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Abstract

The Heavy Section Steel Technology (llSST) Program is (9) analysis methods validation,(10) fracture evaluation
conducted for the Nuclear Regulatory Commission (NRC) tests, and (11) warm prestressing. The program tasks have
by Oak Ridge National laboratory (ORNL). The program been structured to place emphasis on the resolution fracture
focus is on the development and validation of technology issues with near term licensing significance. Resources to
for the assessment of fracture prevention margins in execute the escarch tasks are drawn from ORNL with
commercial nuclear reactor pressure vessels. The llSST subcontract support from universities and other research
Program is organized in i1 tasks: (1) program laboratories. Close contact is maintained with tie sister
management, (2) fracture methodology and analysis, licavy-Section Steel Irradiation (llSSI) Program at ORNL
(3) material characterization and properties, (4) special and with related research programs both in the United
technical assistance,(5) fracture analysis computer States and al, road. This report provides an overview of
programs, (6) cleavage-crack initiation, (7) cladding principal developments in each of the 11 program tasks
evaluations,(8) pressurized-thermal shock technology, from October 1,1991 to March 31,1992.
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Preface

The lleavy-Section Steel Technology (llSST) Program, which is sponsored by the Nuclear Regulatory Commission, is an
enginecting research activity devoted to extending and developing the technology for assessing the margin of safety against
fracture of the thick walled steel pressure vessels used in light water-cooled nuclear power reactors. 'Ihe program is being
carried out in close cooperation with the nuclear power industry,'Ihis report covers llSST work performed in October 1991-
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Executive Sununary

W. E. Pennell

The Heavy-Section Steel Technology (llSST) Program is Papers by the HSST Program Manager were presented at
conducted for the Nuclear degulatory Commission (NRC) the 19th NRC Water Reactor Safety Meeting on October
by Oak Ridge National Laboratory (ORNL). The program 28,1991, and at the NRC Aging Research Information
fccus is on the development and validation of a fracture- Conference in the period March 24-27,1992, ne papers
mechanics-based technology for the evaluation of fracture. Included scoping analyses and test data evaluations indicat.

prevention margins in nuclear reactor pressure vessels ing that out-of-plane stresses, such as those generated dur-
(RPVs). Prior phases of a program generated the required ing a pressurized thermal-shock (l'TS) event, may act to
technology, which was then transferred to national consen- increase crachtip constraint and thereby reduce the
sus codes and standard.. Subsequent large-scale fracture material frar ture toughness,
tests have revealed the need for further development and
refinement of the technology. Irradiation effects research
programs and reactor vessel surveillance programs have llSST Program personnel published one semiannual
identified further a;eas where extension of the fracture progress report, five NUREG/CR reports, one presentation,
technology is required. Recent experience with licensing (as a NUREG/CP (k)cument), and two letter reports.
application of the technology has also identified areas in Thirteen presentations were given at NRC-sponsored con.
which additional development is required. Current HSST ferences and international fracture technology exchange
Program activities are structured to provide the necessary meetings.
fracture technology devele.nents and to support NRC in
the licensing application of that technology.

2 Fracture Methods and Analysis

1 Prograin Managentent Investigation of the effect of out-of plane stresses on frac-
ture toughness continued. This investigation is metivated

At the close of the current reporting period, the program by the fact that the loading conditions of primary concern
cost and schedule variances were -25% and 4.4%, respec- in a nuclear RPV all produce biaxial stress fields with one
tively. A principal cause of the schedule variance was a of the principal stresses aligned parallel to the crack front
delay in preparation for the blaxial test caused by imple- for both longitudinal and circumferential flaws. There is no
mentation of unscheduled cost control measures. counterpart of these far field stresses in the fracture tough-

ness test specimens used to generate the fracture toughness
data currently used to assess pressure vessel fracture-

Subcontracts were placed with all of the HSST Program prevention margins. nere is a concern that out-of plane
,

major subcontractors and consultants. Discussions were stresses may act to increase crack tip constraint and
'

held with potential subcontractors for the large-scale biax- thereby decrease fracture toughness.
ial tension 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 During the current reporting period, results from the previ-
o part of the existing U.S. U.K. collaborative program on ously reported shallow-flaw and thermal-shock tests were
pressure vessel integrity, because this would permit cost evaluated as a set.This was possible because both sets of
sharing. Responsibility for the interface with AEA test data were p.oduced using similar shallow-flaw depths.
Technology was therefore transferred ta the NRC. A deci- The resuhs show a substantial elevation in toughness for
sion on the large-scale testing program will be made after shallow flaws Icaded by uniaxial tensile stress. When simi-
exploratory tests have been completed on smaller scale test lar flaws are loaded by a biaxial stress field however, the
specimens. toughness elevation is much reduced. This result tends to

support the postulate that out-of-plane stresses can influ-
ence crack-tip constraint and thereby influence fracture

Arrangements were completed for sessions on Pressure toughness.
Vessel Fracture, Fatigue, and Life Management to be pre- 4

| sented at the 1992 ASME Pressure Vessel and Piping Development of an tlytical models for the prediction of

| Division Conference in New Orleans in June. The sessions crack-tip constraint effects on fracture toughness contin-

| were organized by an intemational team comprised of ued. Crack tip mict imechanical models using both stress-
S. Bhandari, Framatome, France; P. P. Milella, based [Ritchie-Kno;t-Rice (RKR)] and ductility-based
ENEA/ DISP, Italy; and W. E. Pennell, ORNL. [McClintock-Hanci ck-MacKeruie (MKM)] fracture

| xvii NUREG/CR 4219, Vol. 9, No.1
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criteria have teen developed together with a correlation vessel was continued at the University of Maryland (UM).
parameter based on the area cf material at the crack-tip in In the current reporting period, the amplified pressure
which the stress exceeds a critical va!ue. Emphasis in the loading used in the geviously reported analysis was
current reporting period has teen on validating these replaced with a more prototypical combination of thermal
models using available fracture toul,hness data obtained in and mechanical loading. The results obtained were similar
the plane stress to plane str:da domain. To date none of the to those previously reported. The presence of an out of-
models has been able to match results from tests involving plane stress had no significant influence on the crack tip
a range of crack-tip constraint conditions. constraint as expressed in terms 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

Near-term fracture model development and validation expressed in terms of the Q stress. De previously dis-
efforts will now focus on a detailed analysis of the thermal- cussed biaxial tests will be required to address the separate

shock test crack tip stress and strain fields with the objec- issue of the potential effect of out of plane stress effects on
Live of identifying parameters that responded strongly to the material fracture toughness.

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 ratio Studies of the effect of reactor vessel inertia on crack arrest
on fracture toughness are pesent and potentially capable of behavior during a PTS event continued. During the current i

isolation. It has become evident, however, that existing test neporting period, dynamic fracture toughness estimates
data on biaxial loading effects cannot provide all of the derived from data obtained from the HSST Program wide-

information required for development of the constraint plate tests were used in the analysis. Results again indi-

effects fracture toughness models, cated that the final arrest depth is critically dependent on
the dynamic crack reinitiation toughness relationship used
in the analysis. A dynamic fracture toughness data base

The program has initiated development of a biaxial fracture will be required if the dynamic crack arrest concept is to be
toughness test specimen specifically designed to generate developed to the point where it can be included as a veri-
the data required to determine the effects of biaxial loading fled element of a l'TS analysis.
on fracture toughness in a manner that will facilitate identi-
fication of the underlying causes. In the cunent reporting
period,2-D and 3-D finite-element analyses have been A report was issued summarizing results from a study at
performed to def' e the geometry of a cost-effective test the UM on crack reinitiation from an arrested cleavagem
specimen and confirm that the test specification require- crack. The study showed no significant difference between
ments are met. One of these requirements is that stresses in the fracture toughness measured using fatigue
the remaining ligament remain clastic at the fracture load. presharpened and arrested cleavage cracks. The study also
This requirement has dictated the use of a large (5-in.- identified potential improvements to the American Society
thick) specimen that, in turn, dictates the use of a large for Testing and Materials (ASTM) El221 crack-ariest
high load capacity test machine. Test machines with a cur- specimen design.
rently existing capability to test the large biaxial specimens
are alllocated overseas.

Support for the Japanese EPI Program was continued dur-
ing the current reporting period. His research activity aims

Analyses were performed to evaluate the performance of a to develop and validate methods for the prediction of
RKR fracture model in predicting existing fracture tough- clastic-plastic crack growth in inhomogeneous materials
ness results in the plane stress-to-plane strain domain. Test (EPI). This work has application to the analysis of crack
results were drawn from the HSST Program wide-plate and growth at the weld-base material interface in an RPV.
shallow-flaw test series. Detailed plane strain finite- Testing and analysis elements of this program are pro-
element models were constructed for both types of test ceeding on schedule. The final report from this 4 year proj-
specimen, and the J-Q loci were defined up to the test ect is scheduled to be issued in the next reporting period.
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 3 Material Characterization and
using the RKR model was significantly less than the mea- Properties
sured value.

Testing to characterize the tensile and crack initiation
toughness properties of the plate material used in the

Analysis of the effect of out-of-plane stress on the con- shallow flaw fracture toughness program was completed
straint at the tip of a circumferential crack in a pressure

NUREG/CR-4219, Vol. 9, No. I xviii
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Executive
during the current reporting period. he tensile tects ends of the flaw (near the surfxe of the vessel) to be very

,

showed a significant difference in yield stress between sensitive to the flaw shape assumptions. The near surfxe
1 material from the midsection of the plate and that taken Kel was higher for a canoe shaped flaw than for a semiel-
'

from the plate surface. This trend is similar to that liptical flaw. The difference increased as the flaws became

| previously reported for the Charpy V-notch (CVN) energy long and the surface-length to radial depth ratio increased.
for this material.

5 Fracture Analysis Computer
Thermal aging of stainless steel cladding specimens con * PrograinS
tinued with the objective of completing the 20,000-h aging,

'

cycle by November 1992. His work supplements the This task is concerned with development of an advanced
; previously reported study of irradiation aging effects on the computer program to perform the probabilistic fracture

ductile tearing toughness of stainless steel cladding. mechanics analysis of RPVs. This analysis is required by
4 Title 10, Part 50, Sect. 61-4 of tM Code of Federal
4 Regulations to support any proposal for operation of a
i HSST Program personnel involvement in the development nuclear RPV once the PTS scree.iing limits have been
i of ASTM fracture toughness testing standards continued. exceeded. The advanced code has been named FAVOR. It

Significant progress was made in the development of a will ncorporate the best features of the current generation
combined Jgc/J.R standard. Progress was also made in test- of PTS analysis programs (e.g. OCA P and VIS A-II),

ing procedures incorporated in a proposed standard for together with fracture technology and programming devel-
;

" Test Practice for Fracture Toughness in the Transition opments to make it more accurate, versatile, and user
Region." friendly than its predecessors.

,

The initial phase of the investigation of the pop-in behavior In the current reporting period, the overall structure of the
'

; associated with local brittle zones has been completed, and FAVOR code was defined and development progressed on
} a report is in preparation. A significant conclusion from the

individual modules of the code. Specific developments
; investigation is that pop ins must be given serious consid- nvolve consolidating of certain analysis procedures,

eration as potential initiators of fast-running cracks. mproving the user interface, and introducing features that
permit the analysis of a vessel divided into regions and

! 4 Special Technical Assistance subregions, each with its own set of characteristics. he
latter feature makes possible an improved representation of

i the spatial variability of fracture-related parameters
; A study was completed of the effect on calculated stress-

throughout an RPV. Participation in the ongoing NRCI
! intensity factors for semielliptical surface cracks of Electric Power Research Institute sponsored I'fS code

recently proposed methods for representing the stress dis- tenchmarking exercise is contr outing to the validation of
tribution over the depth of the crack. The recent proposal the FAVOR code.

| by J. M. Lawrence and J.L. Hechmer of aba bb*+ . :d
' _ ilcox Company involves replacing the actual nonlinearW
; stress distribution with an equivalent linear distribution A paper entitled "He Application of Probabilistic Fracture
' over the depth of the crack producing an equivalent end Analysis to the Residual Life Assessment of Embrittled

load and moment. This linear stress distribution differs Reactor Vessels" was prepared and presented at the NRC
from that defined in Sect. XI of the American Society of Aging Conference in Rockville, Maryland, in March,

,

1 Mechanical Engineers Boiler and Pressure Vessel Code

and is claimed to improve the accuracy of the Kg calcula-
tion. The study showed that results obtained using the 6 C[CaVage Crack Initiation

; equilibrium-based linear fit were identical with those
obtained using a least4quaNs fit to the actual nonlinear Analysis of data from the portion of the shallow flaw frac-
stress distribution. ture toughness testing program assigned to ORNL was

| completed during the current reporting period. K ci values
'

calculated from measured Jgeand crack-tip opening! Analyses were performed to evaluate the influence of flaw displacement (CTOD) data were found to agree. Racture
I shape and material modelhg essumptions on longitudinal toughness for the shallow flaws was found to be

propagation of finite length surface flaws in a clad reactor
substantially greater (60% at T = -60*C) than that for deep

vessel under PTS loaomg. This work has application to the
flaws in the lower transition region of the Kie vs T-RTNDT

future treatment of finite-length flaws in a PTS analysis, curve. ne measured toughness appeared to be it. sensitive
Analysis results showed the computed Kj values at the

(' xix NUREG/CR-4219, Vo?. 9, No.1



Executive

to beam thicknss for thicknesses in the range of 2 in. < B 7 Cladding
< 6 in.

Analytical studies in progress are aimed at refining the
treatment of cladding effects in I'TS analyses. Cladding

Testing of shallow flaws in prototypical clad reactor vessel has the potential to have both positive and negative effects
materiil is planned in order to evaluate the efrect of metal- on fracture margins. The negative potential derives from

i

lurgical gradients in tb near surface material on shallow- the reported low tearing toughness of irradiated cladding
flaw fracture toughness. Full-thickness material for these material, his leads to a concern that tearing initiated in the
tests has been obtained from a reactor vessel for a can- cladding could convert to cleavage fracture in the base
celled nuclear plant. The test specification for these tests material.
was completed and issued during the current reporting
period. In a parallel activity, metallurgical gradients in a
structural weld cut from the cancelled Midland reactor ves- The positive potential derives from the high cleavage frac-
set were investigated at the UM. A significant finding from ture toughness of stainless steel cladding. This can reduce
that investigation was that the material hardness peaked the combinations of cenain categories of finite-length sur-
Inarkedly in the region where heat-affected zones from the face flaws to convert to infinite-length flaws under thermal
structural welds and the cladding weld overlapped. shock loading. Finite-length flaws produce lower peak

stress-intensity factors than do infinite-length flaws with an
equivalent depth. ne potential exists, therefore, for a

Planning was initiated for a series of tests to determine the reduction in the predicted rate of initial crack initiations
effect of out-of-plane stresses on fracture toughness. An during a FTS event with the inclusion of this aspect of
understanding of the effects of out-of plane stresses is nec- cladding behavior into the analysis model.
essary for edvances to be made in the treatment of shallow-
flaw fracture toughness in FTS analysis. Tests previously
reponed have demonstrated an increase in fracture tough- An evaluation of the potential for tearing initiation in low
ness for shallow flaws under uniaxialloading. Analysis toughness cladding was completed in the current reporting
indicates this to be due to a relaxation ofin-plane crack-tip period. The evaluation utilized an idealization of the
constraint due to the proximity of the free surface of the Rancho-Seco FTS transient together with 25.4 mm (1 in.)
test specimen. Prior HSST Program thermal shock tests and 38.1-mm-(1.5 in.) deep surface flaws with surface
with similar shallow flaws showed very little fracture length / depth ratios of 2:1,3:1, and 6:1. Results showed that
toughness enhancement however. It is possible that the cleavage crack initiation would not be predicted at the
addition of the out of-plane stress acts to increase the deepest point of the 25.4-mmaleep finite-length flaws, but
crack-tip constrCat and thereby counteract some of the would be predicted for a infinite-length flaw of equivalent
relief of in plane constraint associated with shallow flaws. depth. These results confirm the benefit to be derived from
The planned tests will provide the data required for a quan- demonstrating that cenain finite-length cracks will not '
titative evaluation of out-of plane constraint effects. propagate to become infinitely long Re estimated
During the current reporting period, a test specificat,on cladding -30 Jercurve falls below the applied J curve,i

was produced and preliminary design and analysis initiated whereas the -20 curve is always well above the applied J
on a large scale biaxnt-tension test specimen. curve. Derefore, a relatively low probability exists for

tearing to initiate in the clademg.

Studies were completed at the UM on the use of crack-tip
precompression to permit generation of lower bound - 8 Pressurized-Thermal-Shock
dynamic fracture toughness data using small-scale test ,E 7O
specimens. His work has potential significance for the
long range development of reactor vessel surveillance
specimens. Results from the test phase of this work have . No activity m. the current reporting period.

shown that precompression can be used to generate lower-
bound fracture toughness properties using small specimens. 9 Analysis Methods Validailon
The actual toughness obtained however can be dependent
on the amount of precompression applied. He technique is
therefore not yet at a stage of development where it is The objective for this task is to verify analysis methods for

ready for surveillance program use. In the current reporting nuclear pressure vessel fracture margin assessment.

period UM has completed a draft report on this work. He Principal verification techniques used are (1) application of

| report will be published in NUREO format in the next the analysis methods to predict results from large-scale
fr cture tests and (2) interaction with domestic and foreign

reporting period

NUREG/CR-4219, Vol. 9, No. I xx
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research organizations and regulatory agencies active in the Preliminary design studies were cumpleted for a large-
fracture margin assessment field. scale membrane-tension biaxial test specimen tailored to fit

the AEA Technology (U.K.)large biaxial test machine.
' hiembrane loading was selected for the test specimen to

in the current repo ting period, the HSST Program, acting minimize data interpretation problems. Estimated costs for
i jointly with GRS of Cologne, Germany, completed the the initial test specimen design were prohibitive however,

draft of the report on the CSNI/FAO proicct FALSIRE. In due in large measure to the extensive precision machining
this project several international large-scale fracture exper- required for the specimen to mate with the U.K. machine
iments were analyzed by fracture analysis organizations in interface. Subsequent design studies produced a specimen

'

i Europe, Japan, and the United States. Results from these with single pin loading on each of the four arms. The esti-
analyses focused attention on deficiencies in existing mated cost for this specimen was close to one order of
technology for the analysis of crack propagation by ductile magnitude less than the estimated cost for the original test
tearing. Arrangements have been made for the next specimen design. Specification, design, and analysis activi-
Specialists hiceting on Fracture hicchanics Verification by ties in preparation for the large-scale biaxial test are pro-
Large-Scalc Testing to be held on Oak Ridge, Tennessee, ceeding based upon the reduced cost test specimen config-
on October 26-29,1992. uration.

: 10 Fracture Evaluation TcSts 11 Warm PreStreSSing

Shallow flaw fracture toughness testing has been trans. An investigation into warm prestressing (WES) effects was
ferred from ORNL to the David Taylor Research Center. Initiated during the current reporting peri'A with the long-

i hiaterial for use in that program has been identified and term objective of (1) defining the con @.nons under which
reserved at ORNL. WPS effects could have a significarr. influence on a reactor

vessel fracture margin assessment <.nd (2) developing an
understanding of the WPS p'ierw.nenon sufficient to permit

Shallow-flaw fracture toughness tests are scheduled to be its inclusion in the RPV f tr.e margin assessment
prformed on full thickness beam specimens cut from a process, in the current repa.,mg period, a survey of poten-
cancelled PWR reactor vessel. During the current n porting tial applications for WPS technology was completed, and a
period, the test material was flame cut from the vessel shell letter report was produced,
seg;nent and forwarded to 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.

|

|
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HEAVY SECTION STEEL TECHNOLOGY PROGRAM SEMIANNUAL --

PROGRESS REPORT FOR OCTOBER 1991-MARCH 1992* -
'

i

| 1 Program Management
,

! W. E. Pennell

!
4

! The Heavy-Section Steel Technology (HSST) Program is cylinder test design activities was not. The cost variance
; conducted for the Nuclear Regulatory Commission (NRC) results from greater than anticipated analysis costs for
i by Oak Ridge National laboratory (ORNL). The program (1) dual panuncter fracture correlation validation,

focuses on the development and validation of technology (2) biaxial test specimen design support, and (3) dynamic,

j for the assessment of fracture-prevention margins in coma crack arrest studies.
'

mercial nuclear reactor pressure vessels (RPVs).
!-

Staffing for the research tasks is drawn from the

; RPV Rensing issues of current concern crn t e grouped Engineering Technology, Metals and Ceramics, and

: into three primary categories: (I) low ternperature over. Computing and Telecommunications Divisions at ORNL,
i pressure protection (LTOP) set-pint criteria. (2) structural- Subcontracts with consultants, universities, and other

; integrity of the pressure vesse! when subjected to pressur . research laboratories are used to gain access to special
1 ized-thermal shock (irrS) loading, and (3) criteria for the expertise and capabilities required for certain research

i evaluation of fracture mmgins for reactor vessels contain- tasks. A summary of resources applied to the HSST

[ ing low upper-shelf (LUS) Charpy energy inaterial.ne
.

research tasks during this report period is given in Fig.1.3.
j current HSST Program is structured to provide the rese arch

: results required for resolution of these issues. A summary
4 of the program's principal research tasks is given in Subcontracts were placed with all of the HSST Program
l Fig.1.1. major subcontractors and consultants. A new consulting

subcontract with Proiessor F. Shih of Brown Unive sity
~4

provides the program with the expertise required to guide-

j Management direction and control of the progmm are the development of dual-parameter fracture toughness cor-

7
implemented using an 11 element Level I work breakdown relations. The rubcontract with Battelle Columbus provides

i structure (WhS) and a linked cost-schedule performance the program with access to a technology with a potential
monitoring system. The current HSST Program Level 1 for producing fracture toughness data for out-of-planei

WBS is illustrated in Fig.1.2. Each element of the Level 1 - biaxial tensile loading using relatively small test *
*

WBS represents a separate research or management task specimens.
j with a designated task leader.
; Discussions were held with potential subcontractors for the
! large-scale biaxial tension fracture toughness test. In the

| At the close of the current reporting period, the program case of AEA Technology it was determined that there -
cost and schedule variances were -25% and -4.4%, respec. could be cost advantages to the program if the testing were

). tively. A principal cause of the schedule variance was a performed as a part of the existing U.S.-U.K. collaborative
[ -delay in preparation for the biaxial test due to (1) the need program oa pressure vessel integrity, because this would -
'

to perforr Kditional design and analysis work to reduce permit cost sharing Responsibility for the interface with:

, the test specim+n cost and (2) the decision to implement AEA Technology was therefore transferred to the NRC.
'

any contractual arrangement with AEA Technology by Discussions were also held with personnel from the
i means of an NRC - AEA Technology international agree- National Institute of Standards and Technology (NIST).
I ment rather than an HSST Program subcontract.'In addition Apparently the NIST 27-MN test machine cod! he flued

the schedule was impacted by the addition of an analysis with an auxiliary loading frame that will make it capable
'

and test evaluation task to be completed before work was of the required biaxial loading. A decision on the large-
initiated on the design of a clad cylinder crack propagation - scale testing program will be made after expforatory tests,

test. The analysis and test activities were integrated into the have been completed on smaller scale test specimens.
- program plan, but the associated rescheduling of the clad-

.

4

j %is repon is wrinen in metric units. cmvenion from SI to Engush Arrangements were completed for sessions on Pressure

; units for au si quantities m tima on . fo:dout p*se at the end of this Vessel Fracture, Fatigue, and Life Management to be pre-
' - "P "- sented at the 1992 American Society of Mechanical

1 NUREG/CR-4219, Vol. 9, No.1
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P.T Limits and Pressurized Low Unper Shelf
LTOP Setpoints Thermal Shock Charpy Energy

I I I

Ke3 vs K r Constraint Effects ASME Code Rulesi i

*LBZ * Shallow flaws for Operation with l

* Pop-ins * Biaxial stress fields CE < 50 ft,1b

* Crack * Two parameter * Analysis
reinitation characterization methods~

I of fracture development

Nternate P-T * Constraint effects * Extrapolation of

Curve Analysis fracture teste J-R curves

Proposals |'

* Cladding Crad Arrest Ductile Tearing
contributon * Extended Kg, curve Twig Mor to*

to K, * Dynamic crack arrest deavage
-

'
1 * Stability of

ladding Enocts arrested cracksWarm * Low dad tearing <

Prestressing toughness
+ Effect from * Subctad flaws

anticipated * Metallurgical-

transients gradients
$ WPS stability * Surface crack

in acddent propagation
transients ,

PTS Testing |
* Large scale PTS

technology validation
tests

i

PTS Analysis Methods
* OCA P development
* Yankee Rowe vendor,

| analysis review
| * Yankee Rowe FTS
| sensitivity analysis

Flaw Characterization * . Tasks in progress
* Initiation geometry ( = Tasks to begin
* Arrest geometry in FY 1992
* Sensitivtty studies

Figure 1.1 Summary of principal liSST Program research tasks

t

i

|
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Figure 1.3 Resources applied to IISST l'rogram R&D tasks
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Engineers (ASME) Pressure Vessel and Piping Division technology exchange meetings,12-14 two at tecimical soci-

| Conference in New Orleans in June. A total of 37 papers ety meetings,15,16and five at USNRC/ Electric Power
2 will be presented in 9 sessions. The sessions were orga- Research Institute fracture technology development meet-

ni ed by an international team comprised of S. Bhandari, ings.17-20
Framatome, France; P. P. Milella, ENEA/ DISP, Italy; and
W. E. Pennell, ORNL-US A. De volume of papers was
assembled at ORNL and will be published by the ASME in References
June 1992 as PVP Vol. 223.

1. W. E. Pennell, Martin Marietta Energy Systems,Inc.,
Oak Ridge Nall. Lab.. lleavy-Section Steel Tecknology

Two papers by W. E. Pennell were prepared and presented Program Semiannual Progress Reportfor October

during this reporting period. The first, entitled "HSST 1990-March 1991, USNRC Report NUREGER-

| Program: Recent Developments in Crack initiation and 4219, Vol. 8, N,o.1 (ORNI/rM 9593/V8 & NI),
Arrest Research" was presented at the 19th NRC Water February 1992.

,

Reactor Safety Meeting on October 28,1991. This paper4

contained results fnxn a scoping analysis which suggested
2. J. W. Dalley et al., University of Maryland, Lower-

that out of planc stresses could increase crack-tip con' Boundinitiation Toughness with a Modfied-Charpy
straint and thereby reduce fracture toughness, ne second |Specimen, USNRC Report NUREG/CR 5703
paper, entitled Aging Impact on the Safety and (ORNt/Sub/79-7778/7), November 1991.*
Operability of Nuclear Reactor Pressure Vessels" was
presented at the NRC Aging Research Information;

Conference in the period March 24-27,1992. This latter 3. O. R. Irwin, University of Maryland, Use of 77tickness
paper included a review of results from the ORNL Reduction to Estimate Values of K, USNRC Report
shallow-flaw and thermal-shock test programL. Both NUREGER 5697 (ORNL/SUB/79 7778/5),4

programs used test specimens with similar constant-depth November 1991,*
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 4. S. T. Rolfe, University of Kansas, The Behavior of
toughness results for the uniaxial loading tests were Shallow flaws in Reactor Pressure Vessels, USNRC

significantly higher than those for the thermal-shock tests. Report NUREG/CR 5767 (ORNL/SUB/90.SHM0/I),
These results lend support to the postulate that out of. November 1991,*

,

plane stresses can increase crack-tip constraint and thereby2

decrease fracture toughness. Research into out-of-plane
5. D. E. McCabe, A Comparison of Weitxill and i,and m plane constraint effe :ts continues with the aim of.

developmg an improveu actinition of the fractur Analysis of Transition Range Fracture Toughness
. Data, USNRC Report NUREG/CR-5788 (ORNI/rM-

toughness for shallow flaws under out-of-plane b.iaxial
loading. Results from this research are intended for 11959), January 1992.

