky,, of Ferritic Steels,”
E 1221-88 (Figs. 6.7 and 6.8). These more recent tests indi-
cate that the temperature offset of dynamic testing is on the
order of 23 or 30°C, nominally a 10°C difference from that
used in the ASME Code.

An NRC letter report, Experimental Plan for Effects of
Thermal Gradients on Fracture Toughness, by D. E.
McCabe (ORNL/NRC/LTR-94/43) was prepared and
transmitted to the NRC Technical Monitor. This letter
report documents the experimental plan developed for

HSST Task H.6.2 for execution. The subject is the differ-
ence between J-R curves developed isothermally vs those
developed nonisothermally. The reason for the proposed
study is that the extent of ductile tearing observed in an
intermediate pressure vessel test, PTSE-2A, had been
underpredicted by about a factor of 2 in a finite-element
simulation of the test.5 The postulated reason for the error
was that ductile-stable tearing of cracks under isothermal
conditions differs from that of thermal gradient conditions.
The experimental plan to prove this postulate was to obtain
aremaining plate of the same material used in the vessel
test and perform J-R curve tests in simulation of the ther-
mal crack growth history of the test vessel. The plan cannot
be carried out on the same time base, but the J vs tempera-
ture history can be reproduced in a furnace mounted on a
test frame. A compact specimen that has a plan-view size
of a 4T but with a thickness on the order of 25 mm (1 in.)
can be heated through a known thermal history and simu-
lated crack-growth history. Some preliminary work to
demonstrate that constraint is adequately controlled in such
specimens would have been an integral part of the
experiment.

For the subtask on Dynamic Fracture Toughness, a
section of HSST Plate 14 was identified for shipment to
the Carderock Division, Naval Surface Warfare Center,
Annapolis, Maryland, for their use in meeting the
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provisions of their subcontract according to the HSST
specification, “Dynamic Fracture Initiation Fracture
Toughness Testing of a Reactor Pressure Vessel Steel.”
The specification included Charpy impact, tensile, drop-
weight, and quasi-static fracture toughness testing for pur-
poses of material characterization. A specimen fabrication
plan for the characterization specimens as well as for the
dynamic fracture toughness test specimens was completed,
and special specimen grips were procured. Charpy impact
specimens were tested in the T-L and L-T orientations,
with no substantial differences observed in the preliminary
comparison. An estimate of reference temperature, based
on temperature at 50 ft-1b less 60°F is 7°F. Machining of
1T compact specimens was completed, and test tempera-
tures of —81, —36, and 9°C (~114, —33, and 48°F) were
selected, corresponding to T —45°C, T, and T +45°C.
These test temperatures were selected based on the Charpy
impact test results; the estimated value of T, the tempera-
ture at which the fracture toughness is 100 MPa+/m, was
based on the relation T, = Togy — 18°C. Preparations were
under way for a readiness review anticipated for the latter
part of May.
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7 Integration of Results

J. G. Merkle

7.1 Estimation of Full-Constraint Ky,
Values from Three-Parameter
Weibull Statistical Fits to Small-
Specimen Fracture-Toughness Data
(J. G. Merkle and D. E. McCabe)

7.1.1 Background

The fracture toughness of most structural and pressure ves-
sel steels is sufficiently high that laboratory specimens of
reasonable size tend to yield before fracturing, when tested
at service temperatures within the ductile-to-brittle transi-
tion regime.! Yielding before fracturing in plane-sided
specimens tends to cause a loss of triaxial constraint near
the crack tip and a consequent elevation of median fracture
toughness with respect to values measurable with larger
specimens.2 In addition to elevated fracture-toughness val-
ues caused by loss of constraint, transition-range fracture-
toughness data for ferritic steels are characterized by sig-
nificant scatter, caused by the random variability of the dis-
tance in each specimen between the fatigue crack front and
the microscopic physical feature that triggers unstable
cleavage.3:4 Because the probability that a trigger point is
located close to the crack front increases with increasing
crack-front length, the statistical nature of cleavage fracture
also leads to a decrease in median fracture-toughness val-
ues with increasing specimen size. Thus, the cause of size
effects in cleavage fracture toughness testing is somewhat
ambiguous. Because even small flaws in actual structures
may be located in stress fields and/or geometric configura-
tions that promote high constraint, it is often not safe to
assume that the toughness measured by a small plane-sided
laboratory specimen is numerically equal to the governing
fracture toughness for a flaw in the associated structure.
Therefore, when analyzing fracture-toughness data
obtained from relatively small specimens of ferritic steel
tested in the transition regime, it may often be necessary
both to account for the random variability of the data and
to make a downward adjustment of the measured fracture-
toughness values, or their statistical fitting parameters, to
represent a condition of full triaxial constraint.

