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Preface

The Heavy-Section Steel Technology (HSST) Program, which is sponsored by the Nuclear Regulatory Commission, is an
engineering research activity devoted o extending and developing the technology for assessing ths margin of safety against
fracture of the thick-walled steel pressure vessels used in light-water-cooled nuclear power reactors. The program is being
carned out in close cooperation with the nuclear power industry. This report covers HSST work performed in October 1991~
March 1992, The work performed by the Oak Ridge National Laboratory (ORNL) and by subcontractors is managed by the
Engineering Technology Division (ETD) of ORNL. Major wsks at ORNL are carnied out by the ETD and the Metals and
Ceramics Division. Prior progress reports on this prugtam are listed below,
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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 and validation of a fracture-
mechanics-based technology for the evaluation of fracture-
prevention margins in nuclear reactor pressure vessels
(RPVs), Priar phases of a program generated the required
technology, which was then transferred 10 national consen-
sus codes and standards. Subsequent large-scale fracture
tests have revealed the need for further development and
refinement of the technology. Irradiation effects research
programs and reactor vessel surveillence programs have
identified further a;vas where exiension of the fracture
technology is required. Recent experience with licensing
application of the technology has also identified areas in
which additional development 1s required. Current HSST
Program activities are structured to provide the necessary
fracture technology devele .nents and to support NRC in
the licensing application of that technology.

1 Program Management

At the close of the current reporting period, the program
cost and schedule variances were -25% and 4.4%, respec-
tively. A principal cause of the schedule variance was a
delay in preparation for the biaxial test caused by imple-
mentation of unscheduled cost control measures.

Subcontracts were placed with all of the HSST Program
major subcontractors and consuliants. Discussions were
held with potential subcontractors for the large-scale biax-
1al tension fracture toughness test. In the case of AEA
Technology, it was determined that there could be cost
advantages o the program if the testing were performed as
a part of the existing U.S.-U K. collaborative program on
pressure vessel integrity, because this would permit cost
sharing. Responsibility for the interface with AEA
Technology was therefore transferred to the NRC. A deci-
sion on the large-scale testing program will be made after
exploratory tests have been completed on smaller scale test
specimens,

Arrangements were completed for sessions on Pressure
Vessel Fracture, Fatigue, and Life Management (o be pre-
sented at the 1992 ASME Pressure Vessel and Piping
Division Conference in New Orleans in June. The sessions
were organized by an international team comprised of

S. Bhandari, Framatome, France; P. P. Milella,
ENEA/DISP, ltaly; and W. E. Pennell, ORNL.

xvii

Papers by the HSST Program Manager were presented al
the 19th NRC Water Reactor Safety Meeting on October

28, 1991, and at the NRC Aging Research Information
Conference in the period March 24-27, 1992, The papers
included scoping analyses and test data evaluations indicat-
ing that out-of-plane stresses, such as those generated dur-
ing @ pressurized inermal-shock (PTS) event, may act
increase crack -Up constraint and thereby reduce the
material frav re toughness

HSST Program personnel published one semiannual
progress report, five NUREG/CR repaorts, one presentation,
(as a NUREG/CP document), and two letier reports.
Thirteen presentations were given at NRC-sponsored con-
ferences and international fracture technology exchange
meetings.

2 Fracture Methods and Analysis

Investigation of the effect of out-of -plane stresses on frac-
ture toughness continued. This investigation 1s metivated
by the fact that the loading conditons of primary concern
in a nuclear RPV all produce biaxial stress fields with one
of the principal stresses aligned parallel 1o the crack front
for both longitudinal and circumferential flaws. There is no
counterpart of these far-field stresses in the fracture tough-
ness test specimens used to generate the fracwire toughness
data currently used to assess pressure vessel fracture-
preventon margins. There is a concern that out-of-plane
stresses may act 1o increase crack-tip constraint and
therehy decrease fracture toughness.

During the current reporting period, results ‘rom the previ-
ously reported shallow -flaw and thermal-shock tests were
evaluated as a set. This was possible because both sets of
test data were produced using siinilar shallow-flaw depths.
The results show a substantial elevation in toughness for
shallow flaws loaded by uniaxial tensile stress. When simi-
lar flaws are loaded by a biaxial stress field however, the
toughness elevation is much reduced. This result tends o
support the postulate that out-of-plane stresses can influ-
ence crack-tip constraint and thereby influence fracture
toughness.

4
Development of an dytical models for the prediction of
crack-tip constrainl effects on fracture toughness contin-
ued. Crack-tip micr /mechanical models using both stress-
based [Ritchie-Kno t-Rice (RKR)] and ductility-based
[McClintock-Haner ck-MacKenzie (MKM)] fracture

NUREG/CR-4219, Vol. 9, No. |
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criteria have been developed together with a correlation
parameter based on the area ¢f material at the crack-up in
which the stress exceeds a critical value, Emphasis in the
current reponing period has been on validating these
maxdels using available fracture oughness data obtained in
the plane stress-w-plane strain domain, To date none of the
maodels has been able o match resulis from tests involving
a range of crack-tip constraint conditions,

Near-term fracture model development and validation
efforts will now focus on a detailed analysis of the thermal-
shock test crack-tip stress and strain fields with the objec-
tve of identfying parameters that responded strongly 10
the biaxial loading condition present in those tests, The
thermal-shock tests represent the only currently identified
source of test data in which the effects of a 1:1 stress rauo
on fracture toughness are present and potentially capable of
1solaton. It has become evident, however, that existing test
data on buaxial loading effects cannot provide all of the
information required for development of the constraint
effects fracture wughness models.