,

application to the PTS analysis of pressure vessels where
fracture initiation from shallow flaws is perticularly 6. J. D. Landes, Extrapolation of the J-R Curvefor
smportant. Predicting Reactor Vesselintegrity, USNRC Report

NUREGER 5650(ORNL/SUB/89 99732/1), January
1992.*

; Other meetings with significant HSST Program manage.
ment input during the current reporting period include the
U.S.- U.S.S.R. Joint Coordinating Committee on Nuclear 7. W. E. Pennell," Heavy-Section Steel Technology
Reactor Safety Working Group Meeting (October 28-30, Progranu Recent Developments in Crack Initiation and
1991), the HSST Program Review Meeting with NRC on Arrest Research," in Proceedings of U.S. Nuclear

February 25,1992, and the NRC Constraint Effects on Regulatory Commhsion Nineteenth Water Reactor
Fracture Meeting on March 3,1992. Safety Information Meeting, October 28J0,1992,

Rockville, Maryland, USNRC Proceeding
NUREGEP-0119, Vol.1, April 1992.*

During the current reporting period HSST Program per-
sonnel published one semiannual progress report,1 five

8. D. K. M. Shum et al.," Potential Change in Flaw
NUREGER reports, one presentation, (as a
NUREG/CP document) and two letter reports.g g Three Geometry of an Initially Shallow, Axially Oriented,

Inner Surface Finite-length Flaw During a PTS
Presentat ns were given at NRC-sponsored confer-

Transient," ORN1/NRC/LTR-92/1, January 31,1992.
ences,e three at NRC-sponsored intenutional fracture

NUREG/CR 4219,Vol.9,No.1 4
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9. D. K. M. Shum," Implication of Warm Prestress on Marriott Hotel, Lajolla, Califomia, November 11

Safety-Margin Assessment oi Reactor Pressure 1991.
Vessels," ORN!JNRC/LTR 92/9, March 31,1992.

15. D. E. McCabe,' Unique Features of a Transition
10. T.L. Dickson,The Application of Probabilistic Range Standard," presented at ASME Committee

Fracture Analysis to Residual Life Evaluation of E-24, San Diego, California October 16,1991,
Embrittled Reactor Vessels presented at the 1992 h2C
Aging Research Conference, Bethesda, Maryland,
March 25,1992, 16. D. K. M. Shum," Application of Two-Parameter

Fracture Methodologies to Large Scale Fracture
Experiments " presented at Society of Engineering

11. W. E. Penne!!," Aging impact on the Safety and Science 28th AnnualTechnical Meeting,Prager
Operability of Nuclear Reactor Pressure Vessels" pre. Medalist Session, University of Florida, Gainesville,
sented at the 1992 NRC Aging Research Conference, Florida, November 11-15,1991.
Bethesda, Maryland, March 25,1992.

17. B. R. Bass," Dynamic Crack Reinitiation Toughness,"
12. R. D. Cheverton," Sensitivity of Calculated presented at Joint USNRC/EPRI Meeting, Anaheim,

Conditional Probability of Vessel Failure to Variations California, November 22,1991, ,

in Methodology and Input for I'TS Loading," pre.
sented at the U.S. - U.S.S.R. Joint Coordinating
Commiuce on Civilian Nuclear Reactor Safety 18. T. L. Dickson,"OCA P Structure and Modeling

Working Group 3. Radiation Embrittlement of the Assumpdons," presented at Joint USNRC/EPRI

Housing and Support Structures and Annealing of the Meeting, Anaheim, Califomia, November 22,1991.

Housing, Meeting, The Pavilion Hotel, Rockville,
Maryland, October 24,1991,

19. J. Keeney-Walker," Evaluation of Dynamic Effects
and Fracture Toughness Relations on Crack

13. W. E. Pennell,"I'TS - Current Issues and Research," Arrest /Reinitiation in RPVs," presented at the Joint

presented at the U.S. - U.S.S.R. Joint Coordinating USNRC/EPRI Meeting, Anaheim, California,

Committee on Civilian Nuclear Reactor Safety November 22,1991.

Working Group 3, Radiation Embrittlement of the
Housing and Support Structures and Annealing of the

20. C. W. Schwartz and B. R. Bass," Dynamic Fracture
Housing, Meeting, ne Pavilion Hotel, Rockville,
Marylard, on October 23,1991. Toughness Relations inferred from SEN Specimens of

A 533 B Steel,"USNRC/EPRI Meeting, Antheim,
California, November 22,1991.

14. W. E. Pennell," Heavy-Section Steel Technology
Program: Recent Developments in Crack Initiation
and Arrest Research," presented at Second

*AvailaNe for purchne inun the Nahal TechnicalInformah
USNRC/JAPEIC Specialized Topic Workshop. service, springfiew, VA 22161.

_
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) 2 Fracture Methodology and Analysis ;

4

D.R. Bass'
i
,

2.1 Iniroduction A summary of existing bianial test data indicating a signif-.

icant decrease in fracture toughness under out of-plane'

I The following sections describe recent advances made in biaxialloading conditions is given in Table 2.1 and in

the coordinated effort being conducted under the Heavy. Fig. 2.1. Comparisons of measured data from thermal.
shock experiments and shallow crack beam tests 4;n.iSection Steel Technology dlSST) Program by Oak Ridgei

National Laboratory (ORNL) and several subcontracting ducted in the HSST Program at ORNL provide i% ght into
.

groups to develop the experimental data base and the the impact of biaxial far-field stress distritmQns on frac-

analytical tools required to construct improved fracture ture toughness. 'Ihc thermal shock experiments employed

models for reactor pressure vessel (RPV) steels. shallow cracks having depths comparable to 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

During this report period, work continued on an increase in toughness relative to plane strain values, but not

investigation of the relationship between out-of-plane of a magnitude that would have been inferred from the

tiaxial stress fields and crack initiation inughness, an shallow-crack data. It has been suggested 3 hat the bianialt

analysis of a proposed large-scale biaxial test specimen, an stress field produced by the thermal-shock loading had the

analysis of the near-crack tip region using modified. effect of irducing fracture toughness well below (-40%)

boundary-layer models, analytical studies of dynamic those values associated with uniaxialloading of the shal.

crack arrest in RPVs subjected to pressurized thermal- low-crack beams,

shock (l'fS) loading, and the J oint JapaneseNnited States
Elastic-Plastic Inhomogeneous (U.S. EPI) Program for the
development of an engineering estimation scheme Table 21. Summary of experimental data exhibiting
applicable to inhomogeneous materials and structures, a decrease in toughness for out of plane

blaxial stresses -

2.2 Constraint Effects on Fracture
a Bl ty e

Toughness for Circumferentially Experiments (s)

Oriented Cracks in RPVs
(D. K. M. Shum, J. W. Bryson, T. J. Theiss, Shallow-crack Thmugh- 1:1 40-

J. Keeney-Walker,* B. R. Bass *) - and wide-plate crack (equibiaxial)
data (HSST/
ORM.)The objectives of this subtask are to develop and validate

analytical methods for estimating the potential impact of Biaxial / tensile Through- 1:03 25

out-of plane biaxial far-field stresses on crack initirtion specimen data crack

toughness of inner surface cracks in nuclear RPVs. (BAM,
Germany)

Spinning Finite-length 1:1 37 j
FTS loading pmduces biaxial stress fields in an RPV wall disk data surfacecrack (equibiaxial)
with one of the principal stresses aligned parallel to postu- (CNITMASH, !

lated surface cracks in either longitudinal or circumfer. Russia) f
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

Experimental and analytical studies 9 at Bundesanstalt farb
opposition to the in-plane constraint relaxation, which has

.
I

been previously demonstrated for shallow cracks. MatenalprMung (BAM), Gennany, examined the m. uuence

Consequently, understanding of both in plane and out of- f biaxial stress states on fracture toughness of pressure j

plane crack-tip constraint effects is necessary to a refined vessel steels. A n min 1 biaxial stress state was generated

analysis of fracture initiation from shallow cracks u ider in small tensile specimens via a transverse bending stress

FTS transientloading, that develops m conjunction with tensile loading. The ratio
,

of tensile to transverse components of stress had maximum
and mean values of 1:03 and 1:0.15, respectively. BAM

* Computing and Telecommunications IX/ision. Manin Maricus Enersy reported that fracture toughness K values of the biaxially ;

' Synems,Inc.. Oak Ridge,Tuin,

7 NUREG/CR-4219, Vol. 9. No.1
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Figure 2,1 Experimental data indicating decrease in fracture toughness due to effects of out of plane blaxlal
stresses
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Figure 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- facility.t These tests utilized circular disks having a diam-
edge notched (SEN) specimens. eter 450 to 600 mm, thickness of 150 mm, and surface

cracks of maximum depth 40 mm and length 200 mm. In

- Unpublished data were reported from CNITMASH,-
t . Bnimmiky, personal communicatim to W. E. Pennell, Oak RidgeRussia, concerning fracture toughness measurements under M

biaxial loading conditions produced in a spinning disk National labormory, May 11,1992.
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4

'

) these experiments, an estimated 37% reduction in tough- The second approach focuses on the development of corre-
riess Ke was reported for the biaxially loaed spinning lation parameters that relate fracture toughness with a vol-'

'

disks, as compared with data from uniaxially loaded spec. ume of material loaded above nominal stress threshold
J , imens, states. Candidate correlation parameters include, but are

not limited to, those based on a critical maximum principal
. stress contour methodology.19-20This methodology
'

Tbc scareity of experimental data addressing the effects of relates cleavage crack initiation with the attainment of a
i b: axial far field stress distribution on fracture toughness critical area enclosed within a selected maximum principal

provides the motivation for addressing the issue from an stress contour surrounding the crack tip. A correlation
analytical perspective. Two different analytical approaches between fracture toughness and this numerically deter-

4 to the problem have been adopted.10The first approach mined area parameter is provided through applications to'
addresses crack initiation by focusing on the near-crack tip measured data. This approach was applied to the analysis
fields within a region extending a few crack-tip opening of existing fracture toughness data obtained from wide-

! displacements (CTODs) directly ahead of the crack tip. plate specimens and from compxt.'-nsion (CT)2A 21

: Two-parameter fracture characterization methods, which specimens having a common planform, but with varying )22

ll nd Q-stress 12incorporate the higher-order T-stress a thickness.3

j terms, are employed to provide the technical basis for
~

addressing the shortcomings of conventional one-
parameter methods based on the K and J parameters De The fracture prediction models described above were

'

near-crack tip results are then interpreted within the con- applied to available measured data with the objective of
,

text of a selected number of micro-mechanical fracture validating the models in the plane stress-to-plane strain
models for the prediction of crack initiation. De Ritchie- domain before applying them to positive out-of-planc
Knott-Rice (RKR)l3 model is adopted for the prediction of strain conditions. Results from these applications are sum-

'

cleavage fracture, and the McClintock Hancock- matized in Table 2.2. He RKR model was applied to frac-
MacKenzie(MHM)model -15 is adopted for the predic- ture initiation toughness data generated in the HSST14

tion of ductile fractum. Rese two models are chosen Program from large-scale wide-plate experiments 21,23-24
'

; because they have been applied to A 533 B material,in the and shallow-crack beam tests.2 Finite-element analyses of
; lower-transition and upper-shelf regions respectively, with these experiments were performed using loading condi-

some success under nonitradiated and irradiated condi- tions measured in the test. Full-field finite strain solutions'

| tions.16-18 based on the plane strain assumption were generated from
i
9

e

4

Table 2.2. Summary of applications of fracture prediction models to measured data in plane
stress to-plane strain domain

i

Fracture prediction Test specimen configuration Analysis objective Analysis assessment
; model

RKR cleavage initiation 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 ucs)

Thermally shocked cylinder Comparison of model tough- (Analysesin progress)
ness predictions with
measured values

Criticalarea/ maximum CT specimens with 4T plan- Determination of unique No calibration of model(no
principal stress contour form (thickness 1,2 , and 4 critical maximum principal unique critical stress for
model in.) stress at initiation three specimens)

MHM ductile initiation (No applications to existing
i model measured data were

_

performed in this study.)

9 NUREG/CR 4219, Vol. 9, No. I
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} models having a highly refined crack tip region. The fracture models employvd herein must be considered

; Correlations of measured and predicted toughness for the invalidated for predicting the effects of biaxial out of plane

I WP 1 and 2 series of wide plate experiments based on the stress on fracture toughness, because applications to small-

|
Q-stress parameter indicate that the RKR-model and large-specimen fracture data did not produce consistent

- predictions fall substantially below the toughness values results in predicting fracture behavior. Notwithstanding

i determined f om analysis of the measured data. Fracture these general findings, toughness predictions implied by
j toughness predicdons from the RKR model for the these models for out-of-plane strain effects were provided

shallow-crack beam specimens were compared with herein for reference purposes. Within the assumptions of'

measured toughness values for four values of critical the various models and analyses presented here, tensile

stress. Again, the RKR model predictions were belcw transverse strains are predicted to produce a relatively
;

measured values, but not to the extent observed in the small decrease in effective cleavage fracture toughness
,

; wide-plate specimens. Additional details of these analyses when compared to that of identical specimens loaded

are given in Sect. 2.3. uniaxially. Applications of the RKR model(described in
i Sect. 2.3) and the stress contour methodology (deceribed in
,

!
a forthcoming report') support a reduction of- 9% to 20%

i inconsistencies between measured and predicted toughness due to positive strains. "The MKM model(described in a

for the wide-plate and shallow-crack beam experiments forthcoming report) predicted a minimal ductile toughness4

could be due to one or more factors. One possible diffi- deviation. Analysis of circumferential cracks under PTS'

culty may be the presence of three-dimensional (3-D) loading (described in Sect. 2,4) predicted a significant loss'

effects in the cheveroned wide-plate specimens that cannot of constraint relative to corresponding plane strain configu-

be represented in the two-dimensional (2 D) plane strain rations at higher J values, llowever, because the fracture

,

models employed in the present analyses. It is unclear what methodologies considered in this study produced results

! tr.odifications may be required to the J-Q methodology to that conflict with existing da:a considered relevant to this

cepresent these 3 D effects should they be present. Also, problem, these estimates cannot be applied with confidence
,

previous applications of the RKR prediction model to mea- in addressing questions that affect licensing and regulatory
sure data have been confined to small scale laboratory issues for RPVs.

specimens. There may be difficulties with applications of'

: this madel to large-scale structares that have not yet been
i identified. Studies currently under way in the HSST Program are

using methodologies described in this report to better
,
5 understand the substantial differences in measured fracture

The correlations based on the stress contour method indi- toughness from the thermal-shock experiments and the
;

cate that development of the methodology depends on shallow crack beam tests. Although the outcome of this

establishing the existence of critical opt stress values that analysis is not yet known, it is clear that several different

correlate fracture toughness behavior over a range of trans- competing mechanisms affecting fracture toughness are

| verse strain values. In analyses designed to validate and present in these experiments. In addition to the biaxial

| calibrate the modelin the planc stress to-plane stram stress field, other factors include shallow-crack effects,

domain, the stress contour method was applied to fracture methods of structural loading, structural and crack

toughness data for A 533 B steel previously generated by geometries, and material properties. It is anticipated that

i McCabe and Landes22 for a study of thickness effects in the analytical studies of these data will provide significant

the transition region. Analyses of 3-D finite-element mod- information concerning relationships of some of these fac-'

cls of compact specimens having a common planform of a tors to fracture toughness. However, a definitive conclusion"

4T spenmen and thickness ranging from 10.16 to 101.5 - regarding biaxial effects still would require an under-*

mm were performed in an nttempt to estimate the critical standing of the factor affecting toughness that is sufficient
o stress values in the negative transverse strain domain. to permit an unambiguous separation of the individualp3
The results were inconclusive because a critical o value contributions,

pt
common to three different thickness (of 1,2, and 4 m.) of
the specimens could not be established. However, note that
the data set utilized in these analyses included only one From these studies,it is apparent that testing under proto-

cleavage initiation toughness value for each specimen typical conditions is required (1) to determine the

thickness. Also, data for the specimen crack depth, material .E RJan et aWaManeua bergy Synem,InW R4N
propcrties, and load vs load-line displacement were not Lab.," Constraint Erfects on Fractum Toughness for Circumferentially
sufficient to permit adequate modeling of the structural Onemed Cracks in Reactor Pressure Vessels," NRC Report

response of the test specimer.s. NUREGCR4008 (ORNtml.12131)in press.
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magnitude of out-of. plane biaxial loading effects on 8. Sufficient driving force should be present at the crack
fracture toughness and (2) to provide a basis for tip to reasonably ensure crack initiation at 27 MN
development of predictive models. The most desirable load.

~

program would involve suitable test specimens and loading A preliminary set of parameters w?s selected to initiate the
conditions for which the only variables are imposed btaxial design process and to meet the above criteria. Criterion 2

,

.

loading components, nis course of action is necessary t may be satisfied by requiring a normalized crack depth
i support a refined treatment ofin plane and out of-pbe a/W varying between 0.3 and 0.6 to climinate any shallow-

constraint effects on crack initiation from shallow cracks crack effects. Additionally, to eliminate influence of metal-
under PTS kmding conditions. As a consequence, criteria lurgical gradients, test specimens should be cut such that.

for a biaxial specimen are proposed in the next section that the majority of the crack-tip region is krated in the center
would form the basis of a testing program designed t region of the source plate.To satisfy criterion 3, all,

close this gap between 'heoretical predictions and mea- analyses pmsented here are based on a yield strength level
1

sured material behavior. Design studies are currently under of 620 MPa. His strength level is both prototypic of irra-
way in the llSST Program to develop a set of geometric diated A 533 B grade B class I steel and is attainable in;
parameters, material and fracture properties, and loading unirradiated A $33 B through heat treatment.
conditions for the specimen satisfying these design criteria.<

Additional results of the design studies on the biaxial.

i specimen will be presented in a future report from the The material characterization of HSST Plate 13A (Ref. 21)
i HSST Program. was assumed for these studies. Examinations of integrated

25 reveal thatpressurized-thermal-shock (IFI'S) studks
2.2.1 Design Criteria for Biaxial Specimen many crack initiations occur within a temperature range of

NDT rom -45 to 0*F. Testing at a temperaturefT-RT
I The objective of the proposed biaxial fracture testing pro- above RTNI7r would likely violate criterion 1. To ensure

gram is to obtain fracture toughness data under conditions crack initiation and to satisfy criteria 4 and 8, the test'

of uniform far-field biaxial stresses that are selected (1) to temperature has been tentatively set at T - RTNDT"
produce prototypic crack driving forces and out-of plane -45 C. The initiation fracture toughness at this temperature
stress and (2) to provide the simplest loading conditions for is taken to be 66 ksid Further evidence that T- RTNDT
analysis. In addition, the experimental data from the = -45*C is a suitable temperature is provided by data trom

; proposed testing program will provide much needed data shallow-crack toughness tests.2
; for the purpose of verifying and refining the fracture pre-
'

diction methodologies that form the basis of the analytical
predictions described in previous chapters. Tests world be An essential test requirement is that the crack-driving force

,

conducted on uniaxially and biaxially loading specimens be sufficient to initime the crack. However, scatter in the
for comparative purposes. toughness data in the transition region often exceeds a fac-,

| tor of 2. In additinn, some increase in toughness may be
present in the biaxial specimens, because tension speci.'

Design of the biaxial test specimen is based on the follow-
mens generally are less constramed than bending speci-

ing criteria:
mens (CT or SENB specimens). The loss of constraint for

1. Test specimen must remain clastic in the throat [i.e., tension loading should be minor if linear-clastic conditions
linear clastic fracture-mechanics (LEFM) conditions are met. Also, the long flaw length dictated in criterion 5
must apply), provides more opportunities for crack initiation and should

2. Tests must only be influenced by out of-plane biaxial tend to bring about a lower initiation value. Therefore, a
loading (i.e., shallow-flaw effects, metallurgical gradi- load ratio, Ky/Kic = 2.5 is assumed to be a requirement for
ents, etc., must not be prevalent). these tests, satisfying part of criterion 8. This ratio implies'

3. Yield strength of material should be prototypic ot that, at T - RTNDT rom -45'F, Kj must exceed 165f2

irradiated conditions and achievable through heat ksiE
treatment.

4. - Test reference temperature T-RTmtr must be proto-
typic of PTS temperatures (i.e., in lower traraition 2.2;2 Far-Field Analyses of Biaxial Specimen

,
region).

4 5. Flaw must be long to enhrace crack initiation. Design studies are currently under way to develop a set of
6. Biaxial loading ratio should be prototypic of that geometric pammeters, material and fracture properties, and

experienced by circumferential flaw under MS load- loading conditions for the specimen satisfying the above
ing (i.e., equibiaxial or 1:1 ratio). design criteria. A candidate geometry for a biaxial speci-

7, Stress at failure should be prototypic of that in the ves- men being analyzed in these studies is depicted in
sel wall during FTS event- Fig. 2.3.

I1 NUREG/CR-4219. Vol. 9, No. I
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Figure 2.3 Schematie of candidate blaxlal specimen for evaluating efTeets of out of. plane stress on fracture
toughness

2.2.2.1 Three Dimensional Analyses ations were performed to establish global equilibrium of
the structure.

Figure 2.3 shows the dimensions of one-quarter of a test
plate to which idealimi tabs are attached for applying the

Shaded contours of the von Mises effective stress for theblaxialloading component. A finite element model
employed in these analyses is shown in Fig. 2.4, which can e-shaped crack geometry subjected to an applied load

consists of 4194 nodes and 824 twenty noded isopara- of 20 MN are shown in Figs. 2.5 and 2.6, respectively, for

metric brick element. Elastic and incternental clastic. the B plane of Fig. 2.3. The small plastic tone contours

plastk constitutive model representations of A 533 grade B around the crack ' <' corresponding to the initial yield stress

class steel were taken from Ref. 8 material; properties were of 90 ksi in shown aa* each loading condition. As expected.

Young's Modulus E = 30,000 ksi Poisson's ratio y = 0.3, plas& rone development for the blaxial loading case is

yield stress a = 90 ksi (additional explanation of the yield less than the unlaxial casel also, conditions of coatained

stress is necessary) and tangent modulus E = 200 ksi. yielding exist at thisload level.
T

Uniaxial and biaxial loads were applied to end surfaces of
the pull tabs, in the results presented here, these end sur- 2.2.2.2 investigation of Clevis / Pin Far Field Stress

Distribution in Uncracked Blaxlal Testfaces were constrained in the normal direction using a
generalized plane strain (GPS) boundary conditions. Specimen

Two-dimensional plane stress analyses were performed to
Depending upon the type of fixture used to apply the loads, investigate the effects of a clevis / pin loading fixture on the
other boundary conditions may *r oore appropriate for far-field stress distribution in the biaxial specimen test
modeling the loading of the spot ten. The loadirg was plate. Figure 2.7 shows the preliminary design configura.
applied monotonica's ,nd incrementally to produce tion of the biaxial test specimen. The test coupon itself is
maximum resultant L ads of 20 MN. At exh load step iter. 24 x 24 x 5 in., and the total height and width of the

|

|
NUREG/CR-4219. Vol. 9. No,1 12
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Figure 2.4 Finite element model of blaxlal specimen
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Figure 2.5 Contours of effective stress showing plastic tone size in Face 11 of specimen depleted in Fig. 2.3 for
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attached pull I4bs containing antiload diffusion slots
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Fracture
specimen includmg kiad arms is 120 in. Tw elve. int h- fracture under Mode I conditions is governed by the attain-
diameter pins that are h6 in. apart are included in the ment of a temperature-independent critical level of
present design. The k>admg arms are 40 in. wide. Slou " opening mode" stress os er a minimum dimensional dis-
adjacent to the test coupon (7 in.,20 in.) were simulated by tance ahead of the crack front. He rninimum dimensi< mal
releasing appropriate boundary conthuons in the finite- distance necessary for cleavage fracture is of ten identified
element inodels. 'lhe slots help prevent stress redistribution with the distance f rom the original crack front to cleavage
into the arms and direct the load into the test cou m. initiation sites. Available data suggest that loth the nature

and location of the cleavage initiation sites vary consid-
etably for mimina! identical RPV grade materials.30

Elastic plastic analy!cs were performed tning a biasial Consequently, a proper comideration of the micromechan-
stress strain representation (E = 3(0,0f o ksi; y = 0.3; ics of fracture is an integral element in the application of
c = 90 Lsi; E = 200 ksi). Uniaxial huds to 20 MN were this fracture model,o T
applied to ca:h of two finite-element nutels; one having
the loa 1 applied via a rigid pin or bolt (Fig. 2.8) w hile the
other model represents a straight externion of the load The llS ST wide-plate experiments 21,23.24 utillied large
arms with a umform stress loading applied at the end plates with planar dimemiom of 1 m x 1 m and thickness
(Fig 2.9). Eight.mided isoparametric quadnlateral elements of 0.1 m or 0.15 m, to w hich long pull plates were welded
were employed throughout the modehng. A crack tip to produce an anembly ~10 m in length. The plate auem-
region was also modelled; however, the present studies bly was tested as a SEN tension specimen containing a
assume that no crack exists (i.e., all nales on the Z = 0 sharp crack having a normalired depth of a/W ~ 0.2. The
plane that are not in the slot have a Z-direction fixity). WP 1 series 21.23 of experiments utilized plate specimens

fabricated from A 533 grade 11 class I steel (llSST Plate
13 A), w hile the Wp.2 series 24.32 was based on a 21/4 Cr

Figures 2.10-2.11 show contour plots of the o stress 1 Mo steel that had teen specially heat treated to produce an
(Lsi) for 7.0- and 20.0 in, slots, respectively,in the model low Charpy upper shelf energy. Each side of the specimens
loaded via rigid pin, Figs. 2.12- 2.13 show the same plots was side gnmed to a depth equal to 12.5% of the speci-
for the model having straight arm extensions kiaded with men's thickness, and in most cases the crack front was
uniform stress (37.5 ksi) on the end. Additional plots of the further cut into a truncated chevron configuration. ne
o -stress in the test coupon at kications Z = 0.0 (crack 2n leam specimens were fabricated from the same source
plane). Z = 4.0, and Z = 8.0 are presented in Figs. 2.14- plate OlSST 13 A)as the Wp l series of wide plates, with
2.16. dimensions that varied from 500- to 610 mm length,100-

mm depth, and thickness of 50,100, and 150 mm. Sharp
cracks of depths 10 and 50 mm (a/W - 0.1 and 0.5) were

The purpose of the present study was to determine whether placed in the beams. which were then tested in three point
the clevis / pin loading fixture would provide a stress field bend (TPfl) loading at temperatures correspondmg to the
in an uncracked test coupon that was as unifonn as that lower shelf and the lower tramition region of the plate
obtained if the loading were applied uniformly to the end material,
of a test configuration having straight arm extensions.
Figures 2.14-2.16 indicate that, for 7.0-in, slots, the cle-
vis/ pin arrangement does provide a stress field that is Finite-element analyses of the wide plate and shallow-
essentially identical to that given by a unifonnly applied crack team experiments were performed using huding
load. For 20.0-in, slots, the clevis / pin fixture gives a conditions measured in the test. Full-field finite-strain
somewhat less uniform o -stress variation across the test solutions based on plane strain assumptions were gener-n
coupon relative to a uniformly applied end load. ated from models having a highly refined crack-tip region

and a crack tip profile with an initial root radius.

2.3 Application of RKR Fracture 5 cifically detailed nnite strain, finite element analyses
Model to Fracture Toughness Data e performed fori

(D. K. M. Shum)
( seven specimens from the series 1 IISST wide-plate

experiments; and
The RKR model was applied to fracture initiation tough- (2) six specimens from the production phase of the HSST
ness data generated in the llSST Program from large-scale shallow-flaw fracture toughness testing program: three

late experimentsW29 and shallow-crack beam
widepDe dutl parameter J-Q fracture characternationof the specimens are deep-Daw specimens with nomi-
tests.

nal crack-depth to specimen width ratio a/W = 0.5,
methodology described in Ref.12 was employed in this

while the remaining three are shallow flaw specimens
analysis. The RKR model hypothesizes that cleavage with nominal a/W = 0.1.

.

15 NUREG/CR-4219, Vol. 9, No.1
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2.3.1 J.Q Loci indicate a very different J (Q) toughness locus for the WP.c
i I tests as compared to the deep and shallow-flaw Jc(Q)_

.