The development of methods to account for the statistical
variability of the cleavage fracture-toughness values of
steel has largely been based on the Weibull distribution,-6
for practical reasons. The probability density function does
not extend below zero, the cumulative probability distribu-
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tion has a closed-form equation, and simplified mechanistic
models can be made to lead to the Weibull distribution.”-8
Several physically based semiempirical methods have
been developed for reducing the fracture-toughness values
measured with small specimens to estimate the full-
constraint values that would have been measured with
larger specimens.d The Weibull statistical approach has
become generally accepted for engineering application, for
practical if not theoretical reasons. However, no method of
constraint adjustment has become generally accepted,
mainly because of a growing preference for theoretically
based approaches and the absence of a theoretical approach
proven applicable to 3-D nominal states of stress. Thus
current efforts to develop an ASTM standard for transition-
range fracture-toughness data evaluations are focused on
the Weibull statistical representation of the data, leaving
constraint adjustments to be added later after more research
has been accomplished.

7.1.2 Development of an ASTM Test Method
for Fracture Toughness in the Transi-
tion Regime

A draft test method for evaluating fracture-toughness data
for ferritic steels in the transition temperature region has
been developed by ASTM Task Group E08.08.03.* Review
of this draft standard, by means of a subcommittee ballot,
will begin during the summer of 1995. Because of the cur-
rent disagreement concerning the treatment of specimen
size effects, the present draft standard does not include a
constraint adjustment by which Kj. can be estimated. Thus,
the statistical data fits produced by following the draft
standard are representations of fracture toughness for a
given specimen size, and these values will generally not
correspond to a condition of full triaxial constraint in the
upper transition range of temperature. This is true of the
master curve appearing in the draft standard, which has the
equation (in MPa+/m):

Kjc(med) =30+ 70exp[0.019(T-T,)], (7.D

and represents the variation with temperature of the
median fracture-toughness values measured witha 1T CT
specimen.

*ASTM Task Group E08.08.03, “Test Practice (Method) for Fracture
Toughness in the Transition Range,” Draft 10, Rev. 6-12-95, American
Society for Testing and Materials, Philadelphia, 1995.
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As explained in a technical basis document closely related
to the draft standard, 10 statistical and constraint-based
physical representations of specimen size effects do not
lead to the same prediction of fracture toughness as a func-
tion of increasing specimen size. As shown by the solid
curve in Fig. 7.1, taken from Ref. 10, the three-parameter
Weibull size effect equation (in MPa+/m| )

B, /¢
K(med)x=[KJc(med) "Kmin] (ﬁ) +Kmin » (72

implies that the median fracture toughness value, K(med)x.
measured by a specimen of size By approaching infinity,
approaches Kin. But Kipin, which has a value of

20 MPa+/m, is a temperature-independent numerical fit-
ting parameter, without physical significance. On physical
grounds, median fracture-toughness values as a function of
increasing specimen size can reasonably be expected to
reach a lower asymptotic value, and this value should cor-
respond to Ky.. Thus, there is practical motivation to seck a
means for estimating Ky from Weibull statistical data fits.
In doing so, it is well to keep in mind the need for direct-
ness and simplicity in standardized procedures, the success-
ful experience with ASTM E399, and the desirability of
consistency between the new transition range standard and
ASTM E399.