The program has initiated development of a biaxial fracture
toughness test specimen specifically designed to generate
the data required o determine the effects of biaxial loading
on fracture toughness in a manner that will facilitate identi-
fication of the underlying causes. In the current reparting
period, 2-D and 3-D finite-element analyses have been
performed to define the geometry of a cost-effective test
specimen and confirm that the test specification require-
ments are met. One of these requirements is that stresses in
the remaining ligament remain clastic at the fracture load.
This requirement has dictated the use of a large (5-in.-
thick) specimen that, in trn, dictates the use of a large
high load-capacity test machine. Test machines with a cur-
rently existing capability to test the large biaxial specimens
are all located overseas.

Analyses were performed to evaluate the performance of a
RKR fracture model in predicting existing fracture tough-
ness results in the plane stress-to-plane strain domain. Test
results were drawn from the HSST Program wide-plate and
shallow-flaw test series. Detailed plane strain finite-
element models were construcied for both types of test
specimen, and the J-Q loci were defined up 1o the test
fracture load. Results showed a significant difference in the
Q-stress dependence of fracture toughness for the two test
specimens. In each case the fracture toughness predicted
using the RKR model was significantly less than the mea-
sured value.

Analysis of the effect of out-of-plane stress on the con-
straint at the tip of a circumferential crack in a pressure

NUREG/CR-4219, Vol. 9, No. |
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vessel was continued at the University of Maryland (UM).
In the curren) reporting penod, the amplified pressure
loading used in the previously reported analysis was
replaced with 8 more prototypical combination of thermal
and mechanical loading. The results obtained were similar
10 those previously reported. The presence of an out-of-
plane stress had no significant influence on the crack-tip
constraint as expressed in werms of the Q-stress. The con-
clusion from this study is that out-of -plane stresses do not
influence the constraint element of the crack-driving force
expressed in terms of the Q-stress. The previously dis-
cussed biaxial tests will be required 1o address the separate
issue of the potential effect of out-of -plane stress offects on
the material fracture toughness.

Studies of the effect of reactor vessel inertia on crack amest
behavior during a PTS event continued. During the current
reporting period, dynamic fracture toughness estimates
derived from data obtained from the HSST Program wide-
plate tests were used in the analysis. Results again indi-
cated that the final arrest depth is critically dependent on
the dynamic crack reinitiation toughness relauonship used
in the analysis. A dynamic fracture wughness data base
will be required if the dynamic crack arrest concept is 10 be
developed 1o the point where it can be included as a veri-
fied element of a PTS analysis.

A report was issued summarizing results from a study at
the UM on crack reinitiation from an arrested cleavage
crack. The study showed no significant difference between
the fracture toughness measured using fatigue
presharpened and arrested cleavage cracks. The study also
identified potential improvements 1o the Amencan Society
for Testing and Matenals (ASTM) E1221 crack-armost
specimen design.

Support for the Japanese EPI Program was continued dur-
ing the current reporting period. This research activity aims
to develop and validate methods for the prediction of
elastic-plastic crack growth in inhomogeneous materials
(EP!). This work has application (o the analysis of crack
growth at the weld-base material interface in an RFV.
Testing and analysis clements of this program are pro-
ceeding on schedule. The final report from this 4-year proj-
ect is scheduled to be issued in the next reporting period.

3 Material Characterization and
Properties

Testing o characterize the tensile and crack initiation
toughness properties of the plate material used in the
shallow-flaw fracture toughness program was completed
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during the current reporting period. The wnsile teuts
showed a significant difference in yield stress between
material from the midsection of the plate and that taken
from the plate surface. This trend is similar o that
previously reported for the Charpy V-notch (CVN) energy
fot this material,

Thermal aging of stainless steel cladding specimens con-
tinued with the abjective of completing the 20,000-h aging
¢ycle by November 1992, This work supplements the
previously reported study of irradiation aging effects on the
ductile tearing toughness of stainless steel cladding.

HSST Program personnel involvement in the development
of ASTM fracture toughness testing standards continued.
Significant progress was made in the development of a
combined J;/J-R standard. Progress was also made in test-
ing procedures incorporated in a proposed standard for
“Test Practice for Fracture Toughness in the Transition
Region.”

The initial phase of the investigation of the pop-in behavior
associated with local brittle zones has been completed, and
a report is in preparation. A significant conclusion from the
investigation is that pop-ins must be given serious consid-
eration as potential initiators of fast-running cracks.

4 Special Technical Assistance

A study was completed of the effect on calculated stress-
intensity factors for semielliptical surface cracks of
recently proposed methods for representing the stress dis-
tribution over the depth of the crack. The recent proposal
by J. M. Lawrence and J. L. Hechmer of tha Rakhonab and
Wilcox Company involves replacing the actual nonlinear
stress distribution with an equivalent linear distribution
over the depth of the crack producing an equivalent end
load and moment. This linear stress distribution differs
from thal defined in Sect. X1 of the American Society of
Mechanical Engineers Boiler and Pressure Vessel Code
and is claimed 10 improve the accuracy of the K; calcula-
tion. The study showed that results obtained using the
cquilibrium-based linear fit were identical with those
obtained using a least-squazes fit to the actual nonlinear
stress distribution,

Analysus were performed o evaluate the influence of flaw
shape and material mode!: g assumptions on longitudinal
propagation of finite-length surface flaws in a clad reactor
vessel uncar PTS loaaing. This work has application to the
future treatment of finite-length flaws in a PTS analysis,
Analysis results showed the computed K, values at the

Xix
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ends of the flaw (near the surface of the vessel) 10 be very
sensitive (o the flaw shape assumptions, The near-surface
Kjc was higher for a cance-shaped flaw than for a semiel-
liptical flaw. The difference increased as the flaws became
long and the surface-length to radial -depth ratio increased.