Results from these analyses provide critical values of the toughness loci presented in hg. 2.17. Toughness values are,

J-Q parameters at cleavage initiation. Crack !ri iation for expressed in terms of K, and they are further normalized byt
the WP 1 specimens occurred over a r. arrow temperature ; the plate 13 A small-specimen characterization toughness
range that envelops the test temperature of the deep and - associated with the large-specimen crack tip temperatures.
shallow flaw beam specimens. Current understanding of in Fig. 2.17, the WP-1 results tesed on two sets of analysis

'

the J-Q approach would suggest thatnhe J (Q) toughness assumptions are presented. The open-square symbols cor.c
loci from the WP 1 ple.es and the deep- and shallow flaw respond to analysis results obtained from 2 D plane strain

'

3

specimchs should be very similar. Instead, analysis results assumptions. *Ihe filled-square symbols correspond to

I
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analysis results based on an appropriate correction of the crack tip fields up to crack initiation are essentially idend-
2 D plane strain results to account for the inherently 3 D cal to the associated small scale yiciding (SSY) fields. In
nature of the WP 1 crack fronts. Fig. 2.18, the opening mode stress component for the SSY

and full field solutions for the 4TC planform geometry'

up to crack initiation are indicated. The magnitude of K at
When the wide plate and shallow-crack beam results are the onset of crack initiation is reported to te 193 MPa+M
evahiated separately, each set of crack initiation data for the 2 in. thick specimen and 152 MPa*6 for the 4-
appears to support a J-Q interpretation. nat is, higher in.4ick specimen.
toughness values correspond to more regative Q-stresses,
which imply a decrease in triaxiality and crack tip con-
straint. Collectively, however, results in Fig. 2.1*/ indicate flowever, w hen these specimens are examired using 3 D
that the J (Q) toughness locus for WP 1 is much steeper finite-element models, the crack tip fields for the 2 in .c

than that for the deep and shallow flaw specimens. The thick 4T-CT specimen at normalized distarces r/(J/o ) > $o
presence of 3 D cffects in the WP 1 specimens is hypothe. show progressive deviation from the SSY distributions up
sired to provide at least a partial explanation for the to the onset of crack initiation as indicated in Fig. 2.19.
otuerved differences between the two Je(Q) toughness locl, (De 3 D finite element models for the 4T-CT specimens
(Tests were performed on three different thicknesses of the are not sufficiently refined to permit meaningful interpreta-
shallow crack beams, and no 3 D effects were detected in don of the crack tip fields and, hence, the Q stress para-
the toughness data.)2 Work is in progress to perform meter, over normalired distances of r/(J/c ) s 5.) Ino
detailed 3 D analysis of the WP 1 and t!e shallow and Fig. 2.19, the midplane of the specimen correslonds to q =
deep flaw specimens to resolve this issue. O, while the free surface of the specimen corresponds to

a = 1. Results in Fig. 2.19 indicate that the deviation from
SSY conditions occuned even at the midplane of the

2.3.2 Possible 3 D Effects specimen.Contsponding results for the 4 in. thick 4TC
specimen are indicated in Fig. 2.20. The deviation from

The )-Q concept was originally formulated for the ideal- SSYronditions was less pronounced for the 4 in. than the
ized conditions of plane strain constraint. Within the con- 2 in. specimen.
text of the (2 D) J-Q approach, departure of experimentally
determined toughness values from the reference plane
strain toughness is examined under the premise that the The possibility of substantial 3 D cffects on the crack tip
toughness deviation is due to "in plane" effects on the fields in the "high constraint" 2 in. and 4 in.-thick 4TC
crack tip fields at the onset of crack initir, tion, ne analysis specimen geometry is of concern here for the following
results presented in this section are toth consistent and

reasons. De WP 1, deep and shallow flaw specimens are
accurate with respect to the (2 D) J-Q analysis assumption. of nominally the same material as the 4TC specimen.
The shallow flaw and WP 1 specimens are, of course,3 D These specimens either share or exceed the specimen
in nature, in the case of the shallow flaw specimens, for thickness of the 4 in.-thick 4T-Cr specimen. It is unclear
example, use of 2 D analysis conditions is thus premised whether the WP 1 and/or the deep and shallow flaw
upon the assumption that the thickness of the specimens specimens might similarly experience 3 D effects on the
(216 mm or 4 in.) is sufficient to maintain nearly plane cracety fields at the onset of crack initiation. Based on
strain constraint up to crack initiation. the 4T-CT results, the presence of substantial 3 D effects

are expected to lower the magnitade of the Q-stress param-
eter as determined from a 2 D plane strain analysis-

The motivation for adopting a 3-D cffects hypothesis to Furthermore, these 3 D cffects are not expected to manifest
explain the observed differences between the deep- and themselves as an " effective" Q-stress contribution when
shallow flaw Jc(Q) toughness locus and the WP 1 locus is the specimens are examined using a 2 D plane strain
newly obtained 2 D and 3 D finite-element analysis resuhs model,
for 2 in. and 4 in. thick 4T planform CT specimens.
These specimens were esamined as part of an investigation

into the effects of sp3imen planform and thickness on 2.3.3 RKR Model Prediction
fracture toughness. These specimens were fabricated
from unirradiated A 533 B material. These 4T-CT speci. Results from application of the RKR prediction model to
mens are considered "high constraint" specimens because the WP 1 series of experiments are given in Fig. 2.21.
the crack-depth to specimen-width ratio a/W = 0.5, and the Correlations of measured and predicted toughness for the
specimen thicknesses are substantial by conventional stan- experiments based on the Q stress parameter are expressed
dards of small specimen testing. When these 4TC in terms of K-factors normalized by SSY values corre-
specimens are examined in a 2-D plane strain context, the sponding to initial conditions. For the WP 1 series

21 NUREG/CR 4219, Vol. 9, No. I
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Figure 2.20 Opening mode stresses directly ahead of crack tip at onset of crack initiation obtained from 3 D finite.
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(Fig. 2.21), toughness predictions are given for three 2.4 Crack Tip Constraint For
value's of the critical stress ratio, o /c = 2.2,2.6, and 3.4, Circumferentlal Flawsc o
where a = 465 MPa. Results for the WP-2 series ofo

experiments will be given in a future report. For toth series (C. W. Schwartz, University of Maryland)
of experiments, the RKR model predictions fall

Previous studies 12 have investigated the crack tip con.substantially below the toughness values determined from
the measured data. Fracture toughness predictions from the straint conditions for cleavage dominated initiation of a

RKR model for the shallow-crack beam specimens are circumferential flaw under pure mechanical loading condi.

compared with measured toughness values in Fig. 2.22. tions (i.e., where the axial and tangential loadings are

Predictions are given for four values of the critical stress Induced solely by the vessel intemal pressure). The results

ratio, o /c = 2.7,3.0. 3.4, and 4.0. Again, the RKR model from this previous work suggested that crack tip constraint
c o

predictions fall below measured values, but not to the is lower-and thus the " apparent" fracture toughness in the

extent indicated for the wide plate specimens Note that lower transition region is higher-for the circumferential

' these results were obtained from a 2-D plane strain
flaw configuration under a combined internal pressure and

. assumption, which was the basis for development of the axial loading than for the corresponding plane strain

LQ methodology, it has not been established to what condition under axial loading only. *lhls effect appears to

extent these differences are due to groblems associated be due more to in-plane than out of plane effects.

with representing 3 D stress states in the wide plates by a
Spec fically,it is largely a consequence of the more

2 D model or to problems with the RKR prediction model- negadve in planc stress blaxlality resulting from the radial

Previous applications of the RKR prediction model to
loading applied to the inner surface of the vessel.

measure data have teen confined to small scale laboratory
specimens. There may be difficulties with applications of .
the model to large-scale structures subjected to nominal 3- The comparatively simple pure mechanical loading condl-

D stress states that have not yet teen identified- tion considered in this earlier work represents an upper
bound for the apparent toughness elevation caused by the .

23 NUREO/CR-4219 Vol. 9. No.1.
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Figure 2.21 Correlation of measured and predicted toughness for WP 1 wide-plate series based on Q stress
parameter

radial compressive stresses. In a FTS translent during a The finite-element model of the assumed cross sectional
34 pre-/ post-loss-of coolant accident, the radial compressive stress will geometry as generated using the PA'lVAN

likely become less important in comparison with the ther, processing system is illustrated in Fig. 2.23. Only the upper

mally induced crack driving loads. Consequently, a second symmetric half of the vessel was considered. De mesh

series of analyses has been performed to investigate uack, consists of 1727 nodes and 536 8 node reduced integration

tip constraint for circumferential Daws under loading con. (2 x 2) isoparametric elements. uc finite element model is

ditions that better represent actual reactor versel truncated above the crack plane at a height equal to three

conditions. times the wall thickness (Fig. 2.23), and the axial loads
were applied as uniform normal tractions along thisi

boundary. No rotational restraint was imposed along the
2.4.1 Analysis Model upper boundary of the model. Eight fans of elements con.

verge on the crack tip (Fig. 2.24), the 17 initially coincl.
The prototype reactor vessel considered in these analyses is dent crack-tip nodes are free to deform independently dur-

a cylinder having an internal radius ;; of 2171.7 mm (85.5 ing the analysis. The discretir.ation is sufficiently fine to

in.) and a wall thickness W of 2!5.9 mm (8.5 in.). A con. permit adequate resolution of the stress and strains within
tinuous circumferential flaw with a crack length, a, equal distances on the order of five CTODs from the crack tip;
to 53.98 mm in the radial direction (a/W = 0.25) was postu. the radial dimension of the elements at the crack tip is -

| lated around the inner beltline of the vessel. Because crack 0.02 mm (r/W = 0.000124). All finite-element ca' ,,;ations

| initiation is the focus of this study, crack extensioa was not were performed using the ABAQUS analysis code.35

i considered in any ohhe analyses.

|
|

|
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j Figure 2.22 Correlation of measured and predicted toughness for shallow crack beam specimens based on Q stress

1,

parameter ,

j The material stress strain behavior was modeled using a pressure during this transient approached 15 MPa, and the .

j normalized Ramberg-Osgood deformation plasticity consti- peak temperature differential across the vessel wall

| tutive model: approached 180'C. Both peaks occurred roughly simulta-
neous!y at ~50 to 60 min into the transient.

!
'

t/c = o/c + a(a/c f . (2.1)o o o
:

i - The following values of the material constants were used The analysis of a typical reactor vessel under a particular I

i in all analyses: initial tangent clastic modulus E = c /c = ITS transient was not the objective of this study. Rather,o o
} 300; Poisson's ratio v = 0.3; o = 1; a = 1; and n = 10. As the Rancho Seco transient was employed as an " envelope"o
i shown in Fig. 2.25 the agreement between the normalized defining the outer limits of the radial and out of plane
'

Ramberg-Osgood unlaxial stress strain curve and the cor- loading for an actual pressure vessel. To analyte the crack-
, . responding stress strain curve for A 533 B steel at room tip conditions at various loading combinations within this
! temperature'l is reasonably good. The largest discrepancies envelope, the axisymmetric reacto vessel geometry was
4 . in the curves occur before and near the yield point, where modeled as a 2 D GPS problem. This permits independent'

the Ramberg Osgood model cannot capture the relatively control of the axial loading, the in plane radial compressive
| abrupt yield of A 533 B. stresses induced by the vessel internal pressure,' and the ,
i. out of plane tangential strains induced by the thermal '

shock loading. This, in tum, permits independent -
The Rancho Seco PTS transient 15 was used to determine evaluation of the influence of each loading component on

'

i the maximum loading conditions appropriate to an actual . the crack tip constraint. ~
.- reactor vessel under a kiss-of-coolant condition. The peak-

,

i

| - 25 NUREO/CR 4219. Vol. 9 No.1
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plane strain (r:fr = 0, row 1 in Table 2.3), GPS with theORNL DWG 92 3425 ETO o
- prescriled r,/r dictated by the methanicalloads only (i.e.,o

AT = 0, row 2 in Table 2.3), and GPS with the prescriled
t,/r, dictated by the combined rne<hanical and thermal
s}n(L kiads (AT = 180'C, row 3 in Table 2.3). For the
mechanical loads, the out of plane strain was approximated
auuming an out-of plane stress og equal to ten times the
internal pressure (based on the ratio of the vessel radius to
the wall thickness) and a, = o,/Et this slightly over.
estimates the out of plare strain because it neglects the
circumferential contraction irxtuced by the tensile axial
loads. For the thermal shock loads, the out of plane strain
was approximated assuming that the full AT occurs at the
crack tip and that the rest of the vessel remains at its initial
elevated temperature.De out of plane strain is then given
as tr = urAT,in which (rr, the coefficient of thermal
expansion,is equal to 11 x 1(rVC (typical for A 533 D
stect) and AT = 180*C.nis approximation overestimates
the thermally induced out of plane strain because it
neglects the cooling and consequent contraction of the
vessel at locations remote from the crack tip.

In the GPS idealization employed for these analyses, it is
-

impossible to simulate the variation of the pressure-
induced radial compre.nive stress acmss the vessel wall.
Instead, a uniform radial compressive stress with a magni---

tude equal to the vessel internal pressure is applied. This
pressure is also applied to the crack faces in the mode,

in all the analyses of this study, the full radial pressure and
out-of plane strain loading components were applied dur.
ing the initial load step and then held constant througtout
the analysis. De remote axial tractions p, were applied
incrementally to a maximum value p./c = 0.6. niso" "-^" '-'
maximum loading was well shon of full plasticity of the

_ vessel wall. *

N
ne analysis loading conditions produced maximum J/(a )o

Figure 2.23 Finite-element mesh for analyses of values on the order of 0.015, ne lower. and upper shelf
t ughnesses of A 533 D steel are on the order of J/ ac
0.0005 ana 0.01 (Kj a 50 and 220 MPa4:5), resp (ec o) =circumferentlat crack subjected to PTS

loading
tively, ne actual loading conditions given by the Rancho
Seco PTS transient correspond to J/(ac ) a 0.003, based ono
the approximate solution by Chen, Paris, and Tada;36 this,

Combinations of three internal pressure levels and three in tum, corresp nds to pgo, c 0.4 in the mite-elemente

out-of. plane strain conditions were analyred in this study, analyses.

Table 2.3 summarizes the out of-plane strain ratios e,/c,
corresponding to each combination. He internal pessure
ratio p/c ranged from 0, which represents a pure axial A small strain formulation was employed in all of the, o
loading condition, to 0.035, which is approximately the finite element calculations for several reasons. First, it is
peak internal pressure in the Rancho Seco PTS transient- an adequate formulation for many of the phenomena leing
An intermediate value of p:/c = 0.020 was also analyred. studied in this analysis series. Although it is true that theo
The three out-of plane strain conditions correspond to pure small strain formulation cannot correctly model the stress

NUREG/CR 4219, Vol,9, No. I 26
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steel at room temperature (E = 207 GPa,y = 0.3, oy = 425 MPa)

and strain fields and enkk-tip blunting in the very high asymptotic plasticity solutions provide a reference condi-
strain region immediately surrounding the crack tip, the tion for evaluation of crack tip constraint effects. Finally,
stress and strain fields predicted by small strain and large the small strain formulation climinates the convergence
strain formulations are similar at distances greater than problems associated with large strain analyses of highly
approximately three CTODs fmm the crack tip under plane refined meshes loaded over large ranges.
strain conditions.37 38This is sufficient for the purposes of
the present study. Second, the small strain formulati_on is

consistent with the asyg, Ototic plasticity solutions for theJ integral values were computed using the virtual crack
v.'ack tip stress fields. As will be shown later, these extension algorithm as implemented in ABAQUS.35.41

27 NUREG/CR-4219. Vol. 9, No. I
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Table 2.3, Out of plane tensile strain leuls This section will focus on the analysis results as interpreted
12t,/c, for loading combinations analysed in terms of the Q. stress appsoach of O'Dowd and Shih:

IIIOy/c all/(Ot c l f)l "*I)S (0)p/o, o oon y

AT (*C)
'/I I"'IO U (0) (2.2)*

U0.0 0.020 0.035

0 0.00 0.00 0.00 Equation (2.2) reptesents a two parameter expansion of the

0 0.20 0.33 near tip clastic-plastic stress fields in a power law harden-
ing material. The first term represents tre usual liRR sin-

180 0.79 0.94 ; ,3g,39 g , ,;g ,
.

tenn has the dimensionless parameter Q as its amplitude; Q
capluies all constraint influences on the in plane near tip
stress fields, regardless of whether these influences are the

Ten contours were evaluated at each load step to establish results of in plane or out-of plane factors. The functions
0 (0) and 6 g(0) represent the angular variation of the0path independence for the J integral value.
stress fields and are expected to depend also upon the

materie! hardening; the 6 g(0) functions are normalized

2.4.2 Results such that 6 o equals I at 0 = 0. Note that the second order
expansion in Eq. (2.2) assumes a small strain formulation,

The variation of J/(ac ) with axial load level p/c com- as it is based upon the HRR solution. The materialo o
parameters a, n, r , and o love been defined previouslyputed in all of the analyses are summarized in Fig. 2.26, o o

The J vs load relations are roughly similar for all loading Eq. (2.1), and values for I and 6 g(0) are tabulated
39 and Kanninen and Popelar.26

configurations, graphically in liutchinson
For the material parameters used in this study,i = 4.58,n
6 xx(0) = 2.52, and 6yy(0) = 3.53.

oHNL DWG 92 2972 ETD
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r/(J/o l s 5 may be concentrated in slight changes in theo

he second order fields are extracted by subtracting the radial variation of the stresses. Whatever the cause, the
llRR solution from numerical soludon for the crack tip influence of constraint on toth Q and q, if generally true,
stresses in the finite geometry configuration. ne param. reduce 4 the effectiveness of the J-Q approach as a two-
eters Q and q in Eq. (2.3) can then te obtained from a non- parameter fracture toughness criterion.
linear regression malysis of the second. order crack open-

ing stresses (oyy/c )2 along the crack plane ahead of theo
crack tip: Uc dependence of Q and q on the internal radial pressure

load p/c under pure plane strain conditions is shown ino

in(cyy/c )2 = In(Q) + q In (t/(J/c )) (2.3) Figs. 2.29 and 2.30, respectively, in these figures, theo o
curves for the axial load level pgo . 0.4 test represento

O' Dot d and Shih12 concluded that the annulus in which the vessel kiading at the peak of the Rancho Seco ITS
the two term expansion in Eq. (2.2) provides a reasonable transient; the curves for pgo = 0.2 and 0.6 are providedo
estimate of the crack up stress is limited to ~20% of the for comparison purposes at lower and higher J values,
plastic zone size, Using the standard Irwin estimate for the respectively.110th Q and q decrease slightly with increas-
plastic rone radius for plare strain conditions: ing radial compressive load, as expected, but the delen.

dence is very slight. De reduction in Q caused by tie
r = (K /c )2j(3fco,2) , (2.4) radial compressive stresses in the present analyses is muchp 1 o

less than that observed in our earlier study 42 One reason

the range of validity of Eqs. (2.2) and (2.3) is thus esd- for this is that the ratio of p/p, in the earlier analysis series
mated aa r/(J/c ) 55 (r s 4.4 mm, r/a 50.082). %c regres. was up to 6 times larger than in the present computations.o

sions of Eq. (2.3) therefore included only those computed
stress points at distances along the crack plane within tiis
limit. De firn four nodal points ahead of the crack 6p (r The dependence of Q and q on the out of plane tensile
50D4 mm, r/a 50.082) were also excluded from the regres- strain edc is shown in Figs. 2.31 and 2.32, respectively,osions because of lack of fidelity of the numerical soluuan The for p;/c = 0.035 and p/c = 0.4 test representso o
in this region.De fit of the computed regressions was very the vessel loading at the peak of the Rancho Seco ITS2good in all cases, with R values approaching 0.99 at low J transient. ne decreases in Q and q with increasing out of-2values and decreasing slightly to a minimum R a 0.80 at plane strain is negligibly small. Ris observed lack of
the highest J values.

Influence of out-of plane st.ain on constraint is consistent
with the results from our earlier study and with the results

The variation of Q with load level J/(ac ) is shown in from other researchers (Parks,29 }{ancock,' Wang,43 ndo a
Fig. 2.27, For both p/c values analyzed, Q starts at a

Shum et al.10)*
o

value of about -0.2 at low load levels and decreases with
increasing load, as expected. A value of Q = 0 conesponds
to complete agreement with the liRR solution (i.e., ideal

d plane strain constraint). He negative Q values computed 2,4.3- Conclusions
from the present analyses are caused by the moderate depth
of the flaw (e.g., see Al Ani and llancock27) the radial The analyses in this study have quantified the crack up
compressive loading (Leevers and Radon,28)the out-of. constraint for a continuous inner circumferential flaw in a
plane tensile strains, and the increasing plasticity at higher pressure vessel under loadings consistent with actual ITS
load levels, transients. De primary focus of this study is cleavage ini-

tiation in the lower transition region of the fracture
toughness vs temperature curve.

,

The variation of q with load level is shown in Fig. 2.28.
For both intemal pressure values analyzed, q starts at a
moderate to a value of ~0.6 at low load levels and in all cases, the crack tip constraint as quantified by the
decreases asymptotically to a value of-0.1 at higher load Q stress approach is less than that under ideal plane strain

values. This contradicts the findings of O'Dowd and Shih, conditions. For the given crack length a/W = 0.25 consid-

who concluded that the variation of the second order stress ered in this study, load level J/(ac ) had the largest effecto

fields with radial distance ahead of the crack tip was very on constraint, with increasing load levels producing lower
weak (i.e., Igl a 1). Ilowever, O'Dowd and Shih extracted constraint (i.e., more negative Q values). The intemal

their second-order stress fields from large strain finite-

element calculations; it is possible that the slight
differences in the computed stress distributions from the
small vs large strain formulations over the range 1.5 s 'I w. Hancoct. penonal communication.199 t .

29 NUREO/CR 4219, Vol. 9, No.1
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pressure loading and the out of-plane tensile strain - Although cleavage-dominated fracture initiation was the
'

j exhibited slight to negliaible influence on the crack-tip primary focus of this study, questions remain regarding the
constraint. Although not explicitly investigated in this influence of out of plane tensile ductile strain upon crack'

study, crack length is also expected to have a significant extension. The out of plane strains elevate the magnitude I
2effect on constraint (e.g., Al Ani and Hancock,27 Diess ), and volumetric extent of the high-stress triamiality region - !

ahead of the ciack tip, suggesting that cavity growth may be !
; significantly accelerated. A full understanding of the influi i
| The analyses in this study demonstrated that the constraint ence of constraint on the competition between cleavage and ;

variables may influence both the Q and q parameters in ductile fracture mechanisms in the transition region may not
'

the two term expansion for the near tip stress fh!ds [Eq. be possible through analytical studies alone. Specialized,

(2.2)]. nis observation contradicts the findings of constraint controlled biaxial loading tests will also be
'

( _ O'Dowd and Shih,t2 and,if generally true,it reduces the required,

i effectiveness of :he J-Q approach as a two-parameter-

I fracture toughness criterion.
I
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j 2.5 Dynamic Fracture Analysis of dynamic initiation toughness relations. A radially
i Pressure Vessels - constrained static model,45 to spinximate certain dynamic

! (J Keency Walker, B. R. BASS) conditions at the time of crack arrest, was applied to the
same ITS transient, and the results were comparable with

| 2.5.1 Introduction those from the dynamic analyses.

,

| In a previous study,33 severalissues related to the model. _ .

Ing and analysis of dynamic fracture events in an RPV The static and dynamic models of the previous study are

were examined quantitatively through static and dynamic extended herein to incorporate additional capabilities for

analyses of a hypothetical RPV subjected to a ITS the analysis of a ITS event in RPVs. *lhe application-mode

transient. Analyses were performed with the OCA P dynamic model was modified to include a second dynamic
'

codc44 to identify *. hallow cracks that initiate in clea vage fracture toughness relation developed by Schwartz * from
..

and arrest deep in the wall of the RPV as a n:sult of ITS
traasient loading. The OCA P predictions were compared c. w. Schwans, Wnin Wriena Enersy Systems,Inc.. Oek Ridse Nett

e

With both application. and generation-mode dynamic Lab.," Crack Speed Relations infened from Larse SEN Specimcas of
,

analysis results based on postulated dynamic fracture A $33 D Sael" USNRC Reion NURLO/CR 5861 (ORNt/Suba9#778/9),4

toughness models. The potential for cleavage trial !ation of to be published.t
the arrested cracks was investigated using bot otic and

31 NUREO/CR-4219, Vol. 9, No.1
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dynamic data gencruted in the WP 1 series of IISST wide- 2.5.2.1 Finite. Element Model
plate tests. This relation provides a model that is more rel-
evant to RPV steels than the previously apphed fracture in the static and dynamic thennuelastic analyses,a 2 D
toughness model46

developed from Japanese widef ate plane strain, finite element formulation was used to modell
data.47 dAlso, the radially constrained static model was the test ves!.cl. The finite element model employed in these
evaluated in applications to dynamic crack reinitation analyses, depicted in Fig. 2.33, consists of 1994 nodes and
event in RPVs. Results from these applications are com- 613 cight-noded isoparametric elements. An MNLO for.
pared with previous studies in the following sections, mutation and a 2 x 2 numerical integration order was used

in all de analyses. The values of the radial temperature
distribution and internal pressure at the time of cleavage.

2.5.2 Fracture Analyses crack propagation for this transient were used as the
toundary conditions and assumed to te constant during the

The ITS event selected for analysis from the Nuclear run arrest event. The pressure at crack initiation was
llegulatory Commission (NRC)/IITS studies was the 11.11, applied to the innat swface of the model using 2 D pres.
Robinson transient 9.22il (Ref. 48) (modified for a c(m* sure surfaces; crac k-face pressure was not included. To
stant value of the heat transfer coefficient). The vessel has provide the proper constraint for the thermal stresses, the
an inner radius of 1981.2 mm, a wall thickness of material stress free temperature was lowered, so the aver.
236.5 mm, and a cladding thickness of 5.6 mm. Based on age out of plane stress through the vessel wall approxi.
an OCA P analysis, a flaw having a depth of n = 0.0239 m rnated the average axial stress given by the relation (Pr/2t).o
(a/W = 0.101) is predicted to initiate in cleavage at time t =
36 min and to arrest at a depth of ar = 0.1189 m (a/W =

503).

OnNL DWG 91M 343nt E1D

_

ri = 1981.2 mm
t . 236.474 mm 'I
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! Figure 2.33 Finite element model used in dynamle fracture analyses of a reactor pressure vessel
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2.5.2.2 Finite 1:lement Analyses plate tests, w hich employed specimens fabricated trorn
A $33 grade B class I steel. According to Schwartz, a

"

Initia!!y, quasi static analyses were performed with ORNL- linear form was assumed for the Kid (s, T) relation, the
#.

modified ADINAo.50at the initial crack denth (aAV = coefficients of which were estimated from test data using
0.101) and at two other crack depths (aAV = 0.494 and aAV generation-mode computational methodology. The first
= 0.507) that were close to the arrest location determined application mode dynamic analysis was performed using
by OCA P. The computed K1 values compare well with the the AShiE Sect. XIlower tound toughness curves.51 n

'

i
OCA P calculations (2% difference). this case, the crack was assumed to arrest if Kg fell below

'
Kg, or if die cak vekrity dropped below a threshold
velocity of 2% of the shear wave vekrity (-40 m/s).

'lhe application mode analyses of the present study
employed two empirical dynamic fracture toughness rela-

'
tions, which were developed in support of the 1155T wide- Analysis results predicted crack arrest at aAV = 0.358 for
plate testing program.21 The first of these relations the pretest fracture toughness model (path A to B in Fig.
(pretest model) was developed by Kanninen et al.46 from 2.34) and at aAV = 0.31 for the postlest model(path A to D

47Japanese wide plate data primarily for use in pretest in Fig. 2.34). After the initial arrest, K oscillates due to1
planning analysis of the wide plate experiment. The second vessel bending and reaches peak values of 262 h1Pa.6
relation (postlest model) was developed by Schwart/ from at 19.5 ms (point C in Fig. 2.34) and 209 htPa.6 at 2.9
dynamic data generated in the WP-1 series of IISST wide- rns (point E in Fig. 2.34) for the pretest and posttest mod.

" "
*C. W. Schwanz. Marun Manetta Foersy Systems,Inc., Oak Ridge Natl.

