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Abstract

The lleavy Section Stect Technology (11SST) program is methods validation, and (10) fracture evaluati' . tests. The
conducted for the Nuclear Regulatory Commission (NRC) program tas.'s have been structured to place ernphasis nn
by Oak Ridge National Lateratory (ORNL).The program de resolution fracture issues with near-tenu licensing
focus is ori the developinent and validation of technology significance. Resources to execute the rewarc h tasks r te
for the asscarnent of fracture prevention margins in com- drawn from ORNL with subcontract support from uni <ersi-
mercial nuclear rea tor prenute vessels. The llSST ties and other research taloratories. Close contact is main-
Program is orgar,ized in 10 tasks: (1) program manage. tained with the sister licavy-Section Steel Irradiation

9.) fracture methodology and analysis,(3) material (HSSI) Program at 03NL and with related research pro-r

'ritation and pmperties,(4) special technical assis- grams tuh in the United States and abroad. This report.

. ,,15) fracture analysis tornputer progr:uns, provides an overview of principal developments in eath of
(6) cleavage-crack initiation, (7) cladding evaluations, the ten ivogram tasks from April 1,1991, to September 30,
(R) pressurited thermal shock kchnology,(9) analysis 1991,
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Preface

The IIcavy-Section Steel Technology (llSST) Program, w hich is sponsored by the Nuclear Regulatory Commission, is an
engineering research activity devoted to estending and devekiping the technology for assessing the margin of rfety against
fracture of the thick-walled steel pressure sessels used in light water-cooled nuclean power reactors. The program is being
carried out in close cooperation with the nuclear power industry. Thic report covers HSST work perfonned in April--
September 1991, The work performed by the Oak Ridge Nan ..at Laboratory (ORNL) and by subcontractors is managed by
the Engineering Technology Division (El L) of ORNL. Map tasks at ORNL are canied out by the ETD and the Metals and
Ceramics Division. The following is a list of prior progress reports on this progrann
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W. E. Pennell 1
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.

The Heavy Section Steel Technology (HSST) Program is current rcponing period, HSST Program personnel pub-
conducted for the Nuclear Regulatory Commiscion (NRC) lished 7 repons and 12 papers and made numerous techni-
by Oak Ridge Nadonal Laboratory (ORNL). The pmgram cal presentations.
focus is on the desclopment and validation of a fracture-
mecitanics-based technology for the evaluation of frac-
ture-prevention margins in nuclear reacter pressure ves- De llSST Progmm management jc,ined with personnel
sels (RPVs). Prior phases of the program generned the from Framatome to organize sessions on Reactor Vessd
required technology, which was then transferred to Integrity at the ASME PV&P Division Conference held in
national consensus Codes and Standards. Subsequent San Diego, California, in June 1991. The volume of
large-scale fracture tests have revealed the need for papers from these sessions was assembled and edited at
further development and refinement of the technology. ORNL before its publication by AShtE in a voliune enti-
Irradiation effects research programs and reactor vessel tied " Pressure Vessel Integrity-IP91," AShfE-Vol. 211
surveillance programs have identified further areas where (hfPC-Vol. 32).
extension of the fracture technology is required. Recent
experience with licensing application of the technology
has also identified areas in whin addidonal development A program management review of the potential effect of
is required. Current HSST progr, m activities are struc- out-of-plane (OOP) stresses on crack tip constraint and
tured to provide the necessary frac ve technology devel- fracture toughness was completed. De review objective
opments and to support NRC in the licensing application was to determine if the potential effect:. of OOP stresses
of that technology, on fracture toughness justified experimental investigation

of this loading condition. The primary conclusion from
the review was that the predicted effect of OOP stresses1 Program Management on tracture toughness was dependent on the model used to
make the prediction. It was concluded that Fiaxial fracture

The HSST Program is organized in ter, interrelated Tnsks. tests would be required to resolve this issue,
each with its own Level 2 work-breakdown structure
(WBS) and milestone schedule. The individual Task WBS
elements and milestono schedoles are combined into the 2 Fracture Methodology and Analysis