5 Fracture Analysis Computer
Programs

This task is concerned with development of an advanced
computer program (o perform the probabilistic fracture
mechanics analysis of RPVs. This analysis is required by
Title 10, Part 50, Sect. 614 of the Code of Federal
Kegulations 1 support any proposal for operation of a
nuclear RPV once the PTS scree aing limis have been
exceeded. The advanced code has been named FAVOR. It
will incorporate the best features of the current generation
of PTS analysis programs (e.g. OCA-P and VISA-I1)
together with fracture echnology and programming devel-
opments 10 make it more accurate, versatile, and user

friendly than its predecessors,

In the current reporting peniod, the overall structure of the
FAVOR code was defined and development progressed on
individual modules of the code. Specific developments
involve consolidating of certain analysis procedures,
improving the user interface, and introducing features that
permit the analysis of a vessel divided into regions and
subregions, each with its own set of characteristics. The
latter feature makes possible an improved representation of
the spatial variability of fracture-related parameters
throughout an RPV, Participation in the ongoing NRC/
Eleciric Power Research Insutute sponsored PTS code
benchmarking exercise is contriputing 10 the validation of
the FAVOR code,

A paper entitled “The Application of Probabilistic Fracture
Analysis to the Residea! Life Assessment of Embrittled
Reactor Vessels™ was prepared and presented at the NRC
Aging Conference in Rockville, Maryland, in March,

6 Cleavage Crack Initiation

Analysis of data from the portion of the shallow flaw frac-
ture toughness tesung program assigned to ORNL was
completed during the current reporting period. Kj. values
calculated from measured J;. and crack-up opening
displacement (CTOD) data were found to agree. Fracture
toughness for the shallow flaws was found to be
substantially greater (60% at T = -60°C) than that for deep
flaws in the lower transition region of the K. vs T-RTypr
curve. The measured wughness appeared 1o be iusensitive
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10 beam thicke2ss for thicknesses in the mngeof 2in. < B
<6in,

Testing of shallow flaws in prototypical clad reactor vessel
material is planned in order 1o evaluate the effect of metal-
lurgical gradients in .2 near-surface material on shallow-
flaw fracture wughness. Full-thickness maienial for these
tests has been obtained from a reacior vessel for a can-
celled nuclear plant. The test specification for these tests
was comploted and issued during the current reporting
period. In a paraliel activity, metallurgical gradients in a
structural weld cut from the cancelled Midland reactor ves-
sel were investigated at the UM. A significant finding from
that investigatuon was that the material hardness peaked
markedly in the region where heat-affected zones from the
structural welds and the cladding weld overlapped.

Planning was initiated for a series of tests o determine the
effect of out-of-plane stresses on fracture oughness. An
understanding of the effects of owt-of -plane stresses is nec-
essary for advances 1 be made in the treatment of shallow-
flaw fracture wughness in PTS analysis. Tests previously
reported have demonstrated an increase in fracture tough-
ness for shallow flaws under uniaxial loading. Analysis
indicates this 1o be due 1o a relaxaton of in-plane crack-tip
constraint due 1o the proximity of the free surface of the
test specimen. Prior HSST Program thermal-shock tests
with simiiar shallow flaws showed very little fracture
toughness enhancement however, It is possible that the
addition of the out-of-plane stress acts 1o increase the
crack-tip constr.nt and thereby counteract some of the
relief of in-plane constraint associated with shallow fMlaws.
The planned wsts will provide the data required for a quan-
titative evaluation of out-of-plane constraint effects.
During the current reporting period, & test specification
was produced and preliminary design and analysis initiated
on a large-scale biaxial-tension test specimen.

Studies were completed at the UM on the use of crack-tip
precompression to permit generation of lower-bound
dynamic fracture toughness data using smali-scale est
specimens. This work has potential significance for the
long-range development of reactor vessel surveillance
specimens. Resuits from the test phase of this work have
shown that precompression can be used to generate lower-

bound fracture toughness properties using smal! specimens.

The actual toughness obtained however can be dependent
on the amount of precompression applied. The echnique is
therefore not yet at a stage of development where it is
ready for surveillance program use. In the current reporting
period UM has complewed a draft report on this work. The
report will be published in NUREG format in the next

reporting period.
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7 Cladding

Analytical studies in progress are aimed at refining the
treatment of cladding effects 1o PTS analyses, Cladding
has the potential 0 have both positive and negative effects
on fracture margins. The negative potential derives from
the reported low tearing toughness of iradiated cladding
material. This leads 10 a concern that teaning initiated in the
cladding could convert 1o cleavage fracture in the base
material.

The positive potential derives from the high cleavage frac-
ture toughness of stainless steel cladding. This can reduce
the combinations of certain categories of finite-length sur-
face flaws 1 convert 1o infinite-length flaws under thermal
shock loading. Finite-length flaws produce lower peak
stress-intensity factors than do infinite-length flaws with an
equivalent depth. The potential exists, therefore, for a
reduction in the predicted rate of initial crack initiations
during a PTS event with the inclusion of this aspect of
cladding behavior into the analysis model.

An evaluation of the potential for tearing initiation in low
toughness cladding was completed in the current reporting
period. The evaluation utilized an idealization of the
Rancho-Seco PTS transient wgether with 25 4-mm (1-in.)
and 38, 1-mm-(1.5-in.) deep surface flaws with surface
length/depth ratios of 2:1, 3:1, and 6:1. Results showed that
cleavage crack initiation would not be predicted at the
deepest point of the 25 4-mm-deep finite-length flaws, but
would be predicied for a infinite-length flaw of equivalent
depth. These results confirm the benefit 1o be derived from
demonstrating that certain finite-length cracks will not
propagate o become infinitely long. The estimated
cladding - 30 J, curve falls below the applied J curve,
whereas the -2a curve is always well above the applied J
curve. Therefore, a relatively low probability exists for
tearing to initiate in the cladamg.

8 Pressurized-Thermal-Shock
Technology

No activity in the current reporting period.