* *

tA. *Cr.a Sreed Retatians infened inwn Large SEN Specimem of A when the applied Kg increases above the static Kje value,
533 B Steet," USNRC Repori NUREGER-5861 then the results depicted in Fig. 2.34 do not predict reinitia.
(ORNU5uhn9/777sN) to be pubhdwd lion for either of die fracture toughness models.
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Figur e 2.34 Results from application mode analyses at aAV = 0.358 for pretest fracture toughness model(path A ll)
and at a4V = 0.31 for the postlest model(path A D). Reinitiation is based on the ash 1E lower bound
Klecurve
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In general, the lower shelf and trunsition fracture tough- It has been proposed 45 that the stress intensity factor dur-
ness of structural steels decreases with increasing loading ing crack catension can le approximated by a static analy.
rate. So for any given temperature, the fracture toughness sis that assumes that the vessel is cu.cntially stationary.
measured in a high rate loading test (Kga) is generally The technique proposed in Ref. 45 was investigated in die
lower than the fracture toughness measured in a static test present study through an application to die same RPV
(Kje). niodel and I'IS loading transient defined earlier. A series,

I of static thermoelastic analyses were performed at various
crack lengths with the vessel fixed radially on the outer

A procedure was developed for this study to estimate the surface at the radial displacement calculated for the initial
dynamic initiation toughness from measured data.52 The crack depth. The results of these analyses are depicted in
application mode dynamic analyses were repeated using Fig. 2.36. In Fig. 2.36, calculated Kg values from OCA P,
the generated Kid curve in place of the AShiE lower- application mode dynamic analysis (post test model and
bound Kiecurve to determine the propensity for crack Kid curve), and static (radially constraired outer surface)
reinitiation. As shown in Fig. 2 35, the crack reinitiated for are plotted as functions of a/W. Note that the Kg computed
the pretest model at a Kg value for 262 MPa.6, and frorn the static radially constrained model intersects the
then arrested at a K of 261 MPa.6 and a/W of 0.46 Kj, curve at about the same point as the first arrest of the1

(path A B-C-F). After arrest Kg again oscillates with a peak application mode dynamic analysis using the posttest
value of 335 MPa.6 and aAV of 24.5 ms (point 0), model(3% difference). The unconstrained value of Kg at

; which is below the Kid curve. For the postlest model, the an a/W of 0.30 is 193 MPa.6, and when this value is
amplified by 1.07 the K value is 207 MPa.6,which 1crack reinitiated and arrested because of low velocity at an i

aAV of 0.36 path A.D E.II). K reached a peak value of would predict reinitiation because Kid is 205 MPa.6,i 1

263 MPa.vrn at 19.3 ms (point I) and missed the reinitla- The amplification factor of 1.07 was calculated from the
tion value by 1 MPa 6. If reinitiation had occurred, the postlest model application-mode dynamic analysis and die
crack would have arrested at an a/W of 0.46, which is OCA P analysis at an a/W of 0.31. To propagate the crack
consistent with the OCA P prediction. "This is shown as a after reinitiation, a series of analyses was performed with
dashed line in Fig. 2.35.
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Figure 2.35 Results from application mode analysis with relnitiation based on dynamle initiation toughness
estimated from measured data given in Ref,52

NUREO/CR-4219, Vol. 9 No.1 36



_ . . _ ~ _ _ _ . ._. . __ ._ __ . . _ _ _ _ . _ _ _ . _ _ _ _ _ . . . .
-

_

!

2 Fractute

the vessel fixed radislly on the outer surface at the radial Five factors that influence postcleavage arrest predictions
displacement calculated fcr the uncenstrained model with a in dynamic models of the tyre employed in this study
crtsk at an a/W of 0.30. De computed X values at each include (but are not hmited to) the following:I

I crack depth were amplified by 1.07. The crack arrested at
1. dynamic initiation toughness of the vessel material,

on a/W of 0.39 when K intersected the KgG curve.His is
| 1 2. dynamic fracture toughness of the vessel material,

between the two application mcnle analyses. nc amplifica-i

3. precleavage and postcleavage ductile tearing (such as
tion factor was detennmed to te 1.2 at tras crack depth. g g g ggg.g.g3
The unconstramed valug of Kg at the arrest location is 4. constitutive modeling and fracture parameters of the
240 MPa.6, which gives an amplified value of

""I "I (e 8., plasticity, stram.-rate cIIects,etc),
i 208 MPa.6. Reinitiation at this location is not gedicted.

0' I'**Cl"C * O Crack (e.g.,2 D vs 3 D repre-
.

A comparison of predicted crack arrest values for sorne of sentadon of the propagau.ng nacu
1 the previously described analyses is also depicted in Fig.

2.36. De differences in these results are clearly dependent The differences in predictions of reinitiation of the arrested'

! upon whether the crack reinitiates. crack are predominantly controlled by the assumed tough.

! ness. The issue condenses to the relevance of the rate

| dependency described in Ref. $2 to the realistic situations

2.5.3 Suinmary and Conclusions of interest.

Comparisons of crack-arrest predictions from the static and
dynamic analyses indicate that the radially constrained Clarification of any one of the five issues represents a

4

static model shows good agreement with the posttest formidable research challenge, but the development of an'

,

dynamic model fcr toth crack arrest depths, w hile the full. effective model of the cornplete fracture event is dependent

j bending static model (OCA P) leads to an overprediction upon substantial progress teing made in several of these

of the first and second arrest depth. The magnitude of these areas.

differences is dependent upon whether cleavage reinitiation
is predicted by the dynamic models.

;
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Figere 2.36 Comparison of analysis results from a static method implemented in OCA.P code, radially constrained
static method from Ref 45, and application mode dynamic model utilizing the dynamle fracture
toughness model from Schwartt.

37 NUREO/CR-4219. Vol. 9. No.1

. _ - _ -



- - . - - . . - - - - _ _ - - - . . - _ _ . . - . - -. - _ - _ _ - .

Fracttire

2,6 Cleavage Initiatlon StudicS less of w hether the cleavage initiation resulted in complete-

(W. L Fourney, O. R. IrWin, University of specimen fracture or merely a short run. arrest event.

Maryland)

A report was completed giving the final results of cleavage introduction of a cleavage-arrest precrack into a TPB
'

initiation toughness comparisons between specimens pre, specimen caused initial problems. However, a method for

cracked with fatigue and similar specimens precracked doing this was devekred, using a essnbination of chevron.

with cleavage arrest. Tables 2.4 and 2.5, from that report, style side grooving and wedge loading, which consistently'

summarize the test results. Crack front irregularities, natu. produced useful arrest positions for tne cleavage precracks.
ral for crack arrest, tended to lower the K values for cleav. It is now apparent that a modification of ASTM E1221 (for

age initiation and caused more nurnerous pop-in (short run. Kal measurements) to permit use of chevron style grooving
4

arrest) events. The K value estimates for crack arrest fur. deserves attention. A modification of that kind has goodi

nished lower bounds for the scatter of K values for cleav.,

age initiation at cach of the three test temperatures, regard.

,I

i

Table 2.4 Test results of SI' Nil specimens of A $08 steel with cleavage precracks. oys a 90 ksi,itTNDT = 60'C

Temperature i Kp K (r ) Ka Pc Ke Ec(r1,
M (I'"$)I (k p)(MPs 6)(MPa.)A) *aM (UnM)s (Kakip) tMPa.6) (klp)(MPs.6)(MPs )m )

2 pSpecimen
4.C) *1

1

'I 5 23 0.52 0.68 14.2 73 73 0.54 0.71 13.0 70 13.5 73 73
T7 23 0.51 0.65 15.5 15.3 17.3 93 95;

1 T6 65 0.54 0.70 20.7 20.$ 23.5 132 143
T8 65 0.54 0.63 22.5 132 144 0.60 0.76 17.0 115 20.0 13$ 147
T4 85 0.51 0,56 20.7 117 124 0.54 0.63 19.0 112 27.6 163 179
*IV 85 0.56 0.69 18.5 114 119 0.59 0.75 17.1 112 19.6 129 138

Note:

a M and (Bn/B): pertain to the initial precrack.
P and K are had and K C start of pp-in.p p
a.M and (Bn/H) are based urn esnmates of crack aim after pop in.
P minus P. is the pp in load drty.p
Pcand K are load and K at start of Imal fracture.c

K values with ty adjusun-nt are shown as K (r ).y
W = $9 mm. B = 38 nun.

Table 2.5 Test results of SENil specimens of A 508 steel with fatigue precracks

Temperature P Kp K (r Ka Pc Ke Kc(rnWa (Kaktp) (MPa*6) (Lip)(MPa.6)(MPaek-)I (k p)(MPs.6)(MPs h) ) n
pS ecimen "I "P a('C) )

Tl1 23 0.52 0.79 16.0 81 81
T13 23 0.51 0.77 14.7 73 73 0,53 0.77 13.8 71 15.7 81 84
T14 62 0.49 0.75 25.1 119 123
TIS 62 0.51 0.76 25.5 127 135

- T16 80 0.45 0.61 34.2 152 168
T17 85 0.42 0.55 35.8 159 169
T18- 85 .. 0.43 0.57 - 37 8 173 189

Note:

a M and (B /H) pennen to the initial precrack.n
P and K are load and K at stan of pp-in.p p
a.M and (Hn/B)a e based upm enumates of crack sim after pp in.ar

P minus P. is the pp-in load dmp.p
Pcand Kcare ked and K at start of fmal fracture.
K values with ry adjustment are shown as X (r ).y
W = 89 mm. D = 38 mm.
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prospects toward improved efficiercy of small. specimen The fourth FPI report, the English version of which is to te
K;, measurements. published at the end of May 1992, descrites the results of

the subtasks pc4 formed during April 1991 through March
1992. The principal results of the subtasks are summarited

2.7 Elastic Plastic Fracture Mechanics in the next sxtion.
In Inhomogeneous Materials and
Structures [II, R, llass, G. Yagawa
(University of Tokyo)) 2.7.1 Literature Survey

Crack growth henomena in inhomogeneous materials andtThe principal purpose of the EPI Program is to Svesa. te
.

ga
the clastic. plastic crack growth phenomerus m inhomoge- structures can te roughly divided into the following two

neous materials and structures, auning at the development cegorin W crd growth parallel to the phase boundary

of estimation scheines of t'racture resistance through the of dif ferent n,aterials and (2) crack growth across the phase

cooperative work tetween U.S. and Japanese research con-
toundary. A circumferential crack that occurs ht the weld-

sortla. De llSST1% gram, on behalf of the NRC,is the ment of a welded pipe is an example of the fonner phe-

sole U.S. partici unt in the EPl Program. nomena. De latter phenomena are found in irradiated
t

RPVs, cladded RPVs, and welded joints. The latter phe-
nomena, which involve theoredcal difficulties such as the

The Japanese consortium in charge of the EPl program
J.integal not possessing path. independence even in stadon.

was organind in July 1988 as one of the subcommittees of ary crack problems, seem more critical to the integrity

the Nuclear Engineering Research Committee of De Japan
assessment of RPVs. Dus, we have decided to mainly,

Welding Enginecting Society (JWES). he EPl subcom- study cracks growing perpendicular to the phase loundarv
of diffe ent materials.mittec consists of 9 universines,3 research institutes, and

21 companies. Three working groups (WOs) have teen set
up under the subcommittx: neoretical WO, Experimen'al
WO and Estimatior. Scheme WO. To study these phenomena, we consider the following two

kinds of estimation <chemes of clastic-plastic fractun
resistance:(1) J integral formula utilized in 2 D fracture

The experimental WO conducts tests and generates experi-
toughness and resistance tests, and (2) J integral fonnula

mental data of crack growth tchavior in planned inhomo' for the integrity assessment of 3 D structures with through-

geneo'ts specimens, which are used for numerical tmalyses
wall and surface cracks. %e former caygory involves the

to examine the applicability of various clastic plastic frac- Merkle-Corten's formula Jy.c for CT pecimens in sta-

ture mechanics parameters to the inhomogeneous material tionary crack problems and the J defonnadon Jo and the J.

regime, his WO also examines the effects of various fac- modified Jg in growing crack problems. Incremental frac-

tors on fracture tchavior, including crack-up location and ture mechanics parameters such as the J and T* Integrals

crack orientation with respect to fusion line (11), specimen
are also selected as references in the present study,

thickness, and residual stress.

Among several conventional estimation schemes for inte-
The theoretical WG analyres the experimental results

grity studies of structures, we have selected the General
using various numerical as well as analytical methods not
only to ut'derstand the crack grow th phenomena in inho- Electric (GE)/ Electric Power Research lastitute (EPRI)

mogeneous materials but also to provide the fundamental
approach, the R6 approach, and the references stress

data for the development of the estimation schemes of approach. De applicability of these fracture mechanics

crack growth resistance, parameters and the simplified assessment approaches to the
evaluation of crack growth resistance in the inhomoge-
ueous material regime are examined in detail.

The estimation scheme WO, which was established in the

fall of 1989, analyzes the experimental results using con- 2.7.2 Material and Welding I'rocedure
ventional estimation schemes to examine the applicability
of these to the inhomogeneous material regime and also in the previous fiscal years, we perfonned fracture tests
works on the invesugation and the development of new

using specimens taken from welded plates of A 533 grade
_

estimation schemes based on those experimental as well as
B class I steel. The material and the welding procedure

numerical results. Results from studies of the three WOs were commercial quality and the differences between
are reported in detail in interim reports.53-55
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material properties of the base metal and the weld metal tlT80 steel. De plane dimensions of all the specimens are
was not very significant (i.e., only ~15% difference in the same as those of the standard IT-CT specimen, whereas
yield stress for the two metals.) In this fiscal year, we have the thickness is chosen to be 10,15, or 19 mm. As for the

[ performed fracture tests using bimaterial specimens con- bimaterial specimens, initial cracks were prepared normal
'

sisting of A 533 B class I steel and a high strength HT80 to the phase boundary, and kications of initial crack tips
steel. The yield stress of HBO steel is about twice as much were varied with respect to the phase boundary. De bima-

.

as that of A 533 D class I steel.%e welding procedure terial CT specimens tested are as follows:

] employed here was the electron beam welding method. - AH-(A 533 B) specimen,in which holes for loading
< The A 533 grade B class I steel was produced by the same and an initial crack are machined in the A 533 grade B
I P*C#d"''.as in the previous study, ne weldment was class 1 portion, and an initial crack-tip is placed about

~3 mm wide and the size of the heat-affected zone (HAZ) 3 mm in front of the centerline of the weldment. As a
'

was negligible- result, a crack grows across the phase boundary from
the A 533 grade B class 1 portion to the 11W0 ponion.

- AHAT80) specimen,in which an initial crack tip is', To maintain the original difference of material propenies placed about 3 mm ahead of the phase boundary.
for the two materials, all specimens were machined from Then, a crack grows only in the HT80 portion.

"

j the as-weld plates and used for several tests. - IIA-(PB) specimen,in which holes for loading and an
4 initial crack are machined in the HT80 ponion, and an

initial crack tip is placed on the phase boundary of -
. 2,7,3 Fundamental Material Properties - Ifr80 and the weldment. Then a crack grows from

weldment to the A 533 grade B class I ponion.
Unaxial tensile tests of A 533 grade B class I steel and - IIA-(A 533 B),in which an untial crack tipis placed
HT80 steel were performed. A hardness test of the welded'

~3 mm ahead of the phase boundary. %en a crack
plates was also performed. De principal results are sum-

gmws only in the A 533 B c* ass I portion.
marized as follows:

- The stress-strain curve of A 533 grade B class I steel To avoid any confusion due to different testic; procedures,

was found to be almost the same as that of A 533 these expenments were performed m only two research
4

grade B class I steel tested in the previous years. Thus, gr ups. A multiple specimen method and an unloading

the stresostrain relation of A 533 B class I steel for. compliance method were utilized to precisely measure

mulated in the previous years is again utilized to crack growth amount.

; analyze experimental results for the bimaterial spec- (2) Effects of specimen thickness on initiation toughness

en suits s w ana a toughnus
- he icld stress of HT80 steel is about twice as much

as that of A 533 B class I steel.
*"8 " #E# # * #" # ##8 *# # ##~

ness ranges fmm nm to W na
- The order of hardness is weld.nent > HT80 steel >

A 533 grade B class I steel. (3) Effects of crack-tip locations on crack gmwth
Tesistance

2.7,4 Residual Stress Measurement The J integrals evaluated here are the J-deformation Jo and
the J modified JM. De principal results are summarized as
IUU **

Nondestructive measurements of residual stress that
occurred in the welded plates of A 533 grade B class ! - The comparison between homogeneous HT80 speci-
steel and IIT80 steel were performed using an acous. mens and inhomogeneous AH-(HT80) specimens and

toelastic technique. A compressive residual stress on the the comparison between tomogeneous A 533 B spec-

order of M0 MPa occurred in the vicinity of the weldment imens and inhomogeneous HA-(A 533 B) specimens

region. The distribution of the residual stress is to be used clearly showed that, even if a crack grows in the same

for fracture analyses to evaluate its effects precisely. material, globa' inhomogeneity of specimen signifi-
cantly influences crack gmwth behavior. Qualitative
discussions of these results will be presented in Sect.

2,7.5 Fracture Experiments on 2 D 2.7.8 together with numerical resuks.

Specimens - As for AH-(A $33 B) specimens and HA (PB) speci-
mens, a crack grows across the phase boundary of dif.

(1) Specimens ferent materials, in these cases, crack growth behavior
become more complicated than the above locally

Homogeneous and bimaterial CT specimens were machined homogeneous specimens.

from the welded plate of A 533 grade B class I steel and

NURSO/CR-4219, Vol. 9, No.1 40



_ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ .

. . ..

|

Fracture

The above results are mainly attributed to local yiciding 2,7.7 Fracture Experiment Under
that occurred in portions other than the crack tip (i.e., holes Anisothermal Condition
for loading and the phase boundary). Rese phenomena are
influenced by material combinations and crack tip loca- As one of the fundamental problems related to the EPl
tions.

Program, fracture experiments under an anisothermal con-
(4) Direct measurement of crack-tip behavior dition were performed using the SEN specimens taken

. . . from the heat treated base plate of A 533 grade B class 1
The Moire mterferometry method, which .is assisted by a
computer image processing technique, was applied to mea'

steel. The purpose of the present experiments is to examine

sure crack-tip fields of the weMed specimens of A 533 B
the effects of gradual changes of material toughness on
fracture behavior,

class I steel and HT80 steel. The principal results are '

summarized as follows:

- In AH-(A 533 B) specimens, the yielding region is Last year, crack-tip temperature and temperature gradient
restricted to the field between the crack tip and the were set to be 0*C, and 0.250 CAnm respectively, We
phase boundary. could not observe any significant effects of anisothennal

- In HA-(UT80) specimens, yielding occurs in the vicin- conditions on fracture behavior. This year, the crack tip
ity of the crack tip as well as the phase boundary, temperature was set to-50 C, and the temperature gradient

was increased to 0.5'C/mm to increase the gradient in
material properties, including fracture toughness. De

2.7,6 Fracture Experiments on Surface. results showed that the fracture toughness of A 533 B class

Cracked Specitnens I steel in the current anisothermal condition was by ~15%
smaller than that of a uniform temperature condition.

In this fiscal year, TPB type specimens were tested at the
center of which a semi elliptical surface crack was pre-
pared. Re surface crack was machmed to cro::s the weld. 2.7.8 Elastic-Plastic Finite Element Analyses
ment perpendicularly. Half of the crack was placed in the of 2-D Crack
A 533 B class I steel portion and the other half was in the
HT30 steel portion, and then the weldment was located at Fracture phenomena of inhomogeneous materials and

the center of the crack. The crack-mouth-opening dis- structures are mfluenced by several fxtors such as the

placement (CMOD) was measured with an optical method. inhomogeneity of material properties, residual stresses and

After loading experiments, the CTOD was measured with the location of crack tip. Fracture experiments are not suffi-
,

the silicon rubber casing method, while crack growth cient to quantify the effect of each factor on fracture behav-

amount (Aa) was measured directly using scanning electron i rs. Thus, numerical analyses were perfonned based on

microscopy (SEM). The crack tip opening angle (CTOA) experimental results.De elastic plastic finite element

was evaluated using both CTOD and Aa values. analyses of crack c;rowth performed in this year are sum-
marized below:

(1) Crack analyses of the welded specimens of A 533
The homogeneous and welded specimens were tested to grade B class 1 and HT80 steels
examine the effects of inhomogeneity on crack growth
behavior. The results obtained are summarized as follows:

To confirm the effects of the dif ference of material proper-
ties on crack behavior, clastic-plastic finite element analy.

- CIOD is sli htly larger in the HT80 portion than in ses were performed of the welded specimens of A 533 Bb
the A 533 B class 1 portion. class 1 and HT80 steels. The specimen types analyzed are

- Crack growth amount is much larger in the HT80 por. AH-(A 533 B) AH-(HT80), HA-(A 533 B) and HA-
tion than in the A 533 B class 1 portion. (HT80) defined previously. Crack length a/W varied from

- CIDA is smaller in the HT80 portion than in the A 0.1 to 0.6. The results are summarized as follows:
533 B class 1 portion.

- Load vs load-line displacement curves of HA speci-
In the welded specimens of A 533 B class I steel tested in mens are greater than AH specimens.
previous years, such significant inhomogeneity effects - Plastic yielding regions are observed either in the
were not observed. These experimental results are to be vicinity of the crack-tip, the phase boundary, or the
analyzed by the 3-D finite element method to calculate the loading point. Sizes of the yielding regions depend on
disthtion of the J-integral along a crack front. specimen type and crack length.

41 NUREG/CR-4219, Vol. 9, No. I
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- At a smaller loading level J .m. T*, and iintegrals are (2) Analyses of cracks on the interface
p

path independent, irrespective of specimen types and A 3-D finite element analysis of a crack on the interface
crack length %ese parametcrs coincide with J .C. was performed. De results clarified yielding behavior of aM

path ecomes path. dependent, crack tip field at the intersection of interface and the freeWith increasing load, J b
and later T* and J integrals also become path-depen- surface.
dent. Modification of the integration paths for calcu-
lating these integrals can make them path-independent.

- At a higher loading level, the J C value t ecomes 2,7.10 Estimation Scheme Development forM
larger than the J ath vahte calculated along a small 2 D Cracksp
integration path set in the vicinity of a crack-tip. his
tendency is more significant in AH specinens possibly The GE/EPRI approach, the R6 approach, and the refer-
because of plastic yiekling at the loading point affect- ence stress approach wen applied to analyze crack growth
ing the evaluation of JM.c. On the other hand, the behavior in welded CT specimens made of A 533 B class I

difference between JM.C and J ath values is small for steel, and those for welded CT specimens consisting ofp
HA specimens with deeper cracks. Jyr values may A 533 B class I steel and HT80 steel, ne specimens ana-
be reliable in HA specimens with deeper cracks. lyzed are as follows:

| - As for AH specimens and specimens with shorter
- MSG specimen that is a homogeneous CT specimen

cracks,it is necessary to take mto account some modi->

made of A 533 B class I steel
fication of plasuc yielding at the loadmg pomt to eval-

- 1150 specimen in which a crack tip is placed in front
u te JMo of the phase boundary,(i.e., HAZ part)

(2) Crack growth analysis of welded specimens of A 533 - F50 specimen in which a crack tip is placed on tie
,

B class I steel with consideration given to residual phase boundary
stresses. - D5G specimen in which a crack is placed across the

phase boundary

The yield stress of the base metal is -15% larger than that
Residual stresses measured by an acoustoclastic method

f the weld metal.
were taken into account to perform the generation-phase

AH-(A 533 B) specimen,in which holes for loading: crack growth analysis of the HSG specimen. In the H5G -

specimen, the crack-tip was placed in front of the phase and an initial crack are machined in the A 533 B
boundary of the base metal and the weld metal (i.e., HAZ class I portion and an initial crack tip is placed ~3 mm
portion). The results showed that residual stresses did not in front of the centerline of the weldment. The crack
affect crack growth 'chavior, grows across the phase boundary from A 533 B class 1

portion to the HT80 portion.
,

; - AH-(HT80) specimen, in which an initial crack tip is
placed -3 mm ahead of the phase boundary. Thus, a

2,7,9 Elastic-Plastic Finite Element Analyses crack grows only in the HT80 portion.
HA-(PB) specimen, in which holes for loading and an! of 3 D Craeks -

initial crack are machined in the HT80 portion and an
; (1) Crack growth simulation of CT specimens initial crack tip is placed on the phase boundary of

HT80 and the weldment. nen a crack grows fmmBased on the measured distribution of crack growth along
weldment to A 533 B class.the crack front, the generation-phase crack growth simt.la-

- HA-(A 533 B), in which an initial crack tip is placed
tion of a CT specimen was performed.The J integral was

-3 mm ahead of the phase boundary. nen, a crack
evaluated using a line integration technique. ne results are

gr ws only in the A 533 B class 1 portion.
summarized as follows:

The yield stress of HT80 steel is about double that of the A- The calculated load vs load-line displacement agreed
533 B class I steel. The prmc,ple results are summarized asi

well with the measured one.
f Ilows for the GE/EPRI methoddistribution

- During stable crack growth, the J[i orm.along the crack front mmained ur - The crack growth phenomenon in the MSG specimen
- The HRR field formed before a crack starts to grow can be assessed accurately.

did not move during crack growth. As a result, the - In the HSG, F50, and D50 specimens, the measured
HRR field gradually shrank as an clastic unloading load vs load-lire displacemer t curves are well simu-

region expanded, lated by using the material properties of the base metal

NUREG/CR-4219, Vol. 9, No.1 42
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in the beginning stage and by using the material prop- Report for April September 1991," USNRC Report
erties of the weld metalin the later stage. As a result, NUREG/CR-4219 (ORNIEM 9693/V8&N2),1992.t
the magnitude of the measured maximum load is well
estimated by using the averaged values of the material
properties of the base metal and the weld rnetal. 3. W. E. Pennell," Aging Impact on the Safety and

- In 1150, F50, and D50 specimens, the measured J R Operability of Nuclear Reactor Pressure Vessels," pre-

curves are well simulated by using the averaged values sented at the NRC Aging Research Information

of the material properties of both metals. Conference, Rockville, MD, March 24-27,1992.

The GE/EPRI method was also applied to analyze crack '

growth phenomena in the HA and AH specimens. Because 4. D. Aurich,'The influence of the Stress State on the
the HT80 steel has a high hardening number n, a fully plas- Plastic Zone Sire," Eng. Fract. Afech. 7,761-765
tic solution corresponding to this material has to be (1975).
extrapolated. This extrapolation resulted in some errors in
evaluating fully plastic solutions, ne present analyses of
the HA and AH specimens are not considered reliable. 5. D. Aurich et al.,"De Influence on the Stress State of

K e," Paper G 5/2 in Proceedings of the 4thlFurther examiaation is still necessary,
f ,,j g g , g, g7 ,f y g, g
Reactor Technology, San Francisco, Calfornia.

The R6 approach was applied to crack growth analyses of A"I"#' O # '
both kinds of specimens. The results showed that the

assessment using the material properties and the J R curves 6. D. Aurich et al.,"The influence of Stress State on
of the material in the uncracked ligament portion gives a Fracture Toughness - Further Results," Paper G 2/3 in
good estimation of a load vs load-line displacement curve.

Transactions of the 5th international Conference on
StructuralMechanics in Reactor Technology, Berlin,

The reference stress approach gave results similar to the
*

GE/EPRI approach.

7. J. Olschewski et al.,"The Influence of Biaxial
Loading on Fracture Toughness - Further Results,"

?.7.11 Estimation Scheme Development for Paper G/F 3/3 in Transactions of 7th International
3 D Cracks Conference on Structural Mechanics in Reactor

Technology, Chicago,lL, August J983.
The GE/EI'RI approach was established for semi ellipical
surface cracks. Fully plastic solutions of a semi-clliptical
surface crack in a plate subjected to tensile and bending 8. D. Aurich,"Obertragbarkeit von Bruchkennwerten

,

stress were obtained by using the nonlinear finite-element von Proben auf Bauteile im Hinblick auf die
analysis, which takes into account incompressibility by the Sicherheitsanalyse von Kernkraftwerks komponen-
penalty function method. The results were formulated with ten," Report RS 275, B AM, Berlin, Germany,
polynomials in terms of crack aspect ratio a/c and crack September 14,1984 (text in German)

depth a/t of a semi clliptical surface crack and a hardening
exponent of material n.

9. D. Aurich et al. "The influence of Multiaxial Stress
States on Characteristic Parameters for Cleavage
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! 3 Material Characterization and Properties

R. K. Nanstad
,1
j

j Primarily for internal management and budgetary control, specimens to determine the effect of specimca geometry on
the Heavy-Section Steel Technology (HSST) Program cre- the initiation toughness.

!_ ated a separate task (Task IL3) for the work on material

j characterization and properties determinations. However,
; for the reader's convenience, some contributions to this Results of the tests performed to date have shown that a
i report are placed within other chapters according to the significant difference exists in the CVN impact energy test

larger tasks that correspond to the particular material stud- results between specimens from tk midthickness and,

; led, those from the surface of the characterization block. The
; results of drop-weight and tensile testing have confirmed
i the difference in properties between the surface and
j 3.1 Characterization of HSST Plate midthickness of the plate.
j 013B in the L-S Orientation
! (S. K. Iskander, R. L. Swain, J. J. Henry)

HSST Plate 013 was manufactured by Lukens Steel, melt;

| The purpose of the Shallow Flaws Task is to investigate C4453,in accordance with ASTM Specification for
the toughness of materials in the presence of shallow flaws Pressure Vessel Plates, Alloy Steels, Quenched and

,

(ones with a depth to thickness a/W = 0.05 to 0.10) as Tempered, Manganese-Molybdenum and Manganese.
'

compared to toughness measured by the standard Molybdenum-Nickel Grade B, Class 1 (A 533 grade B
! American Society for Testing and Materials (ASTM) tests class 1). A characterization block, designated 13 B A/5, .