!- HSST Program Level I WBS and milestone schedule.
~ This is used in conjunction with a cost schedule control Principal fracture issues investigated in this task during
system to track performance against objectives down to the current reporting period were (1) the effect of out-of-
the individual Task milestone level and guide the imple- planc stresses and strains on material fracture toughness,,

| mentation of necessary corrective actions. During the cur- (2) the effect of reactor vessel inertia on crack-arrest
rent reporting period the overall program cost and sched- behavior during a pressurized-thermal-shock (PTS) event,i

L ule variances were -0.6% and -12.0%, respectively, The and (3) the development of an engineering scheme for the
-12.0% schedule variance was due to an NRC-directed application of fracture mechanics principles to the analy.
change in the program to provide support to an ongoing t s of inhomogeneous materials, investigation of the latteri

- nuclear plant reactor vessel integrity evaluation. The issue was by means of support provided by the HSST
scope of this evaluation was greater than had been origi- Program to the Japanese Program for Elastic-Plastic
nally anticipated and was not fully reflected in the pro- Fracture Mechanics in inhomogeneous hiaterials and
gram WBS and milestone schedule at the close of the Stmetures (EPI).
current reporting period.

A dual parameter J ACR racture correlation, developedf
The program is staffed with personnel from the by J. Keeney-Walker, is being applied to the investigationi

Engineering Technology, Metals and Ceramics, and - of out-of-plane strain effects on fracture toughness. A
Comput ng and Telecommunications Divisions at ORNL, three-dimensional (3 D) elastic-plastic,rmite-elementi

with additional support from extensive university, consul- analysis model with the capability of providing a detailed
tant, and resear;h laboratory subcontracts. During the dermition of the crack-tip stress and strain fields is used in

xv NUREG/CR-4219, Vol. 8, No. 2

. _



, - - _ _ _ _ _ _

Executive

this investigauon. De generalized plane strain boundary conclation, was fotmd to decrease under pressum loading

condition incorporated into this model provides a capabil- becatwe of the action of the radial compressive stress.

ity for imposing a range of out-of-plane strains. In the car- This decrease may produce an increase in cleavage frac-

rent reporting period the sensitivity of the J ACR curves ture toughness relative to plane-strain values. It is impor-
to the stress selected to define the ACR boundary was tant to recognize, however, that this relaxation of con-

investigated. Results show the influence of im;nsed out- straint does not apply to thermal stresses, which are the

of plane strains on ACR to decrease significantly as the largest stresses in the pressure-vessel wall during a NS
value of the boundary condition stress increases. Selection transient,

of the correct value for this stress is clearly essential for
the further development of this model. Matching the Studies have been made of the effect of the reactor vessel
model predictions to the available fracture-toughness data dynamic response characteristics on crack arrest during a
m the plane stress ta plane strain constraint domain pro- PTS event. The vessel first-mode frequency response time
vides a basis for making this selecuon. is much longer than the time required for crack propaga-

tion. It follows, therefoie, that conditions may exist during

.
the dynamic event where the crack arrests before the.

A parallel investigation of the effect of transverse stnnns vessel reaches its equilibrium cracked configuration. The
on fructure toughness is focussing on techniques to refine intent of these studies was to (1) determine the depth of
the analysis of crack-tip stress strain fields using crack- cra;k penetration associated with the initial crack arrest
tip models with boundary conditions denved from single- under a range of dynamic response simulation conditions
parameter fracture mechames technology Prior work in

and (2) determine if the arrested crack would remain
this area used a slip-Ime-based analytical model in cc i- stable throughout the talance of the dynamic event.
junction with a stress-state-dependent, fracture-strain
failure criterion. In the current reporting period, a new
finite-element-bawd boundary layer model bes been The studies were conducted using a 180* themloclastic

developed. A stress based failure criterion has been sub. dynamic analysis model of the reactor vessel wall. A MS

stituted in place of the strain-based criterien used in the transient was selected; the OCA-P static equilibrium

previous model.To date neither model prediets any sig. model had predicted it to produce crack arrest after a 50%

nificant effect cf either positive or negative out-of-plane penetration of the wall, ne application-mode dynamic

strain on fracture toughness Calibration of these models analysis showed an initial crack arrest at a crack depth

using available fmeture-toughness data from the plane corresponding to a 36% penetration of the wall.