9 Analysis Methods Validaiion

The objective for this sk is w verify analysis methods for
nuclear pressure vessel fracture margin assessment.
Principal verification techniques used are (1) application of
the analysis methods to predict results from large-scale
fracture tests and (2) interaction with domestic and foreign



research organizations and regulatory agencies active in the
fracture margin assessment field.

In the current repocting period, the HSST Program, acting
Jjointly with GRS of Cologne, Germany, completed the
draft of the report an the CSNI/FAG proiect FALSIRE. In
this project several international large-scale fracture exper-
iments were analyzed by fracture analysis organizations in
Europe, Japan, and the United States. Results from these
analyses focused attention on deficiencies in existing
technology for the analysis of crack propagation by ductile
tearing. Arrangements have been made for the next
Specialists Meeting on Fracture Mechanics Verification by
Large-Scale Testing to be held on Oak Ridge, Tennessee,
on October 26-29, 1992.

10 Fracture Evaluation Tests

Shallow-flaw fracture toughness testing has been trans-
ferred from ORNL to the David Taylor Research Center,
Material for use in that program has been idenufied and
reserved at ORNL

Shallow-flaw fracture toughness tests are scheduled o be
performed on full-thickness beam specimens cut from a
cancelled PWR reactor vessel. During the current reporting
period, the test material was flame cut from the vessel shell
segnent and forwarded 1o the test specimen fabrication
subcontractor. The tests will be performed for the HSST
Program at the National Institute of Standards and Tech-
nology under an interagency agreement.

XXi
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Preliminary design studies were completed for a large-
scale membrane-tension biaxial test specimen tailored to fit
the AEA Technology (U K.) large biaxial west machine.
Membrane loading was selected for the st specimen o
minimize data interpretation problems. Estimated costs for
the initial test specimen design were prohibitive however,
due in large measure (o the extensive precision machining
required for the specimen 1o mate with the U K. machine
interface. Subsequent design studies produced a specimen
with single-pin loading on each of the four arms. The esti-
mated cost for this specimen was close 10 one order of
magnitude iess than the estimated cost for the original test
gpecimen design. Specification, design, and analysis activi-
ties in preparation for the large-scale biaxial test are pro-
ceeding based upon the reduced cost test specimen config-
uration.

11 Warm Prestressing

An investigation into warm prestressing (W- §) effects was
initiated during the current reporting per’  with the long-
term objective of (1) defining the cond ons under which
WPS effects could have a significar’ .nfluence on a reactor
vessel fracture margin assessment .nd (2) developing an
understanding of the WPS p'ienv.nenon sufficient w permit
its inclusion in the RPV f ' ¢ margin assessment
process. In the current refo. ang period, a survey of poten-
ual applications for WPS echnology was completed, and a
letier report was produced.
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HEAVY.SECTION STEEL TECHNOLOGY PROGRAM SEMIANNUAL
PROGRESS REPORT FOR OCTOBER 1991—-MARCH 1992°

1 Program Management

W.E. Pennell

The Ho avy-Section Swel Technology (HSST) Program is
conducted for the Nuclear Regulatory Commission (NRC)
by Oak Ridge Natuonal Laboratory (ORNL). The program
focuses on the development and validation of technology
for the assessment of fracture-prevention margins in com-
mercial nuclear reactor pressure vessels (RPVs),

RPYV .censing issues of current concern cia be grouped
into three primary categories: (1) low-temperature over-
pressure protection (LTOP) sei-point criteria, (2) structural
integrity of the pressure vesse’ when subjecied to pressur-
ized-thermai-shock (PT5) lnading, and (3) criteria for the
evaluation of fracture mr:gins for reacior vessels contain-
ing low-upper-shell ".US) Charpy energy waterial, The
current HSST Program is structured to provide the rese arch
resulis required for resolution of these issues. A summary
of the program's principal research tasks is given in

Fig. 1.1,

Management direction and control of the program are
implemented using an 11-element Level 1 work breakdown
structure (WhsS) and a linked cost-schedule performance
monitoring system. The current HSST Program Level 1
WS is illustrated in Fig. 1.2, Each element of the Level |
WBS represents a separate research or management task
with a designated task leader.

At the close of the current reporting period, the program
cost and schedule variances were -25% and -4.4%, respec-
tively, A principal cause of the schedule variance was a
delay in preparation for the biaxial test due to (1) the need
to perfory’ = ditional design and analysis work to reduce
the test specim=n cost and (2) the decision to implement
any contractual arrangement with AEA Technology by
means of an NRC - AEA Technology international agree-
ment rather than an HSST Program subcontract. In addition
the schedule was impacted by the addition of an analysis
and test evaluation task to be completed before work was
initiated on the design of & clad-cylinder crack propagation
test. The analysis and test activities were integrated into the
program plan, but the associated rescheduling of the clad-

.qum’n\mm Conversion from SI o English
units for all 81 quantities are listed on & foldout page at the end of thas
repon.

cylinder test design activities was not. The cost variance
results from greater than anticipated analysis costs for
(1) dual-paraineter fracture correlation validation,

(2) biaxial test specimen design support, and (3) dynamic
crack arrest studies.

Staffing for the research tasks is drawn from the
Engineering Technology, Metals and Ceramics, and
Computing and Telecommunications Divisions at ORNL.
Subcontracts with consultants, universities, and other
research laboratories are used W gain access 10 special
expertise and capabilities required for certain research
tasks. A surmary of resources applied to the HSST
rescarch tasks during this report period is given in Fig. 1.3,

Subcontracts were placed with all of the HSST Program
major subcontractors and consultants. A new consulting
subcontract with Proiessor F. Shih of Brown University
provides the program with the expertise requirad o guide
the developmeni of dual-parameter fracture wughness cor-
relations. The subcontract with Battelle Columbus provides
the program with access (o & technology with a potential
for producing fracture toughness data for out-of-plane
biaxial tensile loading using relatively small iest  *
specimens,

Discussions were held with potential subcontractors for the
large-scale biaxial iension fracture toughness test. In the
case of AEA Technology it was determined that there
could be cost advantages to the program if the testing were
performed as a part of the existing U.S ~U K. collaborative
program 0c pressure vessel integrity, because this would
permit cost sharing. Responsibility for the interface with
AEA Technology was therefore transferred to the NRC.
Discussions were also held with personnel from the
National Institute of Standards and Technology (NIST),
Apparently the NIST 27-MN test machine coz . he fited
with an auxiliary loading frame that wiil make it capable
of the required biaxial loading. A decision on the large-
scale esting program will be made after exploratory tests
have been completed on smaller scale test spacimens.