3 with a/W = 0,$. .was flame-cut from the 187-mm-thick (7 3/8-in.) HSST
j Plate 013B. ne characterization block, together with other
i flame-cut material destined to be machined into the

| The testing phase for characterizing HSST Plate 013B for shallow flaw beam specimens, was given a postweld heat

j the Shallow Flaws Task is almost complete. Tests to treatment (PWHT) in May 1991 of 621 i 14'C (1150 t
i determine the Charpy V notch (CVN) curves in the L.S 25'F) for 40 h to simulate the PWHT given to reactor pres-
| and T L orientations, the drop-weight nil-ductility transi- sure vessels. ne characterization has been performed in
j tion (NDT) temperature, and the reference temperature, the same L-S orientation as that in which the Shallow

RT DT, for both surface and midthickness material have Flaws Task 'ITB beam tests are performed. HSST Platei N
!- been completed and reported in the previous semiannual Ol3A (the other half of HSST Plate 013) has been previ.

progress report. Tests to determine tensile properties in the ously quite extensively characterized, but not in the L-S

j L orientation as a function of temperature for both surface orientation, and may not have had a PWHT.

i and midthickness material have now been completed.
Crack initiation toughness tests (K e, Kye, or J R) have also- l

; been performed over the temperatme range of interest The results of tensile testing at five temperatures for two
using 25-mm IT C(T) compact specimens in the L-S ori. specimens from each of the surface and midthickness

! entation from the midthickness positions. Preliminary material are shown in Fig. 3.1. The experimental data have
!. results from both tensile and crack initiation toughness been regression fitted with a second-order polynomial. The

testing will be reported here.The approximate 10 remain- results obtained to date from crack initiation toughness
; lag IT C(T) specimens will be tested at temperatures that testing are shown in Fig. 3.2. Note that only material from

will improve the statistics of the 18 specimens already the midthickness has been tested because it is not practica-,

tested. The experimental load extension curves from the X. - ble to sample the surface layer in the L-S orientation using'

- Y plouer obtained during tensile testiag of material from IT C(T) specimens. Note also that the results from side-
the surface and midthickness have been digiti 7ed for use in grooved specimens are similar to those from those with no
the analysis of the shallow-flaw bending tests. The load side grooves,

extension data will be recalculated to give stresses and
strains, and the initial slope modified to reflect a more

3,2 Therinal Ag,ng of Sta,nleSs Steeli iaccurate Young's modulus. He analysis of all data and the,

] preparation of a report are in progress. A small number of - Cladding (F. M. Haggag, R. K.'Nanstad)
'

25-mm-thick,50-mm-deep single edge three-point bend
*

(TPB) SE(B) specimens will be tested at a single tempera- Thermal aging at relatively low temperatun:s (343'C) has
tme and their results compared to those from the C(T) been shown to significantly degrade the Charpy impact.

toughness of type 308 stainless steel welds. nc stainless
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Figure 3.1 Yield and ultimate tensile strengths of surface and midthickness materialin L orientation of
characterization block 1311A/5 from IISST Plate 01311, postweld heat treated in May 1991 at 621*C
(ll50*F) for 40 h. The test results were regression fit with a second order polynomial shown
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Material
steel cladding applied to the inner surface of RPVs is very E-24 for balloting. All negative votes were resolved, and
similar to that material. Hence, an experimental program the revised practice has been forwardcd to the ASTM staff
was initiated to evaluate the effects of thermal aging on representative,
stainless steel cladding relative to its contribution to
toughness degradation during irradiation experiments as
well as long-term effects. Work is continuing on the ' Test Practice for Fracture

Toughness in the Transition Range." An extensive
amount of supporting data has been collected, and the

Results from testing of unaged material and material aged recommendations of the practice are being tested with
for 1600 h were presented in the last progress report. these data. In the last reporting period it was realized that
Thermal aging at 288*C of stainless steel cladding and the there is potential to use established statistical practices to
ferritic steel on which it is overlaid to accumulated times of define lower-bound fracture toughness with associated
20.000 h (expected to be completed by November 1992) probability limits. Involvement of Dr. K. Wallen of VIT
and 50.000 h is in progrw. Oscr cladding specimens are (Finland) in this element of the research program has
being aged at 343*C together with a type 308 stainless steel accelerated progress considerably.
weld from another NRC program.

3.4 Study of Low Toughness Zones
3.3 ASTM Fracture Toughaess Testing (D. E. McCabe)

Standards Development
(D, E. McCabe, D. J. Alexander, The evaluation of pop-ins and their significance to safety

R. K. Nanstad) issues is cunently being documented in a draft NRC report.
Evidence in pop-in behavior was gathered from several

llSST Program personnel participated in another group sources. De bonom line is that pop-ins must be given

meeting of the combined Jg/J-R curve standard committee. . serious consideration as potential initiators of fast-running

This group has now adopted a simple scheme to adjust cracks. A single test record of a pop-in event does not

compliance-generated Aa (crack growth) values for initial - provide all the evidence needed to judge the relevance of

offset: a problem that has escaped a mutually agreeable the event. He report will show that pop-in discontinuities
solution for ~2 years. The combined standard will also con, on test records are a function of specimen size. Some pop.

,

tain fracture toughness determinations on test specimens ins can be ignored, but this requires extensive data

that fracture in a brittle manner (by cleavage). The practice generation to prove that the pop-in was an outliner tough-
was modified according to our recommendations to enable ness index, apart from the main body of cleavage fracture
appropriate specimen preparation for such data. behavior for that material. ne issue of reliability of tough-

ness development after pop-in crack arrest will be dis-
cessed.

Standard practice E 561 on K curves has been updatedR
with three proposed changes, and these were submitted to
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4 SpecialTechnical Assistance
'

J. G. Merkle

4.1 Examination of Equilibriunl-Hased describes the linear approximation in terms of the stress at
miderack-tip depth o and the bending stress at the surfaceLinearly Varying Stress Distribu- m

P P " b' " ('} "* "
tion for Estimating KI for Surface ",Tge"d i, ad
Cracks rp

4.1.1 Introduction = ( m + Ub)- 20b g - (4.2)

At the American Society of Mechanical Engineers The sum of the squares of the deviations between 6 and
(ASME) Pressure Vessel and Piping Conference in 1991 the actual stress o over the crack depth, denoted by S, is

lLawrence and Hechmer compared four different approxi' given by
mations for fitting stress distributions and calculating Kg
values for surface cracks in plates. One of these involved s 2

fitting the stress distribution over the depth of the crack 3 " , o @. -
dx , - (4$

with a straight line such that the force and moment of the
actual stress distribution are preserved. nis procedure was The least squares fit of 6 to o is based on minimizing Si

shown to produce KI values generally differing by <10% with respect to both (o + Ob) and ob. 'fhusm
from those calculated on the basis of a cubic polynomial fit :
to the actual stress distribution. For this and other praedcal 33 _as 36

0* (4'4)reasons, the equilibrium based straight line fit to the actual g ,g "86 8% +cdstress distribution, over the depth of the crack, was pro-
posed * as an improvement to the K1 calculation procedure

andfor surface cracks in ASAfE Code, Sect XI, Appendix A.
Because least-squares fits are commonly considered - 33 _33 33 =0, (4.5)rational means for approximating curves, the question natu- ggb = g gb .

rally arose concerning the relation between a least squares
linear fit and an equilibrium-based linear fit to the same
curve. As will be shown below, the two fits are identical. From Eqs. (4.2),(4.4), and (4.5)

In addition, if a least-squares linear fit to the stress distribu-
tion produces good Kr approximations, then it should be * 6dx = odx , (4.6)
possible to estimate the higher order polynomial K coeffi- o ao

1

cients from the constant and linear Kg coefficients.Ris -

andwill also be discussed below.The subject of K estimatesI

L based on least squares linear fits to nonlinear stress distri-
, butions has been discussed in a previous progress report.2 . 6xdx = exdx (4.7;

..

.

|- .o ,o

:
'

4.1.2 Relation Between Statically Equivalent Then, using Eq. (4.2) again,

j and Least-Squares Linear Fits -
s , dx = o a . (4.8)

' o m.
.

Let a represent a Im. car approumation to an arbitrary <o

stress distribution, over the depth a of a surface crack.
Then at a depth x from the urface, and

a_ _ x' ' 6 xdx = -- o a2 _ ,1 2, (4,9)m - Uba

6=om + 0b a

i Combining Eqs. (4.6) through (4.9) gives

*J. M. Bloom, Babcock & Wilcox Co.,"Proposeo Revisica to Stres , ,1, odx (4.10)
''

- Intensity Factor Conectim Faaors in Appendix A GSI-8129)." letter to a,o '

R. C, Cipolla. ASME Code Section XI WG on Flaw Evaluation.
- November 7,1991.
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and *

m=n+1 (4.16)o
'

ob = -,6
a a

-x dx , (4.11)7,o o2
. > anda

which are the average stress and extreme finer bending
'

1
-

1

'

Ob=60 (4.17)stress, respectively, for a rectangular beam of depth, a, sub. .

ject to the force and moment calculated from the nominal
' '

stress acting over the depth of the crack. Thus the statically
For n = 2

equivalent linear fit is also a least-squares linear fit. Note
that ti e term static equivalence is only a description of the
uncra :ked stress distribution and has nothing to do with a om" (4 18)
finitolength surface crack because it takes no account of
cra.:k shape,

and

4.1.3 Estimation ofIligher Order Polynomial og, h , (4,i9)
K Coefficient from the Constant and 2i
Linear Coefficients

For n = 3
iNumerical fini.e-element solutions exist for estimating

stress intensity factors for finite-length surface cracks in om= (4.20)L
plates by means of fitting the actual stress distribution over 4

the depth of the crack with a polynomial series of the form
and

a = Ao + A x + A K +A13 (4 12)i 2 3 9
(4 21)ab = g Da -

which can be rewritten in the form

e 33 For a linear representation of the stress, referring to
r ,)2o = A6 + A{ f p + Ai -

x

\as ra) + A$ a s
. (4.13) Eq. (4.13),-

<

A' = om + Ob (4.22) lo
The numerical results for K] are expressed in the form I

and

2 + A G ) E , (4.14)Kg = (ALGO + A[G + AiGi 3 3
Q A' = - 2cb ' . (4.23)o,

i
where the quantity in parentheses is the nominal stress at Substituting Eqs. (4.22) and (4.23) into Eq. (4.14) gives
the crack-tip depth. The terms G are calculated, one at ai
time, from separate cases in which the stress distribution is

G } E . (4.24)assumed to be represented by a smgle polynomial term. If Kg=[(om + Ob)Go - 2cb i Q,

| the linear approximation is accurate, then it should be pos-
sible to fit each of the individual higher order polynomial
stress distributions with a straight line and then estimate From Eq. (4.13)

i

i the higher order G from Go and G by equating the result. -i 3
l

ing K values to the polynomial based values. K = AjGj1 (4.25)i .

For a single-term polynomial suess distribution, For a single-term polynomial,

x'n Aj = co = o, ( .
(4.26)a .

(4.15)
as

so that substituting Eq. (4.26) into Eq. (4.25) and equating
Substituting Eq. (4.15) into Eqs. (4.10) and (4.11) gives the right sides of Eqs. (4.24) and (4.25) gives
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I Special

'om + ob a in a probabilistic fracture mechanics assessment of an
' f

,

Gj = Go-2 G1 (4.27) 3RPV, A letter report that dLusses the analysis method
' o' ' ' *#

and some preliminary findings from this work has been,

forwarded to NRC.
For n = 2, substituting Eqs. (4.18) and (4.19)into
Eq. (4.27) gives

Following the analyses of semicircular and long surface

2= 6 Go + G (4.28) flaws subjected to PTS loadings reported in Ref 3, addi-G ,

tional closed-form approximate calculations were done to
estimate the stress-intensity factor at the surface for long

and for n = 3, substituting Eqs. (4.20) and (4.21) into (4.27) surface flaws.nc values obtained by the Raju Newmand
5gives and Merkle equations were almost equal and considerably

less than the values reported in Ref 3. Issues that may

3 = 3- G + - -. O g (4.29)
9 influence the computed K values along the crack front1G .

5 10 include (1) crack-front geometry withir the cladding and
(2) the role of cladding plasticity, Additional 3-D finite-

Bounds on the accuracy of the linear approximation element calculations were performed to resolve the appar-
,

method can be obtained with Eqs, (4.28) and (4.29). Pre- ent discrepancies.
liminary calculations using the tables in Ref.1 indicate that
at the deepest point of the crack the estimates are 10 to
15% low for G and 5 to 10% low for G . Crack shape Three crack front geometries have been considered:3 2
does not seem to have much effect. At the surface of a (1) modified-ellipso-the crack-front is elliptical in the -
finite length crack, errors are greater, but the coefficients base material and is perpendicular to the vessel's inner
are smaller and thus the nonlinear terms contribute less to surface in the cladding region; (2) canoe-the crack front
K. in the base material is essentially a straight line parallel toI

the vessefs longitudinal axis with two semicircular regions
that intersect the clad / base interface at 90 , and the crack

Additional calculations are needed to firmly establish the front in the cladding is perpendicular to the vessel's inner
accuracy of the G and G estimates, especially for points sunace; and (3) ellipse-the crack front is elliptical in3 2
away from the deepest point of the crack. The accuracy of shape throughout the base and cladding material (see Fig.
the least squares linear approximation, for a range of load 4.1(a) and (b)]. In Fig. 4.1(a) the vertical and horizontal
cases including thermal shock, was investigated in Ref.1. axes are drawn to vastly different scales to emphasize the
Those studies may need to be extended to cases of greater differences in crack-front geometries. In Fig. 4.l(b), crack-
stress nonlinearity, especially those involving thermal and front geometries are redrawn with similar vertical and
residual stresses in stainless steel cladding. horizontal axes to emphasize the observation that the

differences in flaw geometries in Fig. 4.1(a) are minor in
comparison with the overall geometry of the nominal flaw

4.2 Effect of Crack Shape Near the shape. Material models considered are (1) elastic base and,

i Ends of a Finite-Length Surface cladding material (bimaterial clastic); (2) elastic base with

I
Crack on Computed Kr Values at cladding material assigned base material properties (one-

material clastic); and (3) elastic-plastic base and cladding
; the Surface material (dimaterial elastic-plastic). Maximum ioading of

.

the flawed cylinder,in terms of the magnitude of the
At the request of the Nuclear Regulatory Commission applied stress-intensity factor K , occurs at ~20 min intoI
(NRC), work was performed to provide estimates on the the transient. In subsequent discussions, analysis results are
potential change in flaw geometry of an initially shallow, presented for 25 min into the transient.

i axially oriented, inner-surface, finite-length flaw in a reac-
| tor pressure vessel (RPV) during the course of a postulated

| pressurized thermal-shock (PTS) transient. Specifically. Analysis results suggest that the crack-front geometry
the question being addressed was whether a shallow finite- within the cladding can significantly influence the com-
length surface [three-dimensional (3-D)] flaw would tend puted Kr values along the crack front within the cladding
to elongate along the axial direction to become an essen- region, especially for the case of elongated surface flaws
tially two-dimensional (2-D) flaw during the transient. De with large aspect ratios. Specifically, for the one-nuterial
analyses were performed within the context oflinear- clastic case with a nominal flaw half length to flaw depth
elastic fracture mechanics. Results from this study are ratio of 80 'o 1 analysis results indicate that (1) computed
expected to contribute toward an assessment of the degree Kg values at the deepest point of the crack front agree for
of conservatism associated with the use of 2-D axial flaws all three flaw geometries; and (2) computed Kg values near -
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Figure 4.1 (a) Overall crack front geometries assumed in PTS analysis: (1) modified ellipse, (2) canoe, (3) ellipse.
Vertical and horizontal axes are drawn to vastly different scales to emphasize differences in crack front
geometries. (b) Crack front geometries redrawn with similar vertical and horizontal axes to emphasize
observation that differences in flaw geomet.ies in (a) are minor in comparison with oserall geometry of
nominal flaw shape

the inner surface, along the cladding portion of the crack avoid inaccuracies in the value of K there and thus the1

front, can differ by up to a factor of 5 among the flaw tendency for axialextension,
geometries considered, with the maximum value being for
the canoe flaw geometry and the minimum value being for
the ellipse flaw geometry (see Fig. 4.2). Evidently. Analysis resuhs also indicate that the computed K valuesI
conversion of an initially 3-D shallow surface flaw to an are very sensitive to whether the cladding and base materi-
essentially 2-D axial flaw geometry due to irrS loading als are modeled as elastic or clastic-plastic, with the latter
can be substantially enhanced or inhibited based on the analysis assumption being more realistic. Specifically, the

computed K values near the inner surface along theactual flaw geometry. Note that while the computed K1 1

values are very sensitive to the flaw geometries cladding portion of the crack front and along a substantial
investigated, the differences in flaw geometries are minor portion of the crack front within the base material are
in comparison with the overall geometry of the nominal lower for the case of clastic plastic material response than

flaw shape. It thus appears that care must be taken to the clastic analysis conditions (Fig. 4.3). While not evident

represent the crack-front shape realistically near its ends to in Fig. 4 3, analysis results indicate that as the nominal

NUREG/CR-4219, Vol. 9, No.1 54
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Figure 4.2 Crack front geometry within the cladding that can significantly influence computed K values along the
.

1

crack front within the cladding region, especially for the case of elongated surface flaws with large
aspect ratios. Results are for 25 min into the transient

flaw .;hape in terms of the overall aspect ratio increases, the 2. J. G. Merkle, Martin Marietta Energy Systems,Inc.,
assumption of clastic-plastic material response leads to the Oak Ridge Natl. Lab.," Stress Intensity Factor Esti-
maximum Kg value being located away from the inner mates for Cracks Subject to Nonlinear Stress Distribu-
surface of the vessel toward the deepest point of the crack tions," pp.11-19 in HSST Program Quarterly Pro-
front. Migration of the location of maximum Kg toward the gress Report for October-December 1974, ORNL-
deepest point of the crack front is suggestive of an TM 4805, Vol. II, March 1975.t
enhanced tendency toward radial rather than axial crack
propagation and, therefore, lessens the likelihood of the
conversion of an initially 3 D shallow-surface flaw to an 3. D. K. M. Shum et al., Martin Marietta Energy Sys-
essentially 2-D axial flaw geometry. A NUREG report that tems, Inc., Oak Ridge Natl. Lab., " Potential Changes

details these f' dings is being prepared. in Flaw Geometry of an Initially Shallow, Axiallym
Oriented, inner-Surface Finite-Length Flaw During a
Pressurized-Thermal. Shock Transient," USNRC

Report ORN1/ NRC/LTR 92/11, January 31,1992.*
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j 5 Fracture Analysis Computer Programs.

T. L. Dickson*
i

i

: 5.1 Development of New Pressurized- temperature time histories, sutss time histories, and K1

Thermal-Shock (PTS) Vessel time histories) into one analysis (computer execution),

i Fracture Simulation Code 3. Doeloped a "usediendly" input data famat fw the
load analysis.,

! 4 Incorporated the ability to perform a single probabilistic
The cunent objective of this task is to develop a new, rig- fracture analysis for the entire vessel beltline regic. ,,

j mous, validated, quality assured, " user-friendly," modu- containing any number of flaws, distributed over the
larly designed, self-contained, and well documented cor'1' beltline region in any user specified manner. 'This.

puter code for performing reactor vessel probabilistic PTS methodology eliminates any potential for unplanned
r.nalysis. The new code will incorporate the best features of conservatisms due to " double-counting."

*

. existing codes, such as OCA-P and VIS A II,2as wellasI'

5. Initiated work on a methodology to make the program -
some new features. The new code, named Fracture totally "self contained," that is, to climinate the need for:

| Analysis of Vessels: Oak Ridge (FAVOR), will provide a having to use external files that contain stress-intensity
fully validated tool for performing the plant-specific vessel factor influence coefficients.,

fracture analysis for the PTS required by U.S. Nuclear
'

| Regulatory Commisshn, Regulatory Guide 1.154.3 Each of these five items will be discussed below.

I

5.1.1 FAVOR Code Structure
Work accomplished during this period included the follow-

j 8:
The FAVOR code structure is divided into three main

j 1. Planned the overall structure of the code. modules: load analysis, deterministic fracture analysis, and
2. Consolidated calculation of the total vesselload - probabilistic fracture mechanics (PFM) analysis, as shown

| response to a specific PTS event (through wall in Fig. 5.1. This code structure lends itself to a modular -
progamming approach that will facilitate code mainte-
nance and future code enhancements to incorporate future

'cornsuins and Teleccenmunication Division. Martin Maneua Enersy enhancements and/or fracture technology developments.
.

Systems.Inc., Oak Ridse Tenn. Also, the output reports from any single fracture analysis

i
;

, ORNL DWG 92M-3435 ETD
I

i USER-FRIENDLY USER FRIENDLY USER-FRIENDLY
[ INPUT DATA SET INPUT DATA SET INPUT DATA SET

!-

u u -y

LOAD ANALYSIS DETERMINISTIC PROBABILISTIC
'

(USER-SPECIFIED AT) FRACTURE ANALYSIS FRACTURE ANALYSIS

h
1

4

#

U U U

,

STANDARD OUTPUTT (r,1)
K|((r,t)8*hl

.

USER.SPECIFIED REPORT PLUS
og ((r,t)

K r,t)8
o da r,t) OUTPUT REPORTS USER-SPECIFIED

a
.

HITOGRAMS, etc.
1

Figure 5.1 FAVOR code structure
t
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Fracture
:

1 can be user-tailored to contain only the desired informa- 5.1.3 " User Friendliness"of Load Analysis
j tion. Input Data
;
..

One of the problems with both VISA-Il and OCA P is the
5.1.2 Consolidation of Vessel Load Response lack of user friendliness regarding input data. The user

into a Single File must spend a considerable amount or time referring to the
user manual to determine the record, field location, and

The load analysis consists of accurate validated one. format required for input data. Figure 5.2 is an example of

dimensional (1 D) finite-element analyses / solutions for the input data required to perform a load analysis with the

vessel thermal and stress response and a determination of FAVOR code. The input format is key-word, free format

stress intensity factors (K ) using influence coefficients driven, that is, the correct location for input parameters is
!

and superposition techniques. Allload parameters required easily found by using key words (or abbreviations), and the

to perform a fracture analysis of a reactor vessel subjected data do not have to be located in specific fields. The.

to a specific PTS event (thermal analysis, stress analysis, dataset may be internally documented because all records,

f

that have an asterisk in column 1 are comment cards. ne; and KI analysis for both surface axial flaws and surface
user should almost never have to refer to a user manual to

i circumferential flaws) are created in one analysis
(computer execution) and are consolidated into a single create an input file because the example dataset contains all

! output file. This user named load result file will be used as of the instructions required to create an input dataset. It is a

input into any vessel fractt:re analysis. simple matter to modify an existing file to accommodate a
new vessel anNor transient scenario using the instructions

,

included in the dataset.'

The load file can be easily interrogated to give tempera-
ture, stress, or K time-histories for user-specified loca- 5.1.4 Global PFM Modeling MethodologyI
tion (s) in the vessel wall or through-wall variations at user.
specified time (s) in the transient. His type of load data can Global PFM modeling methodology is the term used to
be retrieved quickly and output in an array format that describe the FAVOR ability to perform a PFM analysis for
lends itself to extemal data packages (LOTUS, Cricket- an entire vessel beltline region (or any portion of it) con-
Graph, etc.) for further postprocessing and/or graphics. taining any number of flaws in a single probabilistic analy.
This will be an option in the deterministic fracture module, sis. Ris methodology provides the user with a lot of gen- ,

which has not yet been developed. erality for creating a PFM model and also eliminates the I
potential for double-counting, which is inherent in OCA P
and VIS A-Il due to adjustments for the correct number of;

The time increment to be used for saving the vessel flaws and/or combining resuhs of PFM analyses that were

response parameters is also a user-specified parameter. The performed for individual teltline regions.

results of PFM analyses have shown some sensitivities to
the size of the time increment used,particularly for those
transients that exhibit sudden load spikes, such as those The entire vessel beltline region is modeled by dividing the'

caused by sudden repressurizations. In any case, this gen. vessel into major regions such as plates, axial welds, and

erality allows the user to generate the vessel response at circumferential welds. Each region can be further divided'

"any time" in the transient. into subregions. Figure 53 shows an example of a vessel'

beltline layout that is modeled by dividing it into five
major regions and subregions as follows:

Number ofThis structure is more computationally efficient than Major regions
VISA II and OCA-P because the load analysis for any PTS subregions

scenario has to be executed only one time and the user- Upper axial weld 4

named load file repeatedly used as input into any determin- Lower axial weld 2

istic or probabilistic fracture analysis. %is methodology Circumferential weld 10

accommodates the usual situation of performing FTS Upper plate . 40
sensitivity analyses for various fracture related parameters Lower plate 20

,

such as chemistries, fluence distributions, flaw densities,=

etc., for a specified IrrS transient definition (vessel load Each subregion can be modeled with its own distinguishing
response). fracture-related parameters such as best-estimate "mean"
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$ Fracture
] ORNL@wo u asN f TD

.......... .......................................................
INPUT DATASET TO DETEPMINE THE LDADING ON VESSEL*

DUE TO PRESSURIEED THERMAL SHOCK (PTS) LOADING*

ALL RECORDS WITH AN ASTERICR(*) IN CO!NMN 1 ARE C3*ENT CARDS
'

r*
THEPE IS NO LIMIT TO THE NUMBER OF COmENT CARDS ALI4WED IN

,' INPUT EATASgt

INAD: INTERNAL RADIUS OF PRESSURE VESSEL (INCHES)
*

* W THICKNESS OF PRES!URE VESSEL WALL,1NCLUDING CLADDING (INCHES)

. . . . . . .C.L. T. H. . . .C. L. A.D.D. .I N. G. .T. H.I C.M. . E. S. S. .( I N.C. H. E. S. .) . . . . . . . . . . . . . . . . . . . . . . . .
*

. . .

G. E.O. .i. . I RA. D= 7 8 0. .W. =9 31. .C. L.T. H.=.0.15 6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
.

.. .. . .. . . ,,

THERMAL-E1ASTIC MATERIAL PROPERTIES OF CLAD AND BASE*

J

* K! THERMAL CONDUCTIVITY (BTU /HR-fT-F)
* C SPECIFIC HEAT (BTU /18 FI
* RHO 2 DENSITY (LB/FT**31
* El poDULUS OF ELASTICITY (KSI)

AIIHAt THERMAL EXPANSION COEFFICIENT ( /F)*

* VI POISSON'S RATIO.
a .

{j ............................ .....................................

BASE k=24 C=0.12 RHO =489 E=28000 ALPHA =.00000800 u=0.3

C.L. A.D. . .R.=.10. . .C.=.0.12. .P.f.to..= 4 8 9. .E.=. 2 7 0 00. . . A.L.P.H. A=. 00.'.100 9 9 0. . .W. . . J. . . .. .. . .. .... ... . ...
* INITIAL TEMPERATURE OF PPESSURE VESSEL AT t=0

.. .. . .... .. I LL.B.E..U.S.E.D. . A.S. . ST.R.E.S.S. * F.RE.E. . R.E.F.E. R.E.NC.E. .T.E.M.P.E.R. A.T.UP.I. ) .. . . . .
* (W

; ... . . . . . .

V.I.T.P...%..=.550........................................................

TIME PF.RIOD FOR WHICH ANALYSIS IS TO BE PERFOPMED (TOTIME)*
,

INCREMENT AT WHICH RESULTS API TO BE STORED AND r(EPORTED (DT)*

* DT SHOULD BE AN INTECER FACTOR OF TOTIME,

*
. . . . . . . . . . . . . . . . . . . . A. L. L. . T. .D.E AR.E. . I N .M. I NUT.E. S. ) . . . . . . . . . . . . . . . . . . . . . .

(
... .. ... .

T. .D.tE. . .T.O. T. IM. E. 12 0. . .DT. =. 5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. ... . .
* * CONVECTIVE HEAT TPANSTER COEFFICIENTS

' TIME: MINUTES htt): BTU / HR-FT'.' 2 - F

NC=2 PAIRS OF TIME = htt) P BATA INPUT DELOW*

*

. . . . . . . . . . . . . .C. A.N. . I. NPU. T. .U.P TO. 10 0. .'. . 4. . OF . t. ,. . H. .( t. .) . .) . . . . . . . . . . . . . . e(
.. .. .. ..