stress to planc strain domain is scheduled for the next Suluequent dynamic loading, however, increased the

phase of the prograrn. His calibration could influence the cmck-tip stress intensity until it exceeded the estimated

model predictions. dynamic fractum toughness of the material. Thereafter,
the crack reinitiated and propagated to a final arrest at
46% of the vessel wall thickness. This arrest depth is not

Studies of circumferenu. l crack constraint effects conun- significantly less than the 50% depth given by the OCA Pa

ued at the University of Maryland using an axisymmetric static equilibrium model. It must be recognized, however,
clastic-plastic,lirute-element model of a reactor vessel that the dynamic reinitiation toughness estimates were
with a continuoys uniform depth crack. In the current based on extrapolation of a relatively sparse data base of
reporting period the crack-tip mesh geometry was modi- dynamic fracture toughness data. . Additional fracture-
fied to overcome plastic-zone defimuon problems

.
toughness data could modify the predictions of dyriamic

encountered with the previous model. Results obtamed crack reinitiation. Note also that the influence of imy
with the revised model show little effect of out-of-plane dynamic crack arrest effect on the overall outcome of a
stresses on the plastic zone area but a marked effect of PTS analysis may be negateo when the PTS transient
these stresses on the hydrostaue to effective stress rati involves the recovery of high-pressure loading. Prior
within the. plasuc zone. Peak values of Sh/Sc are higher studies of such PTS transients show that crack-tip condi-
than the baschne plane-stmin values when an out of-plane tions will evolve long after the anest of the initial crack to
stress is applied and occur at greater distances from the produce reinitiation and further propagation of the rack.
crack tip. This observation may have implications for
fracture in the transition temperature range where ductile
failure mechanisms become important. Constraint, as HSST program support of the Japanese EPl prc jmm con-

measured by the parameter Q in the dual parameter J-Q unued. The goal of this program is to develop and

NUREG/CR-4219, Vol. 8, No. '' xvi
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validate technology for the prediction of clastic-plastic HSST Program support of the development of an ASTM
crack growth in inhomogeneous materials such as wcld combined J;c/J-R standard continued. Meetings were held
metal. In the current reporting period, testing has been to address issues associated with abnormal J-R test data
initiated on bimaterial specimens with a zone-to zone pattems.
yield stress ratio of 1.4. Data from these tests will be used
in the crack propagation model development. Three-
dimcasional clastic plastic, finite-e!eunt models are Investigation of local brittle zones and pop-ins on lower-
being used to analyze the test data and evab ate the per- bound fracture taughness of pressure vessel steels contin-t

- formance of a number of elastic-plastic crack growth ued. This work will provide data that will contribute to
estimating schemes. Effects of residual stress at the elec- resolution of licensing issues associated with the fracture-
tron-beam weld between the materiala of the bimaterial toughness curve to be used to define the low-temperature
specimens are included in the analysis. Plans have been overpressure protection (L' LOP) setpoint for operating
made for a comprehensive review of results and conclu- reactors in the current reporting period significant
sions from the EPl program to be presented in h meeting progress was made in the selection of a test material _nd
tentatively scheduled to be held in conjunction with the test configuration to consistently produce pop-ins in
ASME PV&P Division meeting in Denver, Colorado,in fracture tests his is a necessary prelude to the planned
June 1993, experimental phase of thi prograra.

3 Mateirial Characterization ancl Investigation of the effect on fracture toughness of reiniti-
Properties ation of a crack from a previously arrested cleavage crack

was completed at the University of Maryland. This inves-

The first phase of characterization testing of the A 533 B tigation was initiated to resolve concems that an arrested

plate material used in the shallow-flaw fracture toughness cleavage cr~k could produce fracture at stress-intensity

testing prograni was completed. Chairy V-notch (CVN) factors lower than those required to fracture fatigue sharp-

and tensile data were obtained for specimens cut from ened cracks. Lower fracture toughness for cleavage pre-

both the midthickness and surface regions of the plate. cracked specimens was found only in tests conducted at

The value of RTNDT for material from the surface mate- relatively high temperatures (85'C).