Arrangements were completed for sessions on Pressure
Vessel Fracture, Fatigue, and Life Management 1o be pre-
sented at the 1992 American Society of Mechanical

NUREG/CR-4219, Vol. 9, No. 1
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Program

Engineers (ASMI) Pressure Vessel and Piping Division
Conference in New Orleans in June. A wal of 37 papers
will be presented in 9 sessions. The sessions were orga-
nied by an international team comprised of §. Bhandan,
Framatome, France; P. P. Milella, ENEA/DISP, ltaly; and
W.E. Pennell, ORNL-USA. The volume of papers was
assembled at ORNL and will be published by the ASME in
June 1992 as PVP Val. 223.

Two papers by W. E. Pennell were prepared and presented
during this reporting period. The first, entitled “HSST
Program: Recent Developments in Crack Initiation and
Arrest Research” was presented at the 19th NRC Water
Reactor Safety Meeung on October 28, 1991, This paper
contained results from a scoping analysis which suggested
that out-of-plane stresses could increase crack-tip con-
straint and thereby reduce fracture toughness. The second
paper, entitled “Aging Impact on the Safety and
Operability of Nuclear Reactor Pressere Vessels” was
presented at the NRC Aging Research Information
Conference in the period March 24-27, 1992, This lauer
paper included a review of results from the ORNL
shallow-flaw and thermal-shock test program.. Both
programs used test specimens with similar constant-depth
shallow flaws. The shallow-flaw specimens were subjected
to uniaxial loading, whereas the thermal-shock specimens
were subjected to out-of-plane biaxial loading. Fracture
toughness results for the uniaxial loading tests were
significantly higher than those for the thermal-shock tests.
These results lend support 1o the postulate that out-of-
plane stresses can increase crack-tip constraint and thereby
decrease fracture toughness. Research into out-of-plane
and in-plane constraint effe :ts continues with the aim of
developing an improved detinition of the fracture
toughness for shallow flaws under out-of-plane biaxial
loading. Results from this research are intended for
application to the PTS analysis of pressure vesseis where
fracture initiation from shallow flaws is perticularly

important.

Other meetings with significant HSST Program manage-
ment input during the current reporting period include the
U5 — U.S.S.R. Joint Coordinating Committee on Nuclear
Reactor Safety Working Group Meeting (October 28-30,
1991), the HSST Program Review Meeting with NRC on
February 25, 1992, and the NRC Constraint Effects on
Fracture Meeting on March 3, 1992,

During the current reporting period HSST Program per-
sonne!l published one semiannual progress report,! five
NUREG/CR reports,?~® one presentation,” (as a
NUREG/CP document) and two letier reports. 52 Three
presentations were given at NRC-sponsored confer-
ences,” 1011 three at NRC-sponsored international fracture

NUREGACR-4219, Vol. 9, No. 1

technology exchange meetings,' 214 two at technical soci-
ety meetings,' 316 and five at USNRC/Electric Power
Research Institute fracture technology development meet-
ings.17-20
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2 Fracture Methodology and Analysis

B.R. Bass*

2.1 Introduction

The following sections describe recent advances made in
the coordinated effort being conducted under the Heavy-
Section Sweel Technology (HSST) Program by Oak Ridge
National Laboratory (ORNL) and several subcontracting
groups to develop the experimental data base and the
analytical wols required to construct improved fracture
models for reactor pressure vessel (RPV) steels.

During this report period, work continued on an
investigation of the relationship between out-of-plane
tiaxial stress fields and crack-initiation ughness, an
analysis of a proposed large-scale biaxial st specimen, an
analysis of the near-crack-tip region using modified-
boundary-layer models, analytical studies of dynamic
crack arrest in RPVs subjected to pressurized-thermal-
shock (PTS) loading, and the Joint Japanese/United States
Elastic-Plastic Inhomogeneous (U.S. EPI) Program for the
development of an engineering estimation scheme
applicable 1 inhomogeneous materials and structures.

2.2 Constraint Effects on Fracture
Tougk.ness for Circumferentially
Oriented Cracks in RPVs
(D. K. M. Shum, J. W, Bryson, T. J. Theiss,
J. Keeney-Walker,* B, R. Bass*)

The objectives of this subtask are to develop and validaie
analytical methods for estimating the potential impact of
out-of-plane biaxial far-field stresses on crack initiction
toughness of inner surface cracks in nuclear RPVs.

PTS loading produces biaxial stress fields in an RPV wall
with one of the principal stresses aligned parallel to postu-
lated surface cracks in either longitudinal or circumfer-
ential welds. The limited quantity of existing biaxial test
data all suggest a significant decrease in fracture toughness
under out-of-plane biaxial stresses that would act in
opposition to the in-plane constraint relaxation, which has
been previously demonstrated for shallow cracks.
Consequently, understanding of both in-plane and out-of-
plane crack-tip constraint effects is necessary to a refined
analysis of fracture initiation from shallow cracks under
PTS wansient loading.

'Compuin. and Telecommunications [x ssion, Martin Manetia Energy
Systems, Inc., Oak Ridge, Tenn.