NHTC NC=2,

O.00 400.'

'

. . . . 12 0. 0. . . . . . . 4 00.. . ...............................................
* PLANT XYZ THEMAL TRANSIENT 123
* TIMEi MINUTES T(t) F

NT=12 FAIRS OF TIME-FLUID TEMPERATURE DATA INPUT BELOi*

. . . . . . . . . . . . . . . . . . . . CAN. I NP.U. T. . U.P .W. . 10 0. . P AI RS. .O.F. . t. .. . T. .( t )
*

( )
... .. . .. .... .............

NTTH NT=12 -
0. 550,
2. 429.
5, 372,
7 311.

11, 291.
16. 260.
29 230.,

45. 195.
! 63. 178.

87 165.,

109, 159.
*

... 120. ....... 150... .....................................*. *......
* PLANT XYZ PPISSURE TRANSIENT 123

a * TIME: MINUTES PRESSUREt ESI
.

i.
* NPR=2 FAIRS OF TIME-PPISSURE DATA INPUT BELCM

. .. . . . .. . . . . . . . . . .C. AN. . I NPt.r.i.U.P T.O. 10 0. .P. A. IRS. .OF. .t. , .P. .(t. .) . .) . . . . . * * . *
* (

. ... .. . .. . .

NTRP NP9=2
0.000 1.0

! 120.0 1.0

Figure 5.2 Example " user-friendly" input data to FAVOR load analysis module

:
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Figure 5.3 Example of PFM global modeling: dividing beltline region inin major regions and subregions

chemistry, initial RTNIIT. RTNDT shift correlation, flaw conditional probability of failure for the entire vessel
orientation, and fluence. This allows the inclusion of very (reported in the glot>al summary) is the sum of the prob-
detailed beltline fluence maps and also allows inclusion of ability of failure reported for each of the mdor regions
axial and circumferential flaws in the same PFM analysis. (reported in the mWor region summary), ne major region
The total number af flaws in the vessel are proportionally summary also includes detailed information regarding the
distributed over the vessel beltline by assigning each sub- flaw distribution, number of initiations, and arrests (total

region its own volume and flaw density, and stable). Additional histogram data will be available
upon request.

For each vessel analyzed in a Monte Carlo PFM analysis, a ;

flaw is located in a specific beltline subregion, and a value The global methodology of analyzing the entire vessel for j

for each critical parameter is sampled from its distribution.- a large number of flaws necessarily involves the simulation
The code then steps through the transient time history, and of possibly a very large number of flaws in order to con-
at each time step, the applied K1 at the crack tip is com- verge to solution with an acceptably small error, particu-
pared with the sampled K e t the crack tip. If initiation larly for those cases having a relatively low probability ofla
does not occur, the simulation advances to the next time failure. An algorithm was developed and incorporated into
step. If initiation does cccur, the crack tip is extended by a FAVOR that significantly enhances the computational effi-
small increment, and the new K value is compared to KI.. ciency. His algorithm identifies those combinations of1

If crack arrest does not occur, the crack tip advances flaw sizes, beltline subregions, and transient times for
another small increment, and again a check is made for which clevage initiation could not possibly occur, even for
arrest. If the crack does arrest, the code continues stepping the " minimum worst case" prediction of fracture tough-
through time checking for reinitiation. The simulation ness. His eliminates actually analyzing those combina-
advances until either the vessel fails or the transient is tiaris that could never possibly cause cleavage fracture. The
over. lf the vessel does not fall, the code proceeds to locate e:fweness of this enhancement increases when evaluat-
another flaw in a subregion of the same vessel and repeats - rig thost cases having relatively low probabilities of fail-
the process until one of the flaws either causes vessel fail- uc. M. em be secu from the example global summary, the -
ure or none of the flaws result in failure. A simplified logic numtm. d i taws actually analyzed is considerably less than
diagram of this process is shown in Fig. 5.4. - the number of simulated flaws.

A tentative example output generated b7 a FAVOR PFM 5.1.5 Program Self Containment
analysis for a beltline region divided into eight major
regions is shown in Fig. 5.5. He report is broken into four A plam was developed to eliminate the need for having to
main parts: global summary, major region summary, aver- use extemal files that contain stress-intensity factor influ-
age value of key parameters, and flaw size summary. De ence coefficients, which were generated outside of
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j 4 -

'
} Samulate RTesot Margin Factor

| (ERRTN)

Finished: .

Calculate P(FIE) Raw = Flaw + 1

!' . Simulate Flaw Size (a)

! N d-
*

| Locate Flaw in Specifie Belthne
|Enough Vessets? Subregion -;

i +
1 . Simulate RTwor(a) of Specific

| | Add 1 Nontailure |
Bemine Subregion

+n<

increment Transient Time
;

J- Y n
N d';.

| Enough Flaws? | Simulate Kic(a.t)'.

; Y N~ -f
I

I ransient Over? h Check for Initiation /Reinitiation
T

l i I Kfa,1) 2 Km(a,1)

d*
| Propagate Flaw: a = a + aa 1

$ 4

| | Add 1 Failure f Vessel Failure?

! YN' Continue Flaw
j . - Simulate (a,1) . Propagation

,

I Y
Y! Check for Reinitiation Check for Crack Arrest? N

;_ Kda t) < b(a,t)

$
i- Figure 5.4 - Simplified log,!c diagram of FAVOR global PFM methodology
:
4

FAVOR. The plan is to generate a data base of stress- (3 D)(finite-length flaws) for a range of vessel geometries
,

intensity influence coefficients for a range of vessel and flaw lengths.
'

geometries (7 < R/t < 12), which will be contained in
(I FAVOR. The coefficients will be generated using the
i NQA 1 ABAQUS code.4 An interpolative routine will be -

developed so that FAVOR can intemally generate the 5.2 PTS Computer Code;
,

; appropriate coefficients for the user-specified vessel Benchmarking Exercise-
;- geometry. To date, these coefficients have been generated

4- for infinite-length, axial surface flaws for a vessel geome. An Electric Power Research Institute / Nuclear Regulatory
try of R/t = 10. Future work will generate the remaining . Commission (EPRI/NRC)-sponsored exercise of bench-
data base for both axial and circumferential infinite-length marking different PTS fracture mechanics computer pro- -+

flaws as well as generate coefficients for three-dimensional - grams was initiated. The Heavy-Section Steel Technology

4

4

61 NUREG/CR-4219, Vol 9, No.14

.

,.-..4 . . . -,m, , ,.,--.y . . . . , ,_ _ , , -
-



. - - _ - _ - _ - - - _ _ - - _

Fracture
om.c*m sa use tto

E2GMT DeUOR VtsstL P2GICMS A5 PCL14sts:

1.3 UFFER SECLL AX1AL ut1&s (3)
2.3 mt182 SurLL FLATE
3.1 UPPER C13C13W1RENTIAL Wti$
4.8 INTt3MerIAft tutu AJLIAL ut1&S (3)
5.) INTElesDIATI sutLL PtATE
6.) 14MER CIRCLPftRNTIAL NELD
1.3 14mtA SNELL AX1AL wtLDS (3)

} t.) IONER $rELL PLATE

FLUENCE DittRIsttrttN FOR 40 trFY
4.5 FLars/CtatC rtTLR foR P',. Aft mzGIONS

. . .. . . .. .. .. . .. 4 5 r.LA.N.3. e C.U.t. .!C..*.E. ft* F.J.R. w.t.! D. .R.t.f10NS* * e . . ........e. .. e... ee

TUfAL NtM1ER OF FLANS 4N VES$tka 39.969

TYPE 2 uAng-PRISTRESS NOT CONSIDDSD IN ANALY318

FfM TIE 5ttPrttG 11CRDestt a 5 n2NUIT5

90NTE CAA14 CONVERGENCt; PER CSit' EAROP * 4.504333

PfM GwSAL S'JeNty

NUMBER OF StHULAttD VESgtl$ e 80000
1751NUMBER OF VESSEL kH2CH IN!* TATE *

NtHBER OF VE3SEL FAlu.'RES . 1899
NLDGER OF VLSSEL N3NFAILURES * 18300
PROBASILITY OF INITIATION 0.021962*

PROBASILITY OF FAI was 0.021238=

IFJBER OF SIM.'1ATED F1.ANs 3046510=

AwM $!MULATED rLANs = 952453
94 etR OF INITIAL INITIATI N S = 1760
Ti.ffAL NUMBER OF APAESTS 134=

TOTAL NUMBER OF STABLE AARESTS = 61

MAJCR 81020N S'JPt%RY

MAJ REGION SIHLA.ATED INITIAL Asp 23T3 FAILED FIAN3 PER
FIG FLANS FLAN 3 INITIATIONS TOTAL $TABI.E VESSE13 FAILLSE FtFit)

1 0.311 23928 25 0 0 25 16.20 0.000312
2 5.251 404944 14 0 0 14 13.86 0.000175
3 2.589 200407 38 35 22 le 11.88 0.000200
4 2.352 181264 1305 35 9 1296 19.39 0.016200
5 23.668 1827692 151 7 6 145 19.23 0.001812
4 2.589 200063 43 55 23 42 17.45 0.000525
7 3.621 47950 160 2 1 159 20.45 0.001988
8 2.589 200262 0 0 0 2 16.50 0.000025

AVERA3 VAWE CF FIY PARAMETER $

TNITIAL
Alp INITIATION FAILURE

ERRTN: -0.001 1.292 1.292
SCU L122 0.*54 0.154
SFID ' 4.010 3.745 3.775
sitt i .0.163 0.496 7.062
ERRIC: 1.000 0.782 0.401
Et 59.551 496.223
TIME : 13.684 15.533
ftHP 1 244.208 121.038

FLAN $!!t s'Jte1 ART

INITIAL Nibet$ i CF NUMBER % OF INTTTAL NtDetR % OF
LAN S!!! SIMUIATED TOTAL INITIAft0 INITIATIONS FAILED FAILURES

0.089 2134057 69.1 0 0.0 0 0.0
0.263 687917 22.3 566 32.2 541 32.2
0.458 196820 6.4 655 37.2 633 37.3
0.671 51161 1.7 342 19.4 329 19.4
0.904 11639 0.4 148 8.4 141 8.3
1.11S 2349 0.1 34 1.9 34 2.0
1.437 446 0.0 13 0.7 13 0.8
1.?42 58 0.0 2 0.1 2 0.1
2.076 13 0.0 0 0.0 0 0.0

Figure 5.5 Example output generated by FAVOR PFM analysis
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(HSST) Program is an active panicipant in this exercise, Residual Life Evaluation of Embrittled Reactor Pressure
the objective of which is to identify and resolve differences Vessets" that was presented on March 25 at the bHC.
In results and methodologies between the various FTS Aging Conference,
fracture computer codes presently in use. Westinghouse,
Combustion Engineering, Babcock and Wilcox, Pacific

ReferencesNorthwest Laboratories, and private consultants are also
participants in this on going exercise. De HSST Program

1. R. D. Cheverton and D. O. Ball, Union Carbide Corp.
is usmg the FAVOR code to solve all benchmark

Nuclear Division, Oak Ridge Natl. Lab.,"OCA P, A
problems.

Deterministic and Probabilistic Fracture Mechanics
Code of Application to Pressure Vessels," USNRC

. Report NUREG/CR 3618 (ORNL 5991), May 1984.*
During this report period, two meetings were held. In the
first meeting, a sample prototypical FTS baseline problem
was chosen and Phase I of the benchmarking exercise 2. F. A. Simonen et al., Pacific Northwest Lab., Rich-
defined. "Ihe objective of Phase 1 is mutual validation of land, Wash., "VIS A II-A Computer Code for
the deterministic and probabilistic solutions to the baseline Predicting the Probability of Reactor Pressure Vessel
problem. After mutual validation is achieved for Phase I, Failure " USNRC Report NUREG/CR-4486 (PNL-
the benchmarking exercise will include identifying and 5775), March 1986.*
resolving differences in methods used to model the effect
of additional PTS sensitivity considerations, such as the
inclusion of the mechanical effects of cladding, flaw shape, 3. U.S. Nuclear Regulatory Commission, Regulatory
flaw distribution, etc. Guide 1.154," Format and Content or Plant Specific

Pressurized Thermal Shock Safety Analysis Report.;
for Pressurized Water Reactors."T

in the second meeting, several exercise participants pre-
sented their results to the Phase I baseline problem. ne

4. ABAQUS User Manual, Version 4-9-1, Hibbit,
tentative conclusion is that most, but not all, of the partici- Karlsson & Sorenson,Inc., Providence, Rhode Island,
pants appeared to agree reasonably well regarding the 399g'
deterministic solutions; however, there appeared to be
more divergences in the probabilistic solutions.

More precise comparisons and discussions of the Phase I
solutions and a definition of Phase 11 benchmark problems
are to be presented at the next FTS benchmarking meeting
to be held in San Antonio on May 6,1992.

5.3 Paper Presented at 1992 NRC
Aging Conference

3,,ii,33, ,,, po,c3,,e rrom s. tion.i rechnic.i tnrorm.iion service..
Springfield. VA 22161.

T. L. Dickson was the senior author of a paper entitled . t vailable in NRC Public Document Room forinspection and copyingA
"Ihe Application of Probabilistic Fracture Analysis to for a fee,--

._
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6 Cleavage Crack initiation

T. J. Theiss

This task emphasizes cleavage initiation toughness and the been completed. During this report period, the production
specimens that are used to evaluate cleavage fracture data were reanalyzed based on the final measured crack
toughness, ne task was begun in FY 1990 and is currently depths and the techniques established during the develop-
divided into five subtasks: (6.1) Shallow-Crack Fracture ment phase of the program.
Toughness Testing,(6.2) Grac;ient Effects on Fracture

Toughness, (6.3) Thickness Effects on Fracture, (6A)
Biasial Specimen Testing, and (6.5) Lower-Bound
Initiation Toughness, A summary of the experimental results of the program is

reported later in this section. Analytical results are
ir cluded in the report on Task 2,

6.1 Shallow-Crack Fracture-Toughness
Program

Critical crack-tip-opening displacement (CTOD) (Sc) and

Currently, the Shallow-Crack Fracture-Toughness Pro- J integral (Je) toughness expressions were determined for

gram is divided into two areas. (1) the HSST Shallow- each test from available crack-mouth-opening displxe-
CrxL Fracture-Toughness Testing Program, and (2) the ment (CMOD) and load line-displacement (LLD) data,

full thickness shallow-crack clad beam tests. Re HSST respectively, Because Je and Sc, are related according to Jc
O

,

" * Uf c, where m is the constraint parameter and of isShallow Crack Fracture-Toughness Testing Program has
been ongoing since FY 1990, producing data by testing the flow stress (average of yield and tensile strength),5
100-mm.dcep (4-in.) single-edge notch bend additional checks on the test data were made. The
spccirnensh4The shallow crack full-thickness clad beam constraint parameter m was determined for each test and

tests were initiated during this report period and will test found to average 1.5 for deep-crack tests and 1.1 for

230-mm thiek (9-in.) clad beams taken from a cancelled shallow-crack tests. The Sr data were converted to Ke
nuclear plant, according to Ke =d(m or 6, E'), where m = 1.5 and m

2= 1.1 and E' = E/(! - v ). Comparison of Ke from the
Jantegral and s calculations reveals very conssent6.I.1 Ileavy Section Stcel Technology (HSST) e

tesults (see Table 6.1).Shallow-Crack Fracture Toughness
Testing Program [T. J. Theiss, T. S.

i Rolfe (University of Kansas)]
The toughness data expressed in terms of critical stress-

The liSST Shallow-Flaw Program is a joint experimen- intensity factor (Kc) vs temperature are presented in Table

tal/ analytical program that has produced a limited data base 6.1 and Fig. 6.1 along with the material characterization

of shallow-flaw fracture-toughness values and analyses to
curve. These data show a significant increase in the frac-

aid in the transferability of the specimen data to an RPV- ture toughness for shallow-crack specimens in the transi-
,

The experimental portion of the program was divided into tion region of the A 533 B toughness curve. All of the

two phases: a development phase and a production phase. spec mens failed in cleavage except the data point indi-

All testing was conducted on three-point bend specimens cated in Fig. 6.1 with the arrow. As expected, the shallow.

with a beam depth of ~100 mm (4 in.) The beams were crack specimens on the lower shelf where plane-strain

taken from the homogeneous center of the source plate
behavior ocents showed little to no toughness increase,

with the crack oriented in the thickness (S) direction. The
All of the specimens had crack depths that were deep

development phase established the techniques appropriate
(~50 mm) or shallow (~10 mm) except for one beam with

for shallow crack testing, verified the existence of a a crack depth of 14 mm. This intermediate crack-depth,

shallow-flaw effect in A 533 B steel, and compared beams specimen also appears to show a shallow-crack toughness
elevation.

of three thickness from which to choose the most appro-
priate thickness for the production phase of the program.
The production phase developed a limited data base of

shallow-crack toughness values as prototypic as possible of Toughness data are plotted as a function of beam thickness
reactor pressure vessel (RPV) pressurize.d-thermal shock for all of the tests conducted at T- RTNDT = -25'C
(PTS) conditions. All HSST shallow-crack fracture tough- (-45 F) and -ll*C (-20'F) in Fig. 6.2. As indicated ini

| ness testmg at Oak Ridge National Laboratory (ORNL) has Figs. 6.1 and 6.2, the toughness values for the shallow- and

|
i
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Table 6.1 IISST shallow-crack test data

IISST Failure CTODS H W a
"" gr J integral - D Ke from J :""(mm) (mm) (mm) (mm) - (MPa mm) (MPa*6) (MPa*6)

Developmentphase

3 406 51 100 10.0 0.10 600.0 0.586 261 282 '243
4 406 51 100 $1.8 0.52 128.1 0.048 - 42- 97 97
5 406 51 99 51.2 - 0.52 - 139.7 0.049 .48 97 105
6 406 51 100 51.9 0.52 184.6 0.117. 102 151 152
7 406 51 M 10.2 0.11 483.5 0.137 92 140 145'
8 406 51 94 9.6 0.10 657.4 0.476 284 262 215'
9 406 51 M 9.5 0.10 552.4 0.352 173 225 198-

10 406 51 M 14.0 0.15 4P9.3 0.235 143 184 -180
11 406 102 94 8.4 0.09 472.4 0.196 101 168 152
12 8M 102 95 49.8 0.53 ' 116.5- 0.061 50 109 106
13 864 102 M 8.8 0.09 - 501.7 0.657 208' 226 218
14 864 152 93 8.7 0.09 723.2 0.346 225 222 139
15 8M 153 94- 8.7 0.09 684.1. 0.146 85 ' 145

'

16' 864 '153 94 50.0 0.53 170.4 0.060 46 108 102

Six deep-crack beamsphase

12A 406- 102 94 51.0 0.54 .251.8 0.077 60 - 120 117
13A 406 102 94 .50.8 0.54 293.1 0.111 = 86 144 140
14A1 406 51 93 50.2 0.54 135.2 0.121- 93 150 145
14A2 406 51 93 - 50.8 0.55 102.7 - 00.43 39 -90 ' 94
15A 406 153 94 50.7 0.54 435.0 00.84- 79 - 133 134
16A 406 153 - M _51.9- 0.55 348.3 00.62 . 51

-

107 108

Production phase

17 610 102 102- 52.6 0.52 245,1 0.116 % 142 148
18 610 101 102' 10.6 0.10 777.1 0.466 238 251 233
20 610 101 101 10.8 0.11 823.3 1.733 .985 473 472
21- 610 101 102 10.7 0.11- 724.1 0.306 152 202 186
22 610 101 102 10.9 . 0.11 = 793.5 0.942 564 349 -358

- 24 -610 102- 102 52.0 0.51 269.1- 0.367 268 253 -247
25 610 102 102 52.0 0.51 238.4: 0.110 85 144 139
26 610 102 102 11.0 0.11 740.1 0.355 175: 222- 200

-27- 610 101- 102 10.7. 0.11 787.3 - 0.559 - 242- 274 235 :
28 610 101 102_ 10.3 . 0.10- 832.7 1.242 786 400 422
31 610' '102 102 51.5 0.51 205.5 0.063 '51- 109 108
32 610 .102' 102' 11.1 0.11 417.7-- 0.018 - 20 55- 68
33 610 '102 102- 10.7 0.11 339.8 0.010 13 42 ' 53 :
34 610 101 ~102 10.4 0.10 431.0 0.019 21 57 70
35 610 102- 102 51.7 0.51 ~ 244.2 0.121 95- 146' 147
36 610 102 102 51.6 0.51' 176.1 0.N2 - 35. 89 89
37 610 102 102- 10.8 0.11 745.9 0.263 135 1191 175
38 - 610 102 102.- 10.8 0.11 755.3 0.206' 106 -170- 155
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Figure 6.1 ' All toughness (Kc) data vs normalized temperature for the shallow and deep crack specimens -
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Figure 6.2 Toughness (Kc) data vs beam thickness for shallow- and deep-crack specimens at T = 60 C --15*C, and
-40'C |
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-j

j'_
deep crack specimens from the 100- and 150-mm thick (4- beams. It is interesting to note that the lowest shallow- and ',

and 6-in.) beams generally are consistent with the 50-mm- deep-crack toughness values were both from beams with
thick (2-in.) data. However, there appears to be slightly the least thickness (B = 50 mm). None of these deep-crack -

more data scatter associated with the 50-mm thick (2-in.) . tests strictly meet the requirements of American Society of

beams than with the 100- and 150-mm-thick (4- and 6-in.) - Mechanical Engineers ASTM E399 for a valid K el result

1

!
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.

due to insufficient crack depth (a = 50 mm). He beams vessel analyses are based on the Marshall flaw 8 distribu- |!

that had linear-clastic test records and are sufficiently thick tion and the U.S. Nuclear Regulatory Commission. |4

for valid results per ASTM E399 are marked in Fig. 6.2. Regulatory Guide 1.154.9 The Marshall flaw distribution
predicts more small than large flaws, while Regulatory _

3

Guide 1.154 requires that all flaws be considered as surface4 ,

The shallow crack toughness increase can be quantified in flaws. The shallow-surface flaw is therefore of major :

! terms of a ratio of toughness values at one temperature or a importance in RPV life assessments.

temperature shift.The ratios of the shallow-to-deep lower-.

) boundSe at T = -60*C (-75'F) and -40*C (-40*F) are 2.4
and 4.9, respectively, which are consistent with the A36 As discussed in Sect. 6.11, shallow-flaw specimens cut.

|
and A517 results from the University of Kansas.6,7 in

_

from homogeneous plata material have been shown to

j terms of Kc, the shallow-crack toughness increase is ~60% exhit,it an effective toughness greater than that shown in

j at T = -60*C (-75'F). Figure 6.3 shows the shallow and deep-crack specimens. Shallow flaws in an RPV, however,
; deep-crack test data with approximate lower-bound curves. are located near the plate surface where large metallurgical

| The shallow-crack lower-bound curve was formed using gradients exist. Axial flaws in an RPV are oriented in the
,

j_ the deep-crack curve and a temperature shift of 35*C L S material direction rather than the L-T orientatiorm
(63'F). The shifted deep crack lower-bound curve fits the These metallurgical differences may have a significant

shallow-crack data well at all test temperatures, impact on the resulting fracture toughness.;

f 6.1.2 Shak )w Crack Full Thickness Clad To quantify the fracture toughness of shallow flaws in

( Beam Tests (T. J. Theiss) reactor vessels, several full-thickness, clad beams will be -

| tested ur. des prototypic PTS conditions. The flaws in these

! Current RPV life assessments are based on data from deep. beams will be located in material in which metallurgical

j llaw fracture-toughness specimens. Rese specimens are conditions are prototypic of those found in RPVs. Com-
U tested in the L-T orientation and taken from the center . parison of results from these tests with those from homo-

homogeneous region of the source plate, which yields'a geneous shallow-flaw test specimens will provide a quanti-*

| toughness significantly different from the actual material tative definition of the effect of near-surface conditions on
toughness in an RPV. De limiting condition of the RPV is fracture toughness. He effective fracture toughness fromi-

most often govemed by I'TS accident conditions. Peactor these large beams will also be compared with the.

i
i
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Figure 6.3 All toughness (Kc) data vs nermalized temperature for shallow and deep-crack rpecimens with
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Cleavage
toughness as determined by current ASME Sect. XI rules. duces usable test data, then that test will be considered test
The objective of these tests, therefore, is to determine the beam I, and test beams 2 and 3 will be tested as shown in
fracture toughness of prototypic, clad, full-thickness RPV the first table below, if the development beam does not
weld and plate material with shallow flaws. Three-point- produce usable test data, then one deep- and one shallow-
bend specimens with a 230- by 230-mm (9- by 9-in.) cross crack beam will be tested at the depths shown in the sec-
section will be tested to simulate RPV loading conditions. ond table below, The crack depths, a, shown below for the
Figure 6.4 shows the full thickness clad beam with beams, are after fatigue precracking. The shallow-flaw
pertinent dimensions. depths will simulate possible vessel conditions even

though the notch tip will not be located in the cladding.
However, the results should provide valuable information

The source plate of the specimens is A 533 grade B class I reg rding the behavior of full-thickness prototypic vessels

stect with stainless stect cladding. This material was taken with cladding. The tentative test temperature for all three

from a cancelled pressurized water reactor (PWR) vessel. #*s tus been set at -46 C (-50*F), which is at or below

The plate material, cladding, and weldment are completely the m.l-ductility temperature (NDT) for this material. Final
,

prototypic of a production quality RPV. ORNL plans to test temperature will be determmed following material
characterization,

determine the transition region for the weld in the L-S ori-
entation using Charpy specimens and generate stress-
strains curves at the appropriate test temperature for the
weldment. These results assume that the developmcat beam produces

usable test data.

Crack
One development beam and two test beams will be tested Test beam depth, a aAV
during FY 1992, each with the flaw located in axial weld

[mm (in.))mat rial. The development beam shall be tested to verify
and validate the testing procedures for the other tests.The 1 (development) 114 (4.50) 0.50
first test beam (i.e., the development beam) will be deep- 2 23 (0.09) 0.10
cracked (aAV = 0.5). If the development beam test pro. 3 10 (0.40) 0.04

OANI..DWO 92M 3440 ETD

4
1308 mm (51.5 in.) :

9 1219 mm (48.0 in.) C

230 mm (9.0 in.)

_

d

: 1435 mm (56.5 in.) >

INNER RADIUS = 2362 mm (93 in.)
OUTER RADIUS = 2590 mm (102 in.)
INNER ARC LENGTH = 1326 mm (52.2 in.)
OUTER ARC LENGTH = 1453 mm (57.2 in.)
BEAM THICKNESS = 230 mm (9.0 in.)
ROLLER DIAMETER = 114 mm (4.5 in.)

Figure 6.4 Full thickness clad beam specimen
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Cleavage

'lhese results assume that the development team does (p 2 (Iradlellt Effects ofi Fracttire
not produce useable test data. Totiglilless (G. It. Irwin, X. J. zhang-

crack L.iniversity of Maryland, College Park)
Test beam drpth,a a/W

(mm (In.)] A report entitled" Gradient Study of a Large Wehl Joining
Two Forged A 508 Shells of the Midland Reactor Vessel"

1 (development) 114 (4.50) 0.50 has teen forwarded to ORNL by the University of
2 114 (4.50) 0.50 Maryland to be issued as NUREO/CR 5867 (ORN1/Sub-
3 15(040) 0.07 79 7778/10). A summary of the fmdings is given here.