rial was found to be 28*C los s than that for materin!
from the midthickness of the plate. Note that specimens 4 Special,i,echn.ical Ass tanceistested to date n the shallow-flaw fracture-toughness pro-i

gram have been cut from the mi? ation of the plate. _

ne program continued to provide a service to NRC in the
evaluation of irradiation embrittlement issues relating to

investigation continued of the effects of thermal aging on the Yankee Rowe RPV. A sensitivity study was com-

the tearing toughness propenies of type 308 stainless steel pleted during this reporting period. Objectives for this

cladding material. The objectis e of this investigation is to study were to (1) assess the relative influence of key

provide data that will permit the previously reported analysis input parameters on predicted PTS failure rates

reductions in tearing toughness of inadiated stainless .al and (2) provide a means for rapidly revising the vessel +

cladding to be separated into irradiation and thermal. failure rate predictions when more accurate vessel

aging effects. In the current reporting period, tests on embrittlement estimates become available.

material aged for 1605 h at 288'C were completed. The
tests showed a 16% decrease in the CVN upper-shelf
energy; this is a significant portion of the CVN upper. He OCA-P computer program was modified to perform

shelf energy reduction (22%) previously reported for the sensitivity analysis. Principal modifications were tL

irradiated stainlees steel cladding at the same test additions of (1) a subclad and buried flaw analysis capa-

temperature. Thermal aging reduced the tearing initiation bility and (2) a spatial representation of the vessel irradia-
tion fluence. He sensi ivity analysis was completed.ttoughness at room temperature sut not at prototypical

reactor operating temperatures. Aging of specimens for Results will be published in NUREG/CR-5872,

testing in later phases of this program continues,

xvii NUREG/CR 4219, Vol. 8. No. 2
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A review and interpretation of the Inglis equations for the flaw fracture toughness made using deep-Daw toughness

nonsingular in-plane stresses at the tip of a crack were in conjunction with a mod fication of Irwin's f 3 co rection
completed. Expressions were produced for the in-plane factor showed the technique did not perform as w-il at
principal stresses on the plane of propagation of the crack, had been reported previously.
Results from this work were used in the investigation of
the effect of out-of plane stresses on fractum toughness
reported in Task 1. Shallow-flaw fracture-toughness tests on full-thickness

specimens cut frorn a PWR vessel from a cancelled plant
are planned for d.e next phase of this pmgram.These tests

5 Fracture Analys. Computer will provide data to resoive issues relating to (l) the effectts

Programs of vessel fabrication processes on fracture toughness of
the near surface material and (2) transferability of the

There was no activity on this task during the current shallow-Qaw fracture-toughness data. During the current 1.

reporting period because of the diversion of rescarces to reporting period the material to be used in these tests has

the higher priority Yankee Rowe PTS sensitivity studies been secured, and preliminary discussions have been held

reported in Tast 4. with the planned subcontractor. A specification for these
tests w ill be completed early in FY 1992.

6 Cleavage Crach Initiation
Research on the development of techniques for the gen-

Fracture toughness of shallow flaws has been found to be cration of lower-bound fracture-toughness data using

higher than that of deep flaws due to the relaxation of s nall-scale specimens was completed at the University of

crack tip constraint. Enhanced shnllow naw fracture Maryland (UM). A report on this work is scheduled for

toughness can have a significant influence on the outcome publication in November 1991.

of a FTS analysis because the majority of predicted crack
initiations are observed to be from shallow flaws. This
observation was the basis for implementation of the llSST Effects of near surface metallurgical gradients on fracture

Program of shallow Gaw testing on A 533 H material. tougbness are being investigated at UM. The objective Sr
this research is to define the metallurgically induced frac-
ture-toughness gradient in the near-surface region of

Detem.ination of the center of rotatica in the ligament plates and welds. Fracture-toughness gradients in this

remaining beneath a shallow crack is essential to interpre- region can inP.uence crack initiation from shallow surface ;

tation of the test data. During the current reporting period Daws. Results trom this work wili be used to resolve

two attemate experimental techniques for locating the issues relating to PTS analysis. In the current reporting

center of rotation were evaluated. A technique using lyriod, ORNL has cut sections from the nozzle course of

st-ain gages located on either side of the ligament neutral the cancelled Midland reactor vessel and provided the

axis was found to give the inost reliable and repeatable material to UM. UM has prepared the material for metal-

results and was selected for use in the production phase of lurgical examination. In a pcrallel action, heat treatment

the prograra, procedures ha"e been developed at UM for generating
toughness gradients in test material. Ubimately this
rescan:h aims to relate metallurgical features identified in