A summary of existing biaxial test data indicating a signif-
icant decrease in fracture oughness under out-of-plane
biaxial loading conditions is given in Table 2.1 and in

Fig. 2.1. Comparisons of measured data from theimal
shock experiments! and shallow crack beam tests® ¢ n-
ducted in the HSST Program at ORNL provide i7sight into
the impact of biaxial far-field stress distribo’.ons on frac-
ture toughness. The thermal-shock experiments employed
shallow cracks having depths comparable 10 those in the
shallow-crack beam tests, but with a very long crack front.
Results in Fig. 2.2, from these thermal-shock tests show an
increase in toughness relative 1o plane strain values, but not
of a magnitude that would have been inferred from the
shallow-crack data. It has been suggested® that the biaxial
stress field produced by the thermal-shock loading had the
effect of reducing fracture toughness well below (~40%)
those values associated with uniaxial loading of the shal-
low-crack beams.

Table 2.1. Summary of experimental data exhibiting
# decrease in toughness for out-of-plane

biaxial stresses
; Crack Biaxiality Reduction
Experimen
- _— geometry ratio in K (%)

Shallow-crack Through- 1:1 40
and wide-plate crack (equibiaxial)
data (HSST/

ORNL)

BiaxialAensile Through- 1:03 25
specimen data crack
(BAM,

Germany)

Spinning Finite-length 1:1 37
disk data surface crack (equibiaxial)
(CNITMASH,

Russia)

Experimental and analytical studies*~? at Bundesanstalt fiir
Materialpritfung (BAM), Germany, examined the influence
of biaxial stress states on fracture toughness of pressure
vessel steels. A nominal biaxial stress state was generated
in small tensile specimens via a transverse bending stress
that develops in conjunction with tensile loading. The ratio
of tensile to transverse components of stress had maximum
and mean values of 1:0.3 and 1:0.15, respectively. BAM
reported that fracture toughness K values of the biaxially
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Figurs 2.2 Comparison of cleavage initiation toughness data from shallow-crack beam test and from thermal-

shock experiments

loaded specimens were ~25% lower than those of single-
edge notched (SEN) specimens.

Unpublished data were reported from CNITMASH,
Russia, concerning fracture toughness measurements under
biaxial loading conditions produced in a spinning-disk
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facility.t These tests utilized circular disks having a diam-
eter 450 to 600 mm, thickness of 150 mm, and surface
cracks of maximum depth 40 mm and length 200 mm. In

M anovnty personal mmmmlow E. Pennell, Osk Ridge
Nauonal Laborstory, May 11, 1992,



these experuments, an estimated 37% reduction in tough-
ness K¢ was reported for the biaxially load~d spinning
disks, as compared with data from uniaxially loaded spec-
imens,

The scarcity of experimental data addressing the effects of
biaxie: far-field stress distribution on fracture toughness
provides the motivation for addressing the issue from an
analytical perspective. Two different analytical approaches
to the problem have been adopted.'” The first approach
addresses crack initiation by focusing on the near-crack-tip
fields within a region extending a few crack-lip opening
displacements (CTODs) directly ahead of the crack ip.
Two-parameter fracture characierization methods, which
incorporate the higher-order T-swress!! and Q-stress!?
terms, are employed o provide the technical basis for
addressing the shortcomings of conventional orie-
parameter methods based on the K and J parameters, The
near-crack-tp results are then interpreted within the con-
ext of a selected number of micro-mechanical fracture
models for the prediction of crack initiation. The Ritchie-
Knou-Rice (RKR)!3 model is adopted for the prediction of
cleavage fracture, and the McClintock-Hancock-
MacKenzie (MHM) mode!'4-15 is adopted for the predic-
tion of ductile fracture. These two models are chosen
because they have been applied w A 533 B material, in the
lower-transition and upper-shelf regions respectively, with
some success under nonirradiated and irradiated condi-
tions, 1618
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The second approach focuses on the development of corre-
lation parameters that relate fracture wughness with a vol-
ume of material loaded above nominal stress threshold
states. Candidate correlation parameters include, but are
not limited to, those based on a critical maximum principal
stress contour methodology. !9-20 This methodology
relates cleavage crack initiation with the attainment of a
critical area enclosed within a selected maximum principal
stress contour surrounding the crack tip, A correlation
between fracture toughness and this numerically deter-
mined area parameter is provided through applications 10
measured data. This approach was applied 1o the analy sis
of existing fracture toughness data obtained from wide-
plate specimens?®2! and from compact- *nsion (CT)
specimensZ: having a common planform, but with varying
thickness.

The fracture prediction models described above were
applied to available measured data with the objective of
validating the models in the plane stress-o-plane strain
domain before applying them to positive out-of-plane
strain conditions. Results from these applications are sum-
marized in Table 2.2, The RKR model was applied o frac-
ture initiation toughness data generated in the HSST
Program from large-scale wide-plate experiments?!:23-24
and shallow-crack beam tests.? Finite-clement analyses of
these experiments were performed using loading condi-
tions measured in the wst. Full-field finite-strain solutions
based on the plane strain assumption were generated from

Table 2.2. Summary of applications of fracture prediction models to measured data in plane

stress-to-plane strain domain
F"“":&';‘“"““" Test specimen configuration Analysis objective Analysis assessment
RKR cleavage inttiation Wide plate Comparison of model tough-  No agreement (model
model ness predictions with substantially underpredicts
measured values measured values)
Shallow-crack beam Comparison of model tough- Marginal agreement (model
ness predictions with underpredicts measured val-
measured values ues)
Thermally shocked cylinder  Comparison of model tough-  (Analyses in progress)
ness predictions with
measured values
Critical area/maximum CT specimens with 4T plan-  Determination of unique No calibration of model (no
principal stress contour form (thickness 1-,2-,and 4  critcal maximum principal  unique critical stress for
model in.) stress at initiation three specimens)
MHM dyctile initiation (No applications to existing
maodel measured data were
performed in this study.)