As a tortion of the llSST study of the influence of metal.
During the current reporting period, the test yrcification lurgical gradients on toughness, a slab containing a large
for the full thickness, clad beam tests was issued.1he weldment and the adjacent nuclear venel steel was esam-
specification (S pec. No.115ST 1110-92-001, Rev.1) will ined.1hc weldment joined Iwo forged shells of A 508 steel
be subject to formal change control procedures and revised through a wall thickness of 317 rnm (12.5 in.).1hc speci.
as needed so that the final test :.pecification will reflect the men came from the Midland reactor. Attention was given
condiuons of the test. Details of the contract and testing to hical regions where grain coarsening and hardness eleva-
asjects of the full thickness, clad-beam tests are discussed tion indicated low toughness relative to initiation and
in Chap.10. Iwlest analysis of the full thickness clad spreading of cleavage (as shown in Fig. 6.5). As would be
beams and cladding evaluations will legin soon as a part of expected, regions of that tyte were observed in the A $08 ,

Task 7. Cladding. heat affected rone (llAZ) adjacent to each weld run layer.
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Cleavage

The severity was largest where the carbide density in the A $08 appear to be separations on previous austenite grain
A 508 was locally elevated by carbide banding. Figure 6,6 boundaries and to connect with austenite grain boundaries
shows the results from microhardness indents across a in the cladding. Figure 6.9 provides the microhardness
region of that kind and roughly normal to the fusion results in graphical fann. A very narrow strip of cladding
toundary.The microhardness numlets within the weld at the fusion loundary has a microhardness of IIV 400.
(WF67) and the A 508 (beyond 3 mm from the fusion line) llowever, this region of penetration of the small cracks in
are typical for those rnaterials remote from the IIAZ. *The the A 508 through that region were not visible. A narmw
tensile strength estimate for the 2.5 mm (0.1.in.) region strip of the cladding covering the low carton weld metal
with IIV 300 hardness is nearly 965 MPa (140 ksi). The showed an equa! degree of hardness elevation. Reheat of
reported tensile strength for the A 508 shell was 676 MPa the weld rnetal by the cladding process did not produce a
(98 ksi). Previous austenite grain rJies in the range 150 to llAZ of significant severity, and no small cracks were
250 prn are frequent in these weld border llAZ regions. observed in that region.11ccause of its location, close to a

free surface, to srnall cracks, and to the llAZ region
beneath the cladding, the A $08 IIAZ region adjacent to

One might consider the possibility for a complete fracture the topmost weld run may le the region most likely to
to form through a sequence of separat!ons within the l{AZ. assist cleavage fracture initiation.
Ilowever, esperience with weld border fractures has rarely '

shown this to occur. The most dangerous kical ll AZ region 6,3 Illtixitil Speelliieli TestIrig
is the one adjacent to the topmost layer a welding, close to y y gg
a free surface, and, often, with a notch type stress elevau,on
due to crown!r,g of the weldment. In the section examined, Current RPV life assessments are most often limited by
the weld surface had been 6moothed even with the rhell FTS accident conditions. The fracture resistance for an
surface. However, app!! cation of cladding supplied a num- RPV is based on K el and k a fracture-toughness curves,l
ter of small undercladding cracks and a llAZ region at which are developed using specimens with zem out of-
least as large and severe as that shown in Fig. 6.6. plane strain (i.e., plane strain conditions). Ilowever, PTS

loads produce both a significant positive stress perpendicu-
lar to the crack and a significant positive out-of. plane

Figure 6.7 shows microstructure and microhardness stress along the crack front for circumferential and axial
indents across the boundary between the cladding and flaws. Out-of plane stresses cause an increase in the hydro.
A 508 ste41. Figure 6.8 shows a portion of this boundary static stress to deviatoric adjacent to the crack tip plastic
region after repolishing and etching to increase visibility of zone.to The increase in the hydrostatic to deviatoric stress
grain boundaries in the cladding. *the small cracks in the ratio outside the plastic zone infers (1) an increase in the
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i
j ORNL PHOTO 6756 92 data also tested in the transition region and with shallow

cracks showed little to no increase in toughness over those
{ z , ,, , 4

,

[g3.J{.4+4
9

^

(i 0.1 mm from deep-crack results. Thermal shock tests (like PTS
j

N. transients) create significant out+f plane stresses along the|
*

k .
./ , l' k crack tip that are absent in fracture-toughness tests. Dej

implication is that the thermal shock test data include two I

; g Wy
. ,

~T s offsetting eIfects: the shallow crack effect, which elevates'

F. + b ;' ' 4 the fracture toughness; and an out of plane (biaxial) stress

'

# #I

| 4g - cflect, which reduces the toughness.

| 4'\ h. M
l''

{ W , i Because two potential offsetting effects have been identi-

. . ;,7 fled the influence of positive out-of plane stress on frac--
m

,f/ 7 , _ ture toughness needs to be understood. To determine theW f
! .r E . influence of out-nf plane stresses prototypic of those in an

RPV during a l'TS event on toughness, the ilSST Program
is planning to conduct a series of out of plane blaxialload.

Figure 6.8 Enlargement of Fig. 6.6 after repolishing
ng fracture-toughness tests. The objective of these tests is

and etching to enhance grain boundarles
to determme the influence of out-of plane loading on the

,

in cladding
effective fracture toughness of RPV plate material. Large
double tension specimens with a test section measuring

610 x 610 x 127 mrn (24 x 24 x 5 in.) thick and a 3-D sur.
maximum principal stress within the crack fip plastic zone face flaw are being investigated for potential use in these
and (2) a decrease in the ductility of the material. %e

tests'
stress state at the crack tip is influential on the resulting
fracture toughness.10

To ensure that the blaxial test conditions are prototypic of

( those conditions in an RPV during a FTS transient, the

; Experimental evidence of the influence of out-of plane following conditions must be met:
! stress on fracture toughness can be found by comparing

llSST shallow crack data (see Sect. 6.1.1) and previous 1. The throat of the test section must ternain clastic at the|

| HSST thermal shock data.Il Recent testing on 100-mm. point of failure (i.e., linear clastic fracture-mechanics
deep (4-in.) single-edge-notch bending (SENB) specimens conditions must apply).
has shown an increase in the toughness associated with 2. Yield strength and transition temperature (RTNDT) of
shallow flaw specimens in the transition region over con- the test material (A 533 B) must simulate irradiated
ventional, deep-flaw specimens.These specimens were material properties. De minimum allowable yield is
tested under uniaxial conditions, llowever, thermal shock 621 MPa (90 ksi); the target RT DT s -7'C (20'F).N i
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Figure 6.9 Microhardness results for Fig. 6.6 shown in graph form

3. The test temperature must te in the low transition and -17'C (40 and O'F), resulting in a test temperature
region (T- RTNITT = -25'C). Most PTS initiations atove 40*C, ne heat treatment development will deter-
take place in the low transition region, in addition. mine w hether the test temperature is above or below
fracture phenomenon such as blaxial effects would -10*C. ne final test temperature will be determined fol-
not le expec'ad on the lower shelf. lowing material characterization. The flaw configuration

4. Blaxial loading ratio must le equiblaxial (1:1). for both beams will be identical with the maximum notch
depth, a = 61 mm (2.4 in.). Fatigue precracking should

The far field stress at the poht of failure must be extend the flaw ~2.5 mm (0.1 in.) along the tottom.
~345 MPa (50 ksi). To be able to interpret the blaxial data,
possible alternate influences (metallurgical gradients,
shallow crack effects, etc.) must te eliminated. For this During this reporting period a test specification for the out-
reason, toth the untaxial and blaxial tests are planned to le of. plane blaxial loading tests was prepared. ne specifica-
performed with identical double-tension specimens. To tion (Spec. No llSST il10-92-002) has not yet been issued
enhance a lower bound initiation result, the flaw must be but will be when questions concerning the final specimen
as long as possible. Finally, to ensure that initiation can and fixture design are completed. Additional information
take place, sufficient crack driving force must be attained on the test specimen design and analysis is included in
within load limits of the test machine. A K1/Kle ratioof 2.5 Chap. 2. Details of the fabrication of a specimen for the
is required based on small-specimen characterization data. biaxlal tests and interaction with a testing vendor are

included in Chap.10.

ORNL initially plans to test two specimens, with additional 6.4 Lower-Bound Initiation Toughness
specimen testing at a later date. The first specimen is plan. (J. W. Daily, G. R. Irwin, X. J. Zhang,
ned to le loaded in uniaxial tension, and the second speci- R. J. Honenberger-University of
men will te loaded in equiblaxial tension. Both specimens Maryland)
will te tested at the same temperature. Identical specimens
will be used for both of these tests, ne test temperature for A report entitled "The influence of Precompression on the
these tests will be selected such that the K e is -71 Lower Bound Initiation Toughness of A 533 D Reactor-l,

| MPa*6 (65 ksi 6). Current characterized A $33 D Grade Stect" has teen forward to ORNL by the University
material has a taughness of 71 MPa.6 (65 ksi 6) at a of Maryland to le issued as NUREG/CR 5847
temperature =25'C (45'F) telow RTNDT. It is anticipated (ORN1/Sub-79-7778/8). /. summary of the findings is

NDT or the heat-treated material will be between 4 given here.fthat RT

,
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Cleavage

The lower. bound initiation toughness (Kid) of two differ- round ter was somewhat smaller than the scatter observed
ent heats of A 533 D reactor grade steel was determined in the round robin crack arrest testing,

over temperatures in the brittle to-ductile transibon region.
The lower bound toughness was measured by depressing
the initiation toughness with dynamic loading, high con. The amount of precompression required to minimite duc-

,

straint offered by notched round bars, and axial ptrcom. tile tearing increases with the temperature T*. For heat 1 of

pression of the material in the fracture process tone. We A 533 D stect with RTNDT = 2*C (28'F),it was observed
elfeet of the arnount of precomp4ession on cleavage initia. that the amount of precompression required ranged from
tion and Kid was cxamined at Iwo temperatures (T' = 43 0.4 mm (0.016 in.) at "I' -5'C (-9'F) to 1.2 mm (0.047 in.)

-

and 65'C) where T' = T - RTNDT. as T* increased to 52*C (94'F). Ilowever, it should be

|
noted that the application of this amount of precompression
did not ensure cleavage initiation in every test. Instead, the'

Results for the cleavage initiation toughness for the two effect of the precompression was to increase to protability
different heats of A $33 B reactor. grade steel are shown in of cleavage initiatir.g from several sites with a very small
Figs. 6.10 and 6.11. In toth figures, the temperature T' is extension of the crack by ductile tearing,

i relative to RTNDT, which was -2 and -23'C (28 and -9'F)
for heats 1 and 2 respectively. The results from the The amount of precompression required for specimens fab-
notched round bar tests are compared with toughness ricated from heat 2 of A 533 D stect, with RT yr = -23*CNI4

determinations made by others using different specimens (-9'F) was examined in more detail. At T* = 43'C (77'F),
that were larger in site. These determinations include cleavage initiation occurred for precompressions ranging

PTSE 1 ORNL TSE, COOP program, and the round robin from 0.36 to 1.35 mm (0.014 to 0.053 in.), although the

experiments.12 useful range of precompression is much smaller.ne K di
associated with cleavage initiation appeared to depend on

;

the amount of precompression. Specimens with pre-
The data from the notched round ter compares favorably compressions of 0.7 to 0.9 mm (0.028 to 0.035 in.) gave
with the initiation toughness determined in the other test valid measures of Kid. Specimens having precompressions

programs except for the ORNL TSE, which generally gave <0.7 mm (0.028 to 0.035 in.) gave valid measures of K d.i
higher values. The scatter in the data from the notched Specimens having precompressions <0.' mm (0.028 in.)

1
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Figure 6.10 Lower bound initiation toughness as a function of temperature T* for A 53311 reactor grade steel, heat
No. I with RTNDT = -2'C
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Figure 6.11 Lower-bound inillation toughness as a function of temperature T* for A 53311 reactor. grade steel, heat
Nos. I and 2

did not reliably initiate cleavage, and specimens with Within the HSST Program," USNRC Report
precompressions >0.9 mm (0.035 in.) initiated cleavage NUREO/CR 5554 (ORNIJTM 11509), August 1990.'
prematurely (i.e., at artificially low stress fields).

,

2. T. J. Theiss, O. C. Robinson and S. T. Rolfe, " Pre-
As the temperature increased to T* = 65'C (117'F), the ini- liminary Test Results from the lleavy Section Steel
tiation toughness increased, and the range of precompres- Technology Shallow-Crack Toughness Program,"
sion required to determine a valid K d increased from 1.5 Proceedings of the AShfE Pressure Vessel & Pipingl
to 1.6 mm (0.059 to 0.%3 in.). In this set of experiments,it Coriference, PVP Vol. 213/MPC-Vol. 32, pp.125 129,
was noted that the cleavage initiation toughness and the Pressure VesselIntegrity, ASME,1991.t
tearing initiation toughness were about the same.

3. T. J. Theiss and J. W. Bryson," Influence of Crack

| The notched round bar test procedure provides an inexpen- Depth on the Fracture Toughness of Reactor Pressure
sive method to determine lower bound initiation toughness Vessel Steel," presented at the ASTM Symposium on
with relatively small scatter. Measurements of the lower- Constraint Effects, May 18,1991, Indianapolis,Ind,
bound toughness were made with A 533 B reactor grade
steel, a relatively tough material, to a temperature T* =

65'C (ll7'F). The lower bound togu hness varied from 74 4. S.T. Rolfe,Urdversity of Kansas for Martin Marietta
to 130 MPa*6 (67 to 118 ksi Vin,) as the temperature Energy Systems, Inc., Oak Ridge Natl. Lab., *1he

T* was increased from 5 to 65'C (9 to 117'F). Behavior of Shallow Flaws in Reactor Pressure Ves-
sels: Status Report," USNRC Repon NUREG/CR-
5767 (ORN!JSubN0-SH640/l), November 1991.*
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j 7 Cladding Evaluations

|
-auncy.wact

| 7.1 Ob,lective " ' " - " - " '

A % ? O,
-f:|l':at;,e; etaw

! ClaMing effects are regarded as one of the fracture tech.
{""J,'", ti'.'e, .

! nology issues with significance for reactor pressure ves.
|

"'"*

} sel (RPV) fracture margin-safety assessments under j

: pressurir.ed thermal shock (PT3) loading conditions.The ,NI!Ij g,*g
] objective of this task is to achieve a more comprehensive

i reprer,entation of the effects of cladding in the probabilistic ,,, m .,,,o e u e n n nat toa
i analysis of vessel fracture. Specific parameters of interest * * * * * " * " '

,
j are (1) the effects ofirradiation on the toughness of clad-

ding,(2) the possibility of fracture-mode conversion due to'

high stram, rates associated with a propagating crack.
ete q q7yga,,t;;3y,

g s m u *=o,
j (3) the propensity for ductile learing of shallow through.

clad surface cracks in low toughness cladding, and (4) the gy,,,cggag,

j potential role of cladding in inhibiting the initiation and T[!!,,,,," gagyy,",

longitudinal propagation of finite-length surface cracks. - canca ""**'ce$

I

j ie, ..eto on n=

During this report period, analytical studies have continued
to assess the overall effects of cladding on the fracture Figure 7,1 1:ffect of vessel cladding not yet fully

behavior of small surface cracks in an RPV subjected to an included !n reactor tessel PTS analystsa

i overcooling accident. A methodology is teing developed models (OCA P). Additional research is
and validated to include these effects in the probabilistic required to determine if their introduc.

fracture analysis computer codes This study will later be tion will have net positive or negative
i

used to assess the need for add 1Lional thermal shock tests, effect on calculated reactor vessel failure
probability

7.2 Introduction'

|
.

.
.

that of irradiated low upper shelf (LUS) weld material and
1 Cladding has typically teen regarded as a tough inner skin sutetantially less than that ofirradiated A 533 grade B

to the reactor vessel with a capability to impart an addi- vessel stell material, A concern exists that tearing could
i tional increment of fracture margin by acting to reduce the initiate in the cladding and convert to cleavage fracture at

crack tip opening of submerged cracks. His condition is the cladding base material interface. Strain-rate effects '
illustrated in Fig. 7,1(a), While thermal expansion and heat induced by the initial tearing process may le greater than

; transfer properties of the stainless steel cladding were strain rates associated with steady state tearing, These
included in the l'rS analysis of Ref,1 effects of the effects add to the cleavage fracture-initiation concem,

j enhanced cleavage fracture toughness of cladding were
conservatively neglected.

! The objective for this phase of the study is to define com.
'

binations of conditions that will or will not result in crack
Data generated recently in the reactor materials irradiation initiation, ne variables in this parameter study include,

program (detailed in Ref,2) have raised a concern relative FTS transient, flaw geometry, clad thickness, and RT mNI
to a possible negauve effect of cladding on pressure vessel
fracture margins during a PTS event. The concem derives
from the low ductile tearing toughness of irradiated clad. 7.3_ Cladding Analysis
ding, Figure 7.2 shows the test results of concem. Tearing
toughness of irradiated stainless steel cladding is similar to Semielliptical surface cracks having length to-depth ratios

! of 6:1,3:1, and 2:1 and depths of 25,4 to 38.1 mm (1.0 to
1.5 in.) were evaluated in this study. The three-dimensional

compting and mmmunicaian Dividon, Menin Marien. Enersy (3-D) finite element model of the cylinder is shown in
Synes Inc.. Oak Ridge,Tenn. Fig. 7.3, The RPV has an inner radius of 1979 mm,

|
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rigure 7.2 llecently completed tests to measure the ductile tearing toughness of reactor vessel materials showing
ductile tearing Initiation toughness of both 1,US weld materials and cladding in irradiated conditions to
be approximately half that ofirradlated A 533 Il material
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Figure 7.3 3 D finite element model of cylinder used to evaluate the efrects of cladding on crack inillation under
irrS transient loading
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Cladding

(77.91 in.), a wall thickness of 218 mm (8.58 in.), and a applied K curves in Fig. 7.7. The K values do not intersect
cladding thickness of 4.1 mm (0.16 in.). Generaliied plane- the fracture toughness curves, so crack initiation would not
strain boundary conditions were imposed on the surface of be expected. An analysis was also perkumed with OCA P
the model opposite to the symmetry plane to simulate tie with the results included in Fig. 7.7. Because OCA P ;

closed end of an RPV. Mechanical and physical properties assumes an infinite flaw, the K values are much higher
for irradiated three wire cladding and A $33 D steel were than the finite length flaws and predict crack initiation.
used for the cladding and base material, respectively.

The results for the three-flaw configurations are compared

Transient pressure and temperature loading used in the with the ASME fracture toughness curves for an RTNDT
thermoelastic analyses are given in Fig. 7.4. The loading of 146*C (295'F) in Fig. 7 51. In this case, the 6:1 Daw K
condition time histories shown in this figure were derived values intersect the -30 fracture-toughness curve because,

from an idealitation of the Rancho Seco ITS transiant, the mate:ial toughness decreases with increasing RTNDT.'

NDT as an impact on crack initiationTherefore, they provide a realistic basis for assessing the The choice of RT h

potential for crack initiation under fTS loading conditions, predictions.

|

Values of applied J are plotted as a function of the angle in Figs. 7.9 and 7.10, the K values of the three Gaws at the
around the crack (0*-surface and 90'-deepest point of clad / base interface are plotted with the ASME fracture-

the crack)in Figs. 7.5 and 7.6 for the 6:1 and 2:1 flaw, toughness curves with an RTNDT of 132 and 146*C,
respectively. Fram these figures one can observe that the respectively. The K values of the 2:1 and 3:1 Daws are now
applied J values are larger at the deepest part of crack fcr higher than the 6:1 flaw lecause it is closer to the surface.
the 6:1 Daw, whereas J is larger at the surface for the 2:1 Also the fracture-toughness curves are slightly lower
flaw, because the temperatures are lower at the inner surface.

The applied K curves for the 2:1 and 3:1 flaws intersect the
-30 curve in Fig. 7.9 and the -20 curve in Fig 7.10. Tie

in Fig. 7.7, values of applied K at the deepest point in the 6:1 flaw curve intersects the -30 curve in Fig. 7.10.
25.4 mm Daw are shown for three aspect ratios and an
infinite. length flaw (generated by OCA P).The American
Society of Afechanfeal Engineers Boiler and Pressure Estimated lower bound JR toughness curves for cladding,
Vessel (ASAfE B&PV) Code, Sect. XI, fracture toughness LUS weld metal, and A 533 D plate material are shown

curves (-20) for an RTNDT of 132'C (270 F) and an superimposed on the applied J curves in Figs. 7.11 and
estimated -30 curve are shown superimposed on the 7.12. These rnaterial toughness curves were derived from
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Figure 7.4 Rancho Seco PTS transient used in preliminary evaluation of effect of cladding on crack initiation in

surface flaws
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ORNL.DWG 92 3447 ETO

o LEGEND
g- 0-t- 10 m'nc

0-L- 20 min
4-t- 30 min
+-t- 40 mino x-t- 50 min8- *-t- 60 mLn
v-L- 70 min
e-L- 80 min
m-t- 90 mLn9 + - t - 100 min -9"

C
E
.o

E
'

g==
I

N .

~

35E52Eh - m 4 - - h - - KA,.~s ,
. c-* - -,;

N -

ig: a =N2 'l ! ? i a

o.o 16.o d.0 36.0 Io 56.8 ab.o 76.0 86.0 s.o
ANGLE (DEGREES)

Figure 7.6 J vs angle for a 2:1 flaw and 25.4 inm depth for various times in transient

NUREO/CR 4219,Vol.9,No.1 80

,_.. - . . . _ . . . _ . _ --



___ _ __.._. _ . _ _ _ _ _ . _ _ . _ . . _. _ _ _ _ _ _ .___._. _ __ _ _.._. _ _ _ __-

i !

! !

j Cladding i

ORNL DWO 92 3448 ETD
,

Na
1 1.i i ASME SECT XI FRACTURE '

| -TOUGHNESS CURVES j
~

j g. - q >

i o
1 !2 - 1'

~ INFINITE FLAW
~

t OCAP
.

3- 3 20
'

o

} N' k p

| ([. 30~ .as

h-
j */*u x, u .

N 611

m. y ,-,

sAsc ( 1 in DEEP) N,

i d-
i 3.'Y

2
0.0 15.0 2b.0 3b.0 tb.0 f.b. 0 Gb.0 7b.0 00 'A.0 ido.O

TIME (min)
'Figure 7.7 K vs time for 25.4 mm deep flaws with various aspect ratlos and RT DT of 132*C (270*F)N

ORNL DWG 92-3449 ETD
.

o

b*
3 ASME SECT. XI FRACTURE"

TOUGHNESS CURVES

$~
a

. i-
| o

i-
,

-9
kW o .20

"~

$- . KN
4 N N y .m"

BASE ( 1 in DEEP)
'

d-
<

1
a

i *
, , , , , , , , , i

i 0.0 10.0 20.0 30.0 '90.0 50.0 f4.0 70.0 80.0 30.0 100.0
'

TIME (min)

Figure 7.8 K vs time for 25.4-mm deep flaws with various aspect ratios and RTNDT of 146'C (295'F)

81 NUREGER 4219, Vol. 9, No.1

|
,..

- . . - . . - - -. - . - - . . . , . . - . . . _ - _ _ . . = . . - - . . - . _ , , . -



. _ _ _ _ _ _ _ _ _ _ _ _ _ ______ -

. . .

Cladding

ORNL DWG 92-3450 t'TD
o

3"
9 ASME SECT. XI FRACTURE
5- TOUGHNESS CURVES
9 1'
g.

-

o

8 '30

8' .N

h. "N, f .30 m

(98S' 7,a A'' N, ,y
x- s

k CLAD / BASE INTERFACE 3:1,

51-

b' ,

3.

".0"- t , , , , , , , , ,

0 10.0 20.0 30.0 10.0 *a0. 0 60,0 F0.0 00.0 E1.0 100.0

TIME (min)

Figure 7.9 K vs time at clad / base Interface for 25.4 mm deep flan with various aspect ratlos and RTNDT of 132*C
(270'F)

CANL DWO 92 3461 ETO
o

E'
9
0' ASME SECT. XI FRACTURE
y. TOUGHNESS CURVES
-

n

E'
*

E'
ny
kk' 20

| 2-
gh.

%- 1
~

2:1,3 1

g. CLADisASE INTERFACE $61 ,

a
fi-

3.
-

9
.a- , , , , , , , , , ,

.a0.0 60.0 70.0 00.0 'E.O 100.0*0.0 10.0 20.0 30.0 40.0

TIME (min)

- Figure 7.10 K vs time at clad / base interface for 25.4 mm deep flaws with various aspect ratios and RTNDT4 146*C
(295'F)

NUREO/CR 4219, Vol. 9, No.1 82

-___----_-_____-_:-___



. _ . _ . .. . _ _ _ _ . _ _ . _ _ ___..__ _ __- _ _ _ _ _ . . - _ - _ _ _ __ __ ._

.

Cladding
;

ORNicDWG 92<34$2 LTD
9

| $'
l.LGEND

a 0 - CLf tD 1LftHlNS TDtGiNf55W o - L US TEfiRING 70UGHN!.S$
a - fib 330 ilflHING 1DJGHNESS

9
W 20

i

Y*
, , _, g __ ~ a --- - $ ~%4 %,

..a~~~,

/'
9

ey W /p-;

so

}N
, ;. p - ,_e

..

d"u- Q _-,-- o-- o- ..
'j. gg

~

,fi

- g /' ,, g E Q gI 2

1 / Ng CLAD /B ASE INTERFACE NT 2:1'3:1"

6:1
i N t , , , , , r , , - - ,
I 0,0 10.0 20.0 30.0 4'J.0 fa.0 14,0 70.0 80.0 E0 100,0

TIME (min)

Figure 7.11 J vs time at clad / base interface for 25.4 mm deep flaws with various aspect ratios and -20 tearing
toughness curves

i

i

ORNL DWG 92-3453 ETD
'

a
g ..

i
~

LEGLND
9 o - CLAD TERRING TOUGHNESS
W o - LUS TEHRING TOUGHNESS

a - fiS33[1 1 ERR!NG TOUGUNESSO

i 37
a
r? -

9
98-
E
~a
W*

. . .-.; .
/ "

. - .-
*3 ci .

/*t

! e #
| M"

-- e * * - -
, -c .u %y,,

yst -{ -

jc '% 0 "* O Op
_

, -*'y* N9,
T fj # 2:1,3:1

CLAD / BASE INTERFACE 6:1r

i , - i , , i m i i

0.0 10.0 20.0 30.0 40.0 50.0 tio.O 70.0 80.0 ED 100.0

TIME (min)

| Figure 7.12 J vs tirte at clad' base interface for 25.4 mm deep flaws with various aspect ratios and -30 tearing
! toughness curves
i
i

83 NUREG/CR-4219. Vol. 9. No.1
|

.. - .



_ _ _ _ . _ _ _ _ _ _ _ _ . . _ _ _ . - _ _ _ _ . . _ _ _ _ _ _ . _ _ _ _ . . _ . _ .

j Cladding

.
the ductile tearing toughness curves of Fig. 7.2 by means evident from the results of Figs. 7.7-7.10, that longitudinal

i of reducing the mean curves by the factor 1/2.05 to obtain crack propagation may not occur for a significant subset of

I cstimated -20 curves and the factor 1/3.28 to obtain esti- the PTS transient: flaw geometry combinations c4..dk d

1 mated -30 curves. 7he factor 2.05 used to generate the in a PTS analysts. Results from the completed c1ulding
1 J resistance curves corresponds to the factor 1.43 study will provide a basis for introducing a refint ment in
; employed by Cheverton et al..I 1985 [Eq. (5.1)), to derive ITS analysis procedures by considering surface law in''.ial

a mean cleavage toughness curve from the ASME Code geometry.
,

lower bound curve. Implicit in the above procedure is the"

"

assumption that the ductile tearing toughness curves of
Fig. 7.2 represent the mean tearing toughness of the mate. Refererices

i rial.
1. R. D. Cheverton and D. O. Dall, Martin Marietta

Energy Systems, Inc., Oak Ridge Natl. Lab., Cha.i. 5>

it is evident from the curves of Fig. 7.11 that tie applied J in " Pressurized Thermal Shock Esaluation of the,
'

value at the clad base material interface does not come 11.13. Robinson Unit 2 Nuclear power Plant," USNRC
4 close to the estimated -20< tad tearing toughness curve at Report NUREO/CR 4183, Vol.1 (ORN!J
j anytime during the transient, but the 2:1 and 3:1 flaw J TM 9597/VI), September 1985.*

values do !ntersect with the -30-clad and LUS-tearing
toughness curves (see Fig. 7.12). Based on the magnitude
of the tearing margins derived from the curves of 2. F. M. llaggag, W. R. Corwin, and R. K. Nanstad.

Figs. 7.11 and 7.12, the possibility of propagation of sur. Martin Marietta Energy Systems Irc., Oak Ridge Natl.

face cracks into the base material could be induced by the Lab.," Irradiation Effects on Strength and Toughness'

i low ductile tearing toughness of irradiated stainless stect of 7hree-Wire Series. Arc Stainless Steel Weld

cladding material for this flaw configuration and FTS tran. Overlay Cladding," USNRC Report NUREO/CR 5511

; sient. (ORN1/rM.I1439) February 1990.
;

7.4 Conclusion
:

The next phase of this study will examine the impact of * Available for purchase fium Naimi Tedudcallafamadan

; plasticity effects, flaw geometry, and PTS transient. It is servia. 5pansfield. VA 22161.