Two techniques for calculating Je from the test results the reactor vessel material with similar features in the test

were evaluated. One used the energy de tved from the specimens. Fracture-toughness data from the test speci-

total area under the load-displacc nent curve, w hile the mens can then be related to specific accas of the reactor

other used only the plastic ponion of that energy. The vessel near-surface region.

latter approach was found to give more consistent results
and was used in the test data analysis. This analysis .

7 C,laddm, g h,ValUat10DSshowed the ratio of lower-bound shallow-flaw toughness
to deep-flaw toughness at-60'C to be 1.6. Constraint
parameters were calculated for both the deep- and ne University of Tennessee (UT) completed a study of

shallow-flaw specimens. Updated predictions of shallow. the potential for tearing-induced crack propagation in
cladding material to cor. vert to cleasage fracture in the

NUREG/CR-4219, Vol. 8, No. 2 xviii
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rextor vessel base material. This study w" initiated in to coordinate arrangements for completion of the
response to data from the Heavy-Section Steel Irradiation interpretive report. A pcper on the projects find:ngs was
Program indicatir.g low-tearing toughness for irradiated prepared and presented at the lith SMIRT Conference in
cladding. The study concluded that mode conversion and Tokyo,in August 1991,
crach propagation from the cladding into the base material
would not occur unless rapid loading and/or unstable
crack propagation conditions were present in the cladding. One of the important results from the CSN!/ FAG project
Straining rates associated with stable crack propagation in FALSIRE was the recognition that the cause of deviations
the cladding were too low to influence fracture toughness Mween ana'ysis preditions and test results could not be
in the substrate material to the extent that cleavage frac. effectively isolated in tests involving multiple variables,
ture could b:imtiated. %is finding has influenced the llSST Program planning

for large-scale constrair't effects tests. Dese tests are

.. planned so each test introduces only one additional vari-
Other research activiues planned far this task during th.is g
reporting period were deferred to accommodate an NRC
request for a transfer of resources to address an unplanned
evaluation of dynamic effects on crack arrest, as reported 10 Fracture Evaluation Tests
in Task 2. The Task leader did, however, visit Japan fo-
d:scussions on the EPI program and PTS testing and This task performs fracture tests in support of all oth r
analysis topics. tasks. In the current reporting period the segment of the

production phase of the shallow-flaw fracture-toughness

8 Pressurized-Therinal-Shock testing program assigned to ORNL was completed.
Testing procedures and techniques developed during the

Technology development phase of the program worked well in the
pmduction tests. The remainder of the production tests e

This nsk produces the PTS analysis developments will be performed by the David Taylor Research Center. ,

required to support the PTS computer program develop-
ment reported in Task 5. Research planned for the current
reprting period was deferred at NRC request to make
resources available for the Yankee Rowe PTS Sensitivity Planning was initiated for the full-scale shallow-flaw frac.
Study reported in Task 4 ture-toughness tests and biaxial loading fracture-tough-

ness tests. Both tests require large-capacity test machines. -

Preliminary discussions were held with potential testing
9 Analysis Methods Validation subcontractors. These discussions resulted in the selection

, .