9 NUREG/CR-4219, Vol. 9, No, 1
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models having a highly refined crack-tip region.
Correlations of measured and predicted wughness for the
WP-1 and -2 series of wide-plate experiments based on the
Q-stress parameter indicate that the RKR-madel
predictions fall substantially below the toughness values
determined from analysis of the measured data. Fracture
toughness predict.ons from the RKR model for the
shallow-crack beam specimens were compared with
measured toughness values for four values of cnitical
suress. Again, the RKR model predictions were below
measured values, but not 1o the extent observed in the
wide-plate specimens. Additional details of these analyses
are given in Sect. 2.3,

Inconsistencies between measured and predicted toughness
for the wide-plate and shallow-crack beam experiments
could be due 10 one or more factors, One possible diffi-
culty may be the presence of three-dimensional (3-D)
effects in the cheveroned wide-plate specimens that cannot
be represented in the two-dimensional (2-D) plane strain
models employed in the present analyses. It is unclear what
r.odifications may be required w the J-Q methodology to
sepresent these 3-D effects should they be present. Also,
previous applications of the RKR predicuon model 10 mea-
sure data have been confined to small -scale laboratory
specimens. There may be difficulties with applications of
this model to large-scale structares that have not yet been
identified.

The correlations based on the stress contour method indi-
cate that development of the methodology depends on
establishing the existence of critical o, stress values that
correlate fracture toughness behavior over a range of trans-
verse strain values, In analyses designed to validate and
calibrate the model in the plane stress-to-plane strain
domain, the stress contour method was applied 1o fracture
toughness data for A 533 B steel previously generated by
McCabe and Landes® for a study of thickness effects in
the transition region. Analyses of 3-D finite-element mod-
els of compact specimens having a common planform of a
4T spe ‘men and thickness ranging from 10.16 to 101.5
mm were performed in an attempt W estimaie the critical

stress values in the negative ransverse strain domain,
1'&: results were mconclusive because a critical op, value
common o three different thickness (of 1, 2, and 4 in.) of
the specimens could not be established. However, note that
the data set utilized in these analyses included only one
cleavage initiation toughness value for each specimen
thickness. Also, data for the specimen crack depth, material
properties, and load vs load-line displacement were not
sufficient to permit adequate modeling of the structural
response of the test specimer.s.
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The fracture models employ.d herein must be considered
invalidated for predicting the effects of biaxial out-of-plane
stress on fracture toughness, because applications w small-
and large-specimen fracture data did not produce consistent
results in predictag fracture behavior, Notwithstanding
these general findings, Woughness predictions implied by
these maodels for out-of -plane strain effects were provided
herein for reference purposes. Within the assumptions of
the various models and analyses preseniea here, tensile
ransverse sirains are predicted 1o produce a relatively
small decrease in effective cleavage fracture wughness
when compared (o that of identical specimens loaded
uniaxially. Applications of the RKR model (described in
Sect. 2.3 and the stress contour methodology (deccribed in
a forthcoming report®) support a reduction of ~ 9% 10 20%
due 1o positive strains. The MKM model (described in a
forthcoming repon) predicted a minimal ductile toughness
deviation. Analysis of circumferential cracks under PTS
loading (described in Sect. 2.4) predicied a significant loss
of constraint relative to corresponding plane strain configu-
rations at higher J values, However, hecause the fracture
methodologies considered in this study produced resulis
that conflict with existing data considered relevant o this
problem, these estimates cannot be applied with confidence
in addressing questions that affect licensing and regulatory
issues for RPVs.

Studies carrently under way in the HSST Program are
using methodologies described in this report o better
understand the substantial differences in measured fracture
toughness from the thermal-shock experimants and the
shallow-crack beam tests. Although the outcome of this
analysis is not yet known, it is clear that several different
competing mechanisms affecting fracture toughness are
present in these experiments. In addition 1o the biaxial
stress field, other factors include shallow-crack effects,
methods of structural loading, structural and crack
geometries, and material properties. It is anticipated that
the analytical studies of these data will provide significant
information concerning relationships of some of these fac-
tors 1o fracture wughness. However, a definitive conclusion
regarding biaxial effects still would require an under-
standing of the factor affecting toughness that is sufficient
10 permit an unambiguous separation of the individual
contributions,

From these studies, it is apparent that testing under proto-
typical conditions is required (1) to determine the

"B R Bass et al, Martin Maniets Energy Sysems, Inc., Osk Ridge Natl
Lab., “Constraint Effects on Fracture Toughness for Circumferentially
Onented Cracks in Reactor Pressure Vessels,” NRC Repons
NUREGACR-6008 (ORNL/TM-12131) in preas



magnitude of out-of-plane biaxial loading effects on
fracture toughness and (2) to provide & basis for
development of predictive models. The most desirable
program would involve suitable test specimens and loading
conditions for which the only variables are imposed biaxial
loading components. This course of action is necessary 1o
support a refined treatment of in-plane and out-of-pluae
constraint effects on crack initiauon from shallow cracks
under PTS loading conditions. As a consequence, criteria
for a biaxial specimen are proposed in the next section that
would form the basis of a testing program designed 1o
close this gap between *heoretical predictions and mea-
sured material behavior. Design studies are currently under
way in the HSST Program 1o develop a set of geometric
parameters, material and fracture properties, and loading
conditions for the specimen satisfying these design criteria.
Additional results of the design studies on the biaxial
specimen will be presented in a future report from the
HSST Program.

2.2.1 Design Criteria for Biaxial Specimen

The objective of the proposed biaxial fracture testing pro-
gram is to obtain fracture oughness data under conditions
of uniform far-field biaxial stresses that are selected (1) o
produce prototypic crack-driving forces and out-of -plane
stress and (2) o provide the simplest loading conditions for
analysis. In addition, the experimental data from the
proposed testing program will provide much needed data
for the purpose of verifying and refining the {racture pre-
diction methodologies that form the basis of the analytical
predictions described in previous chapters, Tests world be
conducted on uniaxially and biaxially loading specimens

for comparative purposes,

Design of the biaxial st specimen is based on the follow-

ing criteria:

1. Test specimen must remain elastic in the throat [i.e.,
linear-elastic fracture-mechanics (LEFM) conditions
must apply].