!
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8 Pressurized Thermal Shock Technology

T. L Dickson

No activity in the current rqorting period.
|

|
l

I

l

l
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9 Analysis Methods Validation

B. R. Ilass,' J. Keeney Walker,' C. W. Schwartzt

! During this report period, work contiriued on severst sub- These statements formed the basis for evaluations per-

| tasks being performed in support of the Project for Fracture formed by an international group of analysts using a vari-

: Analysis of Large Scale International Reference Experi- ety of techniques. At a 3 d workshop in Boston,in May
| ment (Project FALSIRE). A draft final report incorporating 1990, all participatirig analysts examined these evaluations

resuks, conclusions, and recommendations of the Project in detail.
FALSIRE workshop was completed and distributed to

| participants for review comments.

| Tatele 9.1, Large scale fracture esperiments analyred
'

J Substantial pmgress was made in tie devekspment of plans
for presenting Project FALSIRE restits at an International
Atomic Energy Agency (IAEA) Specialists meeting in Experiment Tesling Countrya

1992 at Oak Ridge, Tennessee. organizallon

NKS-3 Materialprf.lfungsanstalt FRO.

9.1 CSNI/ FAG Final Report on Project (MPA) der Universitst,

FALSIRE Workshop Stuttgan
NKS-4 Materialpriifungsanstalt FRG

,

Project FALSIRE was sponsored by the Fracture Assess- (MPA) der UniversitHt
'

ment Group (FAO) of Principal Working Group No. 3 Stuttgan
l'rSE 2 Oak Ridge National USA(PWO/3)of the Organization for Economic Cooperation

and Development (OECD)/ Nuclear Energy Agency's Laboratory

(NEA's) Committee on the Safety of Nuclear installations Spinning Atomic Energy Authority Ul,

(CSNI). On behalf of the CSN1/FAO, the lleavy Section Cylinder I (AEA) Risley, United
,

Steel Technology (HSST) Program at Oak Ridge National Kingdom

Laboratory (ORNL) and the GRS, Koln, Germany, were Spinning Atomic Energy Authority UK
responsible for organization arrangements retaied to Cylinder 11 (AEA) Risley, United4

Project FALSIRE. The chainnan of the CNSI/FAO is Kingdom

IL Schulz of GRS Koln. Motivation for the project was Step-B I'rS Japan Power and Engi- JAPAN
derived from recognition by the CSN1/PWO 3 that incon. neering Inspection

sistencies were being revealed in predictive capabilities of Corporation (JAPEIC)

a variety of fracture assessment methods, especially in
ductile-fracture applications. As a consequence, tie
CSNI/FAO was formed to evaluate fracture prediction

Comparative assessments of the solutions presented at the,

capabilities currently used in safety assessments of nuclear Project FALSIRE Workshop were perfonned by GRS,
components. Memters were from laboratories and research

ORNL, and other participants in the workshop, A compre-
organizations in Western Europe, Japan, and the United

hensive report of the findings, conclusions, and recom.
States.

mendations was prepared based on these assessments as a
cooperative effort between ORS, ORNL, and other mem.
ber of the CSN1/FAO. An initial draft of the report was

The CSN1/FAO planned Project FALSIRE to assess vari-
completed in January 1992 and submitted to the individual

ous fracture methodologies thmugh interpretive analyses of workshop participants for review and comments. GRS
selected large scale fmeture experiments. Six reference

transmitted copies of the report to participants in western
experirnents given in Table 9.1 were eventually selected by Europe, while ORNL was responsible for participants in
CSN1/FAO for detailed analysis and interpretation. The Japan and the United States.
CSN!/FAO established a common format for comprehen-

| sive statements of these experiments, including supporting
information and available analysis results.1

'

gggg g agg g
reviews is scheduled for completion jointly by GRS and

'Comsuting and Telecommunications Division, Martin Marietta Energy n May N. Mowbg comNehn, k M W
Synems,Inc., Oak Ridge,Tenn., be submitted to members of the CSN1/ PWG 3 committee

T nitenity of Muyland, College Park, Maryland. In June 1992. The report will be finalized in the summer ofU

I 87 NUREG/CR-4219, Vol. 9, No.1
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1992 after comments and approval have been obtained Group (FAO) of the CSNI and the participants in Project
from the CSN!/PWO 3. FALSIRE. In particular, the first day of the meeting will le

devoted completely to presentations on the six reference
experiments of Project FALSIRE (see Table 9.1). Briefly,9,2 Joint IAEA and OECD/NEA the I d agenda pmposed joindy by the program chairman

hiceting on Friicture h!celianicS and by 11. Shutz on behalf of CSN1/FAO calls for an over-

Verillentl0n by Large Scale TcSilng view talk n Pmject FALSIRE, followed by two presenta-
tions for each experiment used in Project FALSIRE, and,

The I AEA International Working Group on Life Manage- finally, a panel discussion, %c first gesentation for each

ment of Nuclear Power Plants and OECD/NEA CSNI are
experiment, M be ghen by a representadn o% testmg

organizing an Internatiorud Specialists Meeting on Frac. organiution, will review the results of the experiment and

ture Mechanics Verification by Large-Scale Testing. De pmvide an overview of the analysis results presented at the

inecting will be sponsored by the U. S. Nuclear Regula. FALSIRE Workshop with terpect to the Phase I

tory Commission (NRC) and will be hosted by ORNL. %c FALSIRE Report described in Sect,9.1. A second preacn-

meeting willle held October 26-29,1992, in the Pollard tation will focus on recent analysis results compiled since

Auditorium in Oak Ridge Tennessee, the wdshop with emphasis on appkadons of mm
advanced fracture methodologies.

|
J. Stronsnider of the NEA Nuclear Safety Division and |

L. Ianko of the IAEA Division of Nuclear Power have Staff members and subcontractors of the llSST Program
been nominated as coscientific secretaries responsible for are providing upport to the program through organira-
organizing the meeting. The U.S. member of the IAEA tional efforts concerning the technical program and

*

International Working Group for Life Management of thmugh presentations of analysis results for the second
Nuclear Power Plants is C. E. Pugh, who also chairs the HSSTpressurized thermal shock experiment (PTSE 2) and
technical program for the 1992 Specialists' Meeting, for the Japanese Step-B FTS experiment (see Table 9.1).

The analyres of the Step B experiment currently being per-
fonned by the University of Maryland for the HSST .

This jointly sponsored meeting will provide researchers an Program represents the first nondapanese analysis of the
opportunity to review recent large scale fracture (brittle experiment,
and/or ductile) experiments and to discuss them relative to
verification of fracture-mechanics methods. De objective
of the meeting is to assess the ability of analytic methods

The agenda on the second and third days will cover other
to model the fracture behavior of nuclear reactor compo- experimental and analytical work performed in IAEA and
nents and structures. Specialists will le provided an oppor- CSNI member countries.
tunity to discuss the validity of fracture mechanics models
under prototypic and laboratory conditions, and it is
expected that, based on these discussions, they will reach
conclusions regarding the capabilities and limitations of Topics to be addressed during these sessions include:

fracture mechanics analysis methods. large scale fracture experiments relating to pressure.

vessels and piping;
. analyses of available experiments to assess the applica.

The meeting will address the application of all forms of bility of fracture models to identify limitations and to
fracture mechanics methodology and experimental verifi- relate to regulatory issues;
cation, including correlations betwecn small and large . assessments of experimental data and fracture models
specimens and components. De emphasis will be on for studying constraint effects on fracture toughness;
experimental results and the evaluation of fracture mechan- . assessments of ductile fracture models including rangest

|. ics models and analysis methods through individual and of applicability, interactions with cleavage fracture, and ~
i comparative studies. The scope will include all pressure . comparative evaluations;

|. boundary components with special emphasis on vessels, . advancements of experimental techniques for large-
piping < and closurce under normal operating, upset, and scale tests to characterize fracture and deformation
accident conditions. behavior;

fracture data bases that support understanding the appli-e

cability of laboratory data to prototypical situations,
The CSN1/PWO 3 has agreed to support the Specialists' including size effects, rate effects, multiaxial condi-
Meeting through the work of the Fracture Assessment tions, and temperature dependence! and

NUREO/CR-4219 Vol.9.No. I 88
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recommendations for exgeriments and analytical activi- Referencee

ties needed to advance the verification of fracture analy-
sis methods for applications to nuclear reactor pressure 1. 11. R. Bass et al.. " Assessment of Ductile Fracture
vessels and components. Methodology Based on Apf.lications to Large Scale

j Experiments," pp. 25-36 in SMLRTl/ Trauacdom,
Vol. O. August 1991, *

'the moming of the third day will include either a tour of
the ORNL cxperin, ental fracture facilities or a technical
session, depending on the numter of papers proposed andJ

accepted. The final program for the meeting will le dis-
trit >uted in August 1W2. 'Anilable in rubhc inimkal binariet

a

.
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10 Fracture Evaluation Tests |
T.J neiss

,

t

10.1 Introduction A ponion of an actuai cancelled PwR reactor vessei will
te used as a source material for the full. thickness, clad

The purpose of this task is to provide experimental suppon beam tests.ne materialis A 533 grade B steel with stain- r

for all temaining tasks within the HSST prcgram. Cur. less steel cladding on the inner surface. The PWR shell

rendy, Task 10 is divided into five subtasks: (10.1) contains an axial weld in the center of the shell and two cir-

Shallow Crack Fracture Toughness Testing (coordiriated cumferential welds. One circum ferential weld ctonects the

with Task 6, Cleavage Crack initiation); (10.2) Full, upper and lower and shell courses: the other circumferen-

Dickness Clad Beam Tests (coordinated with Tssk 6, tial weld connects the upper shell to the nor.zle coure The i

Cleavuge Crack initiation, and Task 7. Cladding): (10.3) nominal radms of curvature of the shell is 2.49 m (98 in ).

Large Scale Blaxial Tests (coordmated with Task 2, Frac. The circumferential length is 1447 mm (57 in.). De sec-

ture Methodology and Analysis, and Task 6, Cleavage tion of material necessary for fabricatia of the 1.id beams

Crack initiation);(10.4) Large Scale Fracture Methodol, was flame cut from the reactor shell during the current

ogy Experiments (for future ORNL fmeture testing); and reponing period. A suitable vendor (s) has been kicated to

(10,5) Material Requests (supply A 533 B material on an fabricate the specimens using a saw to cut the shell into

as-needed basis), specimens. Saw cutting is required to minimite the amount
of wasted or degraded material.

10.2 Shallow Crack Fracture-
Toughness Testing Program 10.4 Large Scale Blaxlal Tests

Testing for the rhallow-crack fracture toughness program Objectives for the out of plane blaxial tests are defined in
at Oak Ridge National Laboratory (ORNL) has ceased and Chaps. 2 and 6 of this report. Design of the biaxial speci-
was transferred to David Taylor Research Center (DTRC), men is described in Chap. 2. Design criteria are specified
Crack-depth measurements for previously tested produc. in Chap. 6.
tion beams were completed this reporting period. Final
crack depth values are included in Table 6.1. DTRC
requested through the Nuc! car Regulatory Commission Initial plans were to test a biaxial specimen with a test sec-
(NRC) a section of IISST Plate ll A measuring 3.175 m tion measuring 1524 x 1524 x 127 mm ((o x 60 x 5 in.)
(125 in.) by full width (1.65 m) and thickness (184 mm) thick. A preliminary cost assessment of the l$24 x l$24 x
for their shallow crack and constraint testing. HSST Plate 127 mm (60 x 60 x 5 in.) blaxial test specimen was devel-

| 11 A is the companion plate to HSST Plate 1IB, which will oped by the Engineering Division of Martin Marietta
be used for the large-scale blaxial tests. Energy Systems, Inc. De specimens were designed to le

tested in the 100 MN (22.5 million pound) machine -
located at the UL Atomic Energy Authority (AEA) Risley

10.3 Full Thickness Clad Beam Tests facility. This faciliiy is capadie of equibiaxial loading up to
50 MN. Each blaxial specimen, complete with necessary

Design of the full thickness, clad team fracture mechanics attachments for testing, would cost ~S250K. The primary .
specimens: program objectives; test matrix; and issuance cause of the high cost is the size of the specimen (18 ton
of the test specification (Spec. No. HSST-H10-92 001, each) and the large amount of precision drilling and
Rev.1) are detailed in Chap. 6. tapping required to mount the specimen in the 100 MN

machine. The end arms with the drilled and tapped holes
cold not be reused. Due to the expense of the larger -

The full thickness, clad beam tests will be performed at the - specimen, two alternate specimen designs were considered
National Institute of Standards and Technology (NIST) and cost estimates developed. Both additional specimen
using the 26.7 MN (6-million lb) testing machinci An designs involve a 610 x 610 x 127 mm (24 x 24 x 5 in.)
Interagervy Agreement with NIST for the fullahickness test section. One design mounts the specimen directly into
clad beam, shallow crack tests was placed this reponing : the machine with expendable end arms. The other design
period.The Interagency Agreement is based on the test uses a reusable clevis that loads the specimen through a

- specification that was the basis of the NIST research pro- pin. The UK AEA facility has five sets of actuators for
posal. blaxial loading, each with a 10-MN (2250-kip) capacity .
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spaced every 12 in, apart. Therefore, two sets of actuators program, with the lotential for more testing in the future, a
can stress a 610 x 610 x 127 mm (24 x 24 x 5 in.) plate to new plate was used as the source material. Plate Ilit was

the same level as five sets of actuators can stress a 1$24 x chosen because it has a rather high yield strength for

1524 x 127 mm (60 x fo x 5 in.) plate. A planform dimen- A 533 D according to the mill certification reports. 'lhe
Sion of 610 mm (24 in.) was chosen so that two specimens biasial test material will le heat treated to increase the
could be cut from the 1626 mm (M.in.) source plate yield strength of the material to simulate irradiated condi-

(llSST Plate i1D). Based on an estimated cost of $4.50/lb tions. A small piece of material (533 x 686 mm) was cut
of machined material, the 610 x 610 x 127 mm (24 x 24 x frorn the plate and sent to Task 3 for development of the
5 in.) designs with expendable end arms and remable clevi- heat treatment necessary to increase the yield strength to

ses would cost $70K and $32K, respectively, for the test ~620 MPa (90 Asi).
specimen only. Based on this informadon, the decision was

made to luxced with the 610 x 610 x 127 mm (24 x 24 x
5 in.) design with reusable clevises. The blaxial test spai. 10.5 Material Requests
fication is written to reflect the new test 610 x 610 x
127 mm (24 x 24 x $ in.) specimen with reusable clevises. Requests for material (A $3311) have been received frorn

numerous sources and are teing handled on a case by-case
basis. "Ihree requests were for remains from the llSST

I olential vendors with largewale tenung capabilities in the shallow-crack, fracture-toughness beams. "Ihe largest

U.S. were surveyed for perfonning the out of plane blaxial request has come from Southern University for their testing

loading tests. Seven U.S. tesdng facilities were contacted program. Sketches from Souttern University were received

and given the load requirements of 10 million pound in this reporting period for 240 specimens from 3 differect

both the longitudinal and transverse directions. None of materials. ORNL has been directed by NRC to supply the

these seven firms had emisung facilities capable of pet. steel specimens (80 total). ORNL is interacting with

forming the biatlal tests, llowever,one finn (Wyle Labs) Southem University to detennine their testing require-

retumed a preliminary budgetary quote tesed on modifying ments. Ilased on preliminary cost estimates, only 40 sreci-

existing facilities to test the biasial spulmens. mens can le fabricated within existing budgetary
constraints.

IISST Plate llB is the source rnaterial selected for the
biaxial specimen tests. Because the biaxial test is a rew

|
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| 11 Warm PreStressing

| D, K. M. Shum '

i
:

| 11.1 Introducilon neu values.14 As simwn in Fig.11,1, three types of WPS

] tenefits in relation to crack initiation are considered in this

ne overall objective of this task is to quantify the poten- study. 1
'

tial tenefits frt,m the inclusion of warm prestress (WPS) Tyle 1: The mode I stress-intensity factcr (K ) does notI*
I effects toward the safety margin assessment of reactor increase with time (KI 5 0), and crack initiation is not

j pressure vessels (RPVs),he near term objectives of the anticipate 4.
Type 11: WPS loading histories that involve final reloadtask are to ej
to fwture from K values that are less than K e. Magni-l1, identify potential regulatory issues that would benefit

'

from the inclusion of WPS cffects, tude of K at failure (Kg) after WPS is greater than or

i 2. establish a framework for interprr. ting available WPS '9""I LO Elc (K /K!c 21).f
Type Ill: WPS loading histories that involve final +*g

I 3. investigate the mechanics and mechanisms of WPS,
tel ad to itacture fmm K values that are greater than

(K /Klc ? I),de of K after WPS is greater than Kle
Kie. Magm,tu f'

i 4. provide preliminary estimates on the lutential tenefits
fi from the inclusion of type 1 WPS cffects toward RPV

} start up and cool down procedures, and

evaluate the stability of type 1 WPS for RPV applica'.l1.3 WPS and RPV Regulatory Issues; 5.
tions where monotonic unloading of the crack tip can;

! not te guaranteed.
Ctutent RPV fracture margin assessment methods are,
based on the American Society ofMechanical Engineersi

b Contingent vien favorable near term outcomes, recom. (ASME) Boiler and Pressure Vessel (B&PV) C, ode
i mendations on analytical and experimental research efforts fracture toughness curves indexed by RTN!7T, '

that are necessary to provide both a better understanding of Depending on the vessel application such as low.t

| WPS and a technical basis for its application to the safety. temperature overpressure (LTOP) set points, P T limits.,

4 margin assessment of RPVs will le pr::sented. These ree- and pressurized-thermal shock (ITS) transients (to be dis- r

ommended research efforts will tecome integral elements cussed shoitly), the Code fracture toughness Kle (lower.'

|- in the long term objectives of this task, including lound crack initiation toughness) or K (lower bound -I
; crack-anest toughness) curve forms the basis of regulatory
j- 1, developing criteria and methods for the inclusion of

reference toughness K Ref'ng,7,t Consequently, toth the
6I

: WPS effects in plant specific safety margin assess- e of K Ref die to embrittle-magnitude and rate of cha I

| ment of RPVs under normal operations and postulated ment depend on the choice of reference toughness.
accident conditions,and

.

j 2. developing a predictive WPS model.

Because the majority of available WPS data are only appli-
l cable to conditions of quasi static crack initiation, inclu-
| This semiannual report summarires the first phase activi- sion of WPS cffects would at present only beneficially
! ties in this task, the focus of which is a comprehensive lit" ~ impact regulatory lasues that use K el as the basis of regula.
J erature search on the phenomenon of WPS and its relation tory reference toughness KIRef, Nevertheless, potential
: to RPV analysis and applications. A letter report entitled regulatory issues that would benefit from the inclusion of
j " Implications of Warm Prestress on Safety Margin Assess. WPS effects are as follows:

ment of Reactor Pressure Vessels" has been completed.
Tte following discussion is extracted from this report.

| -11.2 qaracteristics of WPS *ne pe== dere.i airpe-m wPs is mouv.ied hy, bui dirrereni
than, that pmposed by O. R. Irwin in *llenefits of Warm Prestressing,";

~

The prirmry characteristic of WPS is the apparent increase I',"' ja$at ASMllSect.XIWodins Grmp n Raw Evalua-,;

tne,symtel Kmet s used,in the Fuent context, to denote the tercrmeein fra;ture toughness due to prior loading (above K c for! i
the test ternperature) at a higher temperature, it is empha- toushness value appropriate to the specific venel apriacation under

discussion The symbol K ner shouta not be emrused with the symhatsized that available experimental results on apparent WPS. i
induced toughness enhancement are limited to mode I, Km, which is dien auxiated with the ANade town-band,

a eve, wh ch tum is idatified with the lower-
quasi-static, plane strain, cleavage crack initiation tough- (" d
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Figure 11.1 Schematic illustrating three types of
warm prestress benefits in relation to Figure 11.2 Schematic from Ref. !! Indleating -
crack initiation. Type It Rg 5 0, no operatlag P.T window, along with
fracture. Type 11: Kg/Kg,21. Type litt potentialloading paths due to overcooling
KpKir > 1 and LTOP conditions. Upper P T limit is

based on reference toughness Egg,g a Kg,
up to the LTOP enabling temperature of
(RTNDT + 90'F). Beyond LTOP enabling

1. LTOP set points for adjustable and nonadjustable temperature, RPV operating pressure
LTOP relicf valves, determines the upper pressure limit.The

2. RPV operating pressure temperature (P T) limits, and lower P T limit is based on the larger of
3. calculated probability of vessel failure under postu- either the minimum coolant pump

lated ITS transient conditions. pressure with margin terms or the
minimum coolant pump pressure needed
to prevent cavitation within the pump.

In the following discussion on potential regulatory issues l
'

that would benefit from the inclusion of WPS effects, one
source of WPS effects would te vessel operation before
vessel start up or cool down. In this scenario, vessel opera-
tion constitutes prior loading at a higher temperature. The cated, along with the potential loading paths due to over.
WPS benefits would apply over the entire range of operat- cooling and LTOP conditions.ll De upper P Tlimit is
ing temperatures from start up to core operation. Another based on refererwc toughness K ef = K s = Kid %cIR I

source of WPS effects would te the greservice and LTUP system is required to be operable dur!"E start up and
in service hydrostatic tests. In this case, the WPS benefits shut down conditions telow the LTDP enable temperature

would strictly apply over the range of temperatures from of(RTNDT + 90*F).8 Beyond the LTOP enable tempera-

start up to the hydrostatic test temperature, in the case of ture, the RPV operating pressure determines the upper

thermal shock (TS) and liS loading conditions, yet pressure limit. De effects of embrittlement of the RPV

another source of WPS effects would be the transient itself during plant operation result in a decrease in that portion of

in a manner tole described in Sect. I1.3.2. the upper P T limit that is based on Kge, thereby decreasing
the range of allowable operating pressure at a given

11.3.1 LTOP Set Points

Various P T limits that govern reactor design and opera. Curreatpuidelines from the Standard Review Plan
(SRP)8 require the LTOP system to protect the upper P Ttions are set forth in Sect.111, Appendix 0, and Sect. XI,

Appendix 0,of the ASAfEBdPVCode.MThe P-Tlimits limit durir:3 normal start-up and cool down and related
that are applicable to normal vessel start up and cool down transient conditions. Ogerational considerations such as
and LTOP conditions separate the RPV operating zone pressure overshoot, margin to avoid inadvertent lifting of
from conditions hazardous to vessel integrity.8-to In Fig. the LTOP relief valves, and instrument gage error result in
11.2, the operating P T " window" is schematically indi- L10P set points that are below the allowable upper P T

NUREO/CR 4219, Vol. 9, No. I 94
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limit as indicated in Fig.11.3.10 f the LTOP set points are to Kle) as the reference toughness Kgger in determining thei
allowed to transgress the upper P-T limit, the LTOP set LTOP set points. In addition, use of K el as the reference
points would benefit from the inclusion of WPS cifccts in toughness KIRef would make possible the inclusion of
the following sense. Permissible transgression of the upper WPS cffects in providing additional elevation of the
P T limit by the LTOP set points implies a change in

LTOP philosophy 'from ensuring crack arrest to preventi(m
of crack initiation. The immediate benefit thus comes ,, , , ,

from a" consistent interpretation of this philosophy
iniue c.f the eunence of icut tinule ames (12174) and the us<ciated

change, w hich would result in the use of Kje (as opposed 6: sue of dynamic cruk pop 4ne for RPV grade reneriale umter irradinied
condidone.

ORNL DWG 02M 3456 ETD
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PRESSURE

.
TEMPERATURE

|
| Figure 11.3 Schematic from Ref.10 Indicating LTOP set points for both nonadjustable and adjustable LTOP relief

valves in relation to the P.T limits. Operational considerations such as pressure overshoot, margin to
avoid inadvertent lifting of the LTOP relief valves, and instrument gage error result in LTOP set points
that are below the allowable upper P.T limit. Potential benefits from inclusion of WPS effects are more
significant for nonadjustable LTOP reiaf. valve systems as compared to adjustable systems
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teference toughness. Obviously, potential benefits are more 1. lower the required test temperature for in service leak
significant for nonadjustable I!!DP relief valve systems as and hydrostatic tests,
compared to adjustable systems. As indicated in Fig.11.3, 2. permit higher vessel start up and cool-down rates, and
the range of P T conditions that permit continuous P.T 3. enlarge the operating P T window during core opera-

7 operation from low temperature / pressure to operating tion.
temperature pressure is much more restrictive for non-
adjustable L'iDP systems as compared with adjustable
systems. The benefits relating to preservice and in. service leak and4

hydrostatic tests are applicable to toth pressurized water
reactors (PWRs) and boiling water reactors (BWRs). In the

11.3.2 RPV Operating P.T Limits absence of WPS tenefits, the in service leak and hydro-
static test temperatures might, through irradiation embrit-

If the t. asis for es'abhshing the P T limits is changed from tiement, be sufficiently elevated to require an external
ensuring crack arrest to prevention of crack initiation, reac- heating source to provide the tem ture elevation
tor operating P.T limits would likewise benefit from the necessary to perform these tests.1 inclusion of WPS

: inclusion of WPS cffects. In a manner analogous to the cffccts, based upon a " consistent" interpretation of P.T.
LTOP set points, the potential benefits come from an ele- I mits philosophy based on KIRef = XIc, would permit.

vation of the reference toughness, with respect to K a. higher vessel start up and cool-down rates. Inclusion ofl
based on Kle and the inclusion of WPS cffects on Kle. As WPS effects would benefit core operation tecause current

'

indicated in Fig. I1.4, the potential tenefits are to 9guidelines impose an additional 40'P " margin" on the
core-operation upper P T limit relative to the allowable
stait-up and cool-down rates detennined based on Sect. III.,

App.O,of the ASME Code.

11.3.3 Probability of Vessel Failure

onNL DWG 92M 3457 ETD inclusion of WPS effects would reduce the calculated
probability of vessel failure under postulated accident con.w

:

f' ditions. The potential benefits would apply to toth TS
@ (large-break loss-of coolant) and PTS (small break loss-w

E of-coolant) transients The current probabilistic fracture

*p. [ safety-margin assessment method is based on a probabilis----- ---
,

tic treatment of Ka- Kt / g IRef = K e for the prediction of crack ini-lf g llation and a probabilistic treatment of KIRef = K a for iklg1
,

g prediction of crack anest.12-16 Current methodology for
the evaluation of the calculated probability of vessel failure
does not permit consideration of the potential tenefits from
WPS;17 that is, crack initiation is assumed to take place
when the applied Kg exceeds K e during the transient,l
regardless of the history of Kg as a function of transient

B A time up to K = K e. Determination of crack reinitiation isi l
TEMPERATURE similarly based on comparison of the 9pplied Kg and K ei

subsequent to crack anest without regan! for the loading
Figure 11.4 Schematic indicating potential benefits to history. While the reasons for not considering WPS cffects

operating P.T limits from inclusion of are not explicitly stated in Ref.17, it is believed they are
WPS effects. Inclusion of WPS effects related to consideration of WPS stability, as discussed in
would low er the required test tempera. Ref.15 and in the next paragraph.
ture for in service leak and h drostatic3

tests from A (based on Kg.) to B (based on
WPS-enhanced Kge). Potential benefits There is a wide range of analysis conditions during a TS or
with respect to higher start up and cool. PTS transient for which the magnitude of the applied K1

first exceeds K e t a time in the transient at which Kg is
'

down rates, and an enlarged operating la
P.T window during core operation, also decreasing with transient time (type-1 WPS) as indicated in
follow from replacing Kj, with Fig.11.5. While current methodology would consider
WPS-enhanced Kg, crack initiation to have taken place when K 2t K c,1 i
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CONVERSION FACTORS 4

i SI unit English unit Factor
j

j mm in. 0.0393701
cm in. 0.393701
m ft 3.28084

m/s ft/s 3.28084
kN lbr 224.809;

.i kPa psi 0.145038
MPa ksi 0.145038
MPa*6 ksi. 6 0.9100484

J ft lb 0.737562
K 'F or 'R 1.8

kJ/m2 in. lb/in.2 5.71015'

W.n-3.K-1 Dtu/h.fL.'F 0.1761102

kg Ib 2.24162
kg/m3 lb/in.3 3.61273 x 10-5
mm/N in/lba 0.175127

T('F) = 1.8(*C) + 32

aMuhiply SI quan6ty by given f actor to ottain English quaraity..

t

M
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