of the National Institute of Standards (NIST)in Rockville,
Validation of fracture-mechanics-based aulysis methods Manland, as the subcontractor for the full-scale shallow-
is accomplished by comparing predictions from the tech- flaw fracture-toughness tests. These tests will investigate
nology wil results obtained from large scale fracture the effect of prototypical surface effects on shallow-tlaw
tests. Activities in this task are closely coupled with those fracture toagtmess. AEA Technology in the United
of the CSNI Fracture Analysis Group (CSN1/FM Re Kingdom is a potential subcontractor for the biaxial frac-
recently completed CSNI/ FAG project for Frac- , ture toughness test. Their recer"ly commissioned biaxial
Analysis of Large Scale International Experiment (Project test facility appears to have the capacity required to meet
FALSIRE) has revealed a number of areas in which exist- the biaxial fracture toughness test specification. However,
ing analysis methods did not perform well. Activities in additional analysis will be required before this prelimi-
this :ask during the current reporting period focused on nary evaluation can be confirmed. The large-scale biaxial
completing an interpretive report on the Project FALSIRE tests will investigate the effect of out-of-plane stresses,
findings. Ris is being done as a team effort with GRS of which are generated during a PTS event, on crack-tip
Colone, Germany. A meeting was held in Colone in May constraint and fracture toughness. Test material for toth

tests has been beated and assigned.
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HEAVY-SECTION STEEL TECHNOLOGY PROGRAM SEMIANNUAL
PROGRESS REPORT FOR APRlI<-SEPTEMBER 1991*

1 Program Management

W. E. Pennell

The Heavy-Section Steel Technology (HSST) Program is overpressure protection (LTOP) setpoint criteria. (2) struc-
conducted fer the Nuclear Regdatory Commission (NRC) turalintegrity of the pressure vessel when subjected to

by Oak Ridge National Laboratory (ORNL). The program pressurized thennal shock (PTS) loading, and (3) criteria
focuses on the development and validation of technology for the evaluation of fractart margins for reactor vessels

for the assessment of fracture.preventioc. margins in containing low upper-shelf (LUS) Chrgy energy material,
commercial nuclear reactor pressure vessels (RPVs). The current HSST Program is structured to provide the

researth results required for resolution of these issues. A
summary f the program's principal research tasks is given

RPV licensing issues of current concem can be grouped * US 'I'into three primay categories: (1) low-temperature

m o.s. - m
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Figure 1.1 Summary of principalllSST Program research tasks

*This report is written in rnetnc units. Conversions frorn Si to English
units for all Si quantitics are listed on a foldout page at the end of this

report.
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Management direction and control of the program are During this report period, discussions were held with four
implemented using a ten-element Level I work breakdown suberstractors and three consultants to define the program
structure (WIIS) and a linked cost schedule performance workscope f or FY 1992. For FY 1992, consulting
monitoring system. The currem HSST Program Level 1 arrangements will give the program additional access to
WPS is illustrated in Fig.1.2. Each element of the Level I experts in the field of constraint effects on frecture
WilS represents a separate research or raanagement task toughness. Planned subcontracts will also provide the
with a designated task leader. capability for performing large scale fracture tests under

out-of plane bi.uial loading conditions. These
At the close of the current reporting perbd the program arrangements will permit the program to implenient the
cost and schedule variances were -0.6% and -12.0%, experimental phase of the investigation of biaxialloading
respectively, A midyear review resulted in the reallocation constraint effects on tracture toughnass. This research will
of program resources to accommodate the need to provide provide data to refine analysis of the response of reactor
support to the licensing esaluation of the Yankee Rowe vessels to PTS transient loading.
RPV. He -12% schedule variance was primarily because,
at NRC request, the Yankee Rowe activities were extended
to include scope beyond that covered in the midyear Four sessions on various aspects of RPV integrity were
resource reallocation. organized and chaired by S. Bhandari of Framatome and

W E. Pennell d ORNL at the ASME PV&P Division
Summer Anm - .iceting in San Diego, California, in June

S;affing for the research tasks is draw; from the . 1991, Papers twm these sessions, together with papers
Engineering Technology, Metals and Ceramics, and from two other sessions, were assembled at ORNL and
Computing and Telecommunications Divisions at ORNL. published in ASME-Vol. 213 (MPC-Vol. 32)," Pressure

,

!