2. Tests must only be influenced by out-of-plane biaxial
loading (i.e., shallow-flaw effects, metallurgical gradi-
ents, eic., must not be prevalent).

3. Yield strength of material shouid be prototypic of
irradiated conditions and achievable through heat
treatment.

4, Test reference temperature T-RTypr must be proto-
typic of PTS temperatures (i.e., in lower transition
region).

5. Flaw must be long 0 enhanee crack imtiation,

6. Biaxial loading ratio should be prototypic of that
experienced by circumferential flaw under PTS load-
ing (i.e., equibiaxial or 1:1 ratio).

7. Stress at failure should be prototypic of that in the ves-

sel wall during PTS event.
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8. Sufficient driving force should be present at the crack
lip W reasonably ensure crack initiation at 27 MN
Joad.

A preliminary set of parameters ws selected Lo initiate the
design process and to meet the above criteria. Criterion 2
may be sausfied by requiring a normalized crack depth
/W varying between 0.3 and 0.6 w eliminate any shallow-
crack effects. Additionally, to eliminate influence of metal-
iurgical gradients, test specimens should be cut suck: that
the majority of the crack-iip region is located in the center
region of the source plawe. To satisfy criterion 3, all
analyses presented here are based on a yield strength level
of 620 MPa. This strength level is both prototypic of irra-
diated A 533 B grade B class | steel and is attainable in
unirradiated A 533 B through heat treatment,

The material characterization of HSST Plate 13A (Ref. 21)
was assumed for these studies, Examinations of integrated
pressurized-thermai-shock (IPTS) studies® reveal that
many crack initiations occur within a temperature range of
T - RTypr from -45 to 0°F. Testing at & iemperature
above RTypyr would likely violate criterion 1. To ensure
crack initiation and to satisfy criteria 4 and 8, the test
temperature has been tentatively setat T - RTypr =
~45°C. The initation fracture toughness at this temperature
is taken 1o be 66 ksiv/in. Further evidence that T - RTnpt
= -45°C is a suitable wemperature is provided by data trom
shallow-crack toughness tests 2

An essential test requirement is that the crack-driving force
be sufficient to initiaie the crack. However, scatter in the
toughness data in the transition region often exceeds a fac-
tor of 2. In addition, some increase in toughness may be
present in the biaxial specimens, because ension speci-
mens generally are less constrained than bending speci-
mens (CT or SENB specimens). The loss of constraint for
tension loeding should be minor if linear-elastic conditions
are met. Also, the long flaw length dictated in criterion §
provides more opportunities for crack initiation and should
tend to bring about a lower init:ation value. Therefore, a
load ratio, KK, = 2.5 is assumed tc be a requirement for
these tests, satisfying part of criterion 8. This ratio implies
that, at T~ RTypr from -45°F, K| must exceed 165
ksivin.

2.2.2 Far-Field Analyses of Biaxial Specimen

Design studies are currently under way to develop a set of
geometric parameters, material and fracture properties, and
loading onditions for the specimen satisfying the above
design criteria. A candidate geometry for a biaxial speci-
men being analyzed in these studies is depicted in

Fig. 2.3.
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2221 Three-Dimensional Analyses

Figure 2.3 shows the dimensions of one-quarter of & test
plate w which idealived tabs are atached for applying the
biaxial loading component. A finite-element model
employed in these analyses is shown in Fig. 24, which
consists of 4194 nodes and 824 twenty -noded isopars-
metric brick element. Elastic and incremental elastic -
plastic constitutive model representations of A 533 grade B
class steel were taken from Ref. 8 matenial; properties wore
Young's Modulus E = 30,000 ksi, Poisson's ratio v = 0.3,
yield stress o = 90 ksi (additional explanation of the yield
stress is necessary) and tangent modulus E = 200 ksi,
Uniaxial and biaxial loads were applied 1o end surfaces of
the pull-tabs. In tue results presented here, these end sur-
faces were constrained in the normal direction using a
generalized-plane strain (GPS) boundary conditions.

Depending upon the type of fixture used to apply the loads,
other boundary conditions may * -vore appropriste for
modeling the loading of the spu. 2 1on. The loading was
applied monotonica”  nd incrementally 1 produce
maximum resultant 1 ads of 20 MN. At each load step iter-
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atons were performed 10 establish global equilibrium of
the structure,

Shaded contours of the von Mises effective stress for the
canoe-shaped crack geometry subjected 10 an applied load
of 20 MN are shown in Figs. 2.5 and 2.6, respectively, for
the B plane of Fig. 2.3, The small plastic zone contours
around the crack  * corresponding 1o the initial yield stress
of 90 ksi in shown or each loading condition. As expected,
plastic zone development for the biaxial loading case is
less than the uniaxial case; also, conditions of ceatained
yielding exist ac this load level.

2.2.22 Investigation of Clevis/Pin Far-Field Stress
Distribution in Uncracked Blaxial Test
Specimen

Two-dimensional plane stress analyses were performed o
investigate the effects of a clevis/pin loading fixture on the
far-field stress distribution in the biaxial specimen test
plate. Figure 2.7 shows the preliminary design ~onfigura-
tion of the biaxial test specimen. The test coupon itself is
24 x 24 x 5 in, and the total height and width of the
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Figure 2.6 Contours of effective stress showing plastic zone size in Face B of specimen depicted in Fig, 2.3 for
biaxial loading of 20 MN
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Figure 2.7 Preliminary design of biaxial test assembly showing plate specimen containing a surface crack, with
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