7.1.3 Development of a Combined Statistical
and Constraint-Based Analysis for
Estimating Ky,

As explained previously, the master curve, Eq. (7.1) repre-
sents a relation between Kyc(meq) for a 1T specimen and
normalized temperature, T — To. Because specimens tend
to lose constraint with increasing temperature in the mid-
transition range, Eq. (7.1) does not represent a full con-
straint toughness relation with temperature. However, an
estimate of full constraint toughness can be obtained by
combining the size effect condition expressed by Eq. (7.1)
with a miniranm size requirement to achieve a near-lower
plateau for size independence. The result is a calculation of
fracture toughness corresponding to the size of the smallest
specimen that would give maximum achievable constraint.
The ASTM E399 validity criterion is used in this case:
B=o, (KIc/ 0'YS)Z s (71.3)

where in ASTM E399, o, = 2.5. Equating B with Bx and
Kjc with Kje(x) in Eq. (7.2) leads to the equation

3/2
Kie / [ Kre
Kmin Kmin
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Figure 7.1 Material toughness decrease with increased size (schematic) and weakest-link predicted trend; Jssy and
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where
172
e (KJC(IT) _ 1) BiT/0% a5
Kmin Kmin/0YS

For G >2/+/27 , which covers most practical cases, the
value of Ky is calculated by applying the following

equations:

G |GV 1
My=—t =] ——, ;
1= (2) 27 (7.6)

G (G} 1
y=M+MP, (7.8)

—u2r .

K1e = Y“Kmin - (7.9

The tolerance limit associated with the value of K, cal-
culated from Eq. (7.9) is the same as that associated with
the value of Kyc(1T) used in Eq. (7.5) to calculate G.

Integration

Example calculations illustrate the application of the com-
bined Weibull size effect-validity constraint criterion
approach for estimating Kj.. For example, at (T - To) =
40°C, the value of Kjc(med) for a 1T CT specimen, from
Eq. (7.1), is 180 MPa+/m. For a yield stress of 483 MPa
and 0, = 2.5, Egs. (7.3)—(7.9) lead to an estimate of Kj¢ =
121 MPa+/m, with the smallest specimen size capable

of producing a valid measurement being Bx = 158 mm.
Figure 7.2 shows results obtained by applying the method
to various points on the master curve, represented by

Eq. (7.1), and its 98% and 2% tolerance limit curves, based
on a yield stress of 483 MPa and o, = 2.5. The reduction of
values from the 2% tolerance limit curve is rather small
compared to the other reductions.The directness and sim-
plicity of the method developed means that a transition
range standard can provide a direct estimate of Ky, if that
is what the user needs. It also means that philosophical dif-
ferences between the transition range standard and ASTM
standard E399 are unnecessary and can be completely
avoided. At the same time, different values of the size
coefficient 0, in the expression B = ot (K1o/0Y)? can be
used for different classes of material, if that can be justified
experimentally. This augmentation of the conventional
Weibull statistical analysis of small-specimen fracture-
toughness data provides an easy way of dealing with the
fact that the master curve of median fracture toughness
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850 I | I | | | |
= — = 98% AND 2% CUMULATIVE 7

300 |- PROBABILITY 8% —
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Figure 7.2 Results of applying combined Weibull size effect-validity constraint criterion to master curve and its 98%
and 2% confidence limits, with 6ys =483 MPa and 0, =2.5
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for a 1T specimen is not a curve of full-constraint fracture
toughness, especially in the midtransition range. Further,
there is no experimentally justified way of defining an
effective specimen dimension governing triaxial constraint
for a finite-length, part-through, surface flaw in a structure.
Fortunately, the combined Weibull-E399 validity criterion
approach, as described above, provides a convenient way
of bypassing this possibly unsolvable problem. In the fore-
going approach, the material yield stress is an important
parameter. However, a precise description of material
strain-hardening characteristics is not required, thereby
avoiding dependence on either mathematical idealizations
or frequently unavailable, experimentally exact, shapes

of the stress-strain curve.
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CONVERSION FACTORS?

SI unit English unit Factor
mm in. 0.0393701
cm in. 0.393701
m ft 3.28084
m/s ft/s 3.28084
kN Ibg 224.809
kPa psi 0.145038
MPa ksi 0.145038
MPasym ksie+/in. 0.910048
J ftlb 0.737562
K °For°R 1.8
kJ/m? in.-Ib/in.2 5.71015
Wem—2.K-1 Buw/heft2°F  0.176110
kg Ib 2.20462
kg/m3 Ib/in3 3.61273x 103
mm/N in/Ibg 0.175127

T(°F) = 1.8(°C) + 32

AMultiply SI quantity by given factor to obtain English quantity.
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