Subcontracts with consultants, universities, and other VesselIntegrity- 19;1 "
research laboratories are tased to gain access to special
expertise and capabilities required for certain research
tasks. A summary of resources applied to the HSST A number of program review presentations were given
research tasks during this report period is given in Fig.1.3. during the current reporting period; the most significant of

these were (1) an overview of fracture issues relating to the
analysis of FTS fracture trorgins given to USNRC
Comtr.issioner Rogers and (2) an MNL Showcase

" " * " * "
Presentation on the role of fractur echnology in nuclear

HEA#5ECTIC4 sten TECn40t0cv M0GRAu , plant life CXtension evaluations.

u[fSe"nr,, Npd bk upW dWhmbaVU
(Finland)/ORNL fracture technology exchange agreement
were prepared and forwarded to VTT after approval by

suc a surrwecotoov mcraar Awysa messua m T>.eaun NRC, The HSST program 189, which defines objectives
A$c Awys:s -

coumun mocug - smx.x newnatecv
and resource allocations for FY 1992, was also preparedus

L and forwarded to NRC for review and approval.
L uAnna tuurna- ~ ctEAvAce caAcx Awysis uetacos

RAtok A40 m0 PERT -- 14thAT1cm - VAUDAT10h

During the current report period. HSST Program personnel
published one setniannual progress report,I two topicalseron nc= cat cteoma acusav w T>on

|.
AswAnct tv u nons -- nsis NUREG/CR reports,23 wo presentationsO ( asty ,,

) NUREG/CP documents), two ORN1/NRC Lett:r~~

(; Reports,6,7one paper in a peer reviewed joumal,8 four,,

papers %12 n technicd society proceedings,and four! -

NSW3" o i
papers in intemational proceedings.13-16 Also, seven

""-"

presentations were given at technical society
Figrre 1.2 Level I breakdown structure for HSST meetings,17-23 three presentations 24-26 were made at

Program NRC-sponsored or associated meetings, and one

.NUREG/CR-4219, Vol. 8 No. 2 2
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presentation 27 was made as an Oak Ridge National ReferenCCS
Laboratory Showcase.

1. W. E. Pennell, Martin Maricua Energy Systems, Inc.,
Oak Ridge Natl. Lab., "lleavy-Section Steel
Technology Program Semiann Preg. Rep. October

A program management sev.iew of the potential effect of 1989-March 1940, USNRC Report NUREG/CR-4219,
out ofwtane (OOP) stresses on crack-tip constraht and Vol. 7, No. 2 (ORNL/CM 9593/V7&N2), S< ptemhet
fracture toughness was completed. De review ot.ective 199t*
was to detennine if the pou:ntial effects of OOP stresses on
fracture toughnessjustified experhaentalinvestigation of
t,.R loadirg condition. Resulte from the pre @ sly reported 2. D. K. M. Shunt et al., Martin Manetra Energy Systems.

2ORNL investigation of circumferential Daws were Inc., Oak Ridge Natl. Lab.," Analytical Studies of
included in the review together with results derived from a Transverse Strain Effects on Fracture Toughness for
model formulated to investigate the effeci of OOP stresses Circumferentially Oriented Cracks," USNRC Retort
on the ad/c stress ratio at the plastic-zone boundary. Ris NUREG/CR 5592(ORNL/CM 11581) May 1991.*e

latter model used the nvailable plane-stress and planeetrain
fracture toughness data of Landes and McCabc28 in
conjunction with the stress stau -dependent, f ractme- 3. J. Keeney-Walker, B. R. Ban, and J. D. Landes,"An

duct 4ity formulation of Weiss 29 m estimate the effect of Investigauon of Crack Tip Stress Ficid Criteria for

OOP stresses on fracture toughness. The primary Predicting Cleavage-Crock initiation," USNRC Report

conclus on from the rcview was (nat the predicted elTect of NUREjG/CR-5651 (ORNL/1 M-11692), September
199I-OOP stresses on fracture toughness was dependent to an

abnornul degree on the model used to sr.ake the prediction.
It was further concluded that biaxial fratture tests would be 4 T. L. Dickson and T. J. Theiss," Potent:al impact of
required to resolve this issue. Enhanced Fracture Toughness Data on Pressurized-

Themal Shock (PTS) Analysis." Proceedings of the

3 NUREG/CR-4219. Vo) 8. No. 2
l
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U.SJ'uclear Regulatory Comndssion Eighteenth 11. J. G. Merkle,"A Sttmmary of the Law.t'pper. Shelf
Water Reactor Sgety Meeting, October 22-24.1990, Toughness Safety Margin issue," pp. 89-98 in

,

Proceedings ofl ne ASME Pressure Vessel and Pipingi- Rockville Md.. USNRC Rcpart NUREGXP-0114,
Vol 3 April 1991.* Conference, PVP Vol. 213, San Diegc, Calif.,

June 23-27,1991.t

3. W. E. Pennell," Heavy.Section Steel Technology
Program Overview," in Proceedings of U.S. iVuclear 12. W. E. Pennell," Heavy Section Steel Technology

Regu' awry Commission Eighteenth Water Reactor Program: Fractate Issues " pp.15-24 in Proceedings

Sqfety ligformation Meeting,0ctober 22-24,1991, of the ASME Pressure Vessel and Piping Conference,

Rockville, Md., USNRC Report NUREG/CP.0114, PVP Vol. 213, San Diego, Calif., June 23-27,1991.?

Vol. 3, April 1991."

13. B. R. Bass et al.," Assessment of Ductile Fractur'

6. T. L. Dickson (Al R. D. Cheverton Martin Marietta Methodology Based on Applications to Larn ,

Energy Systems, !nc., Oak Ridge Natl. Lab., Experiments," Pro.cedings o,(11th Co O ev A

"Probabilistic Fmettue Mechanics Assessment Of Structural MechaniLs in Reactor Teth ,W. ft4 ,

PWR Vessel Integrity including Crack. Arrest Datt Japan August 16'-22,1991, August 's
^

Alvwe MPa4fi Unstable Dt.ctile Tearing,"
ORhl/NRCLl'R-91/8, April 29,1991.*

14. B. R. Bass, J. S. Parrott, and J. C. Resken,

" Applications ci a 2-D Moving Finite Element

7. B. R. Bass, C. E. Pugh, and J. Keency Walket, Martin Formulation to Elaatic/Viscoplastic Dynamic Fracture
, _ .

Marietta Energy Systems, Inc., Oak Ridge Natl. Lab., Analysis " Proceedings oflith Conference on
" Assessment of Ductile Fracture Methodolosy Based Structural Mechanics in Reactor Technology, Tokyo,

on Applications to Large-Scale Experiments |- Japan. Auguu 18-22,1991, August 1991.t

ORNLfNRC/LTR-91/17, September 16,1991.*

15. T, L. Dickson and R. D. Cheverton,"Frncture

| -~ 8. L G. Merk!c,"Ar, Application of the J Integral to an Mechanics Assessment of PWR VesselIntegrity --

incremental Analycis of Blunting Crmk Behavior,'' pp. Incorporating Dynamic Crack Arrest Data Above 220'

392-432 in Defect Anessment in Components.- MPa " Proceedings oflith conference on Structural

Fundamentals and Applications. ESISIEGF9, J. G. Mechanics in Reactor Technology, Tokyo, Japan.

Blauel and K. H. Schwalbe, Eds., Mechanical - August 18-22.1991, August 1991.t

Engineering Publications, London,1991.t

16. J. Keency-Walker, B. R. Dass, and W, E. Pennell.

9. T.LL Dickson,"PotentialImpact of Enhac.ced Fractun: _" Evaluation of the Eftacts ofIrmdiated Cladding on

Toughness on Fracture Mechanics Assessments of the Behavior of Shallow Flaws Subjected to
g

PWR Pressure VesselInteg;ity for Pressceited. Pressurized.Rermal. Shock Loading "in Proceedings'

Thesmal Shock," pp.101~108 in Proceedings of the - qf1Ith Conference on Structural Mecnanics in

ASME Pressure Vessel and Piping Conference, PVP Reactor Tet knology, Tokyo, Japan, August 18-22,-

Vol. 208, San Diego, Calif., June 2k27,1991.t 1991, August 1991.t~

10. D. E. McCab:, "A Comparison on Weibull and pre 17. D. J. Alexandes," Data Shifting and Curve Fitting for

Analysis in the Transition Range," pp.141-148 in J.R Carves," presented to the Task Group on J e TestI
'

/ Proceedings ofthe ASMEPressure VesselandPipirg Method af E24.08, Indianapolis, Ind., May 6,1991.

! = Conference, PVP Vol. 213, San Diego, Calif.,
June 23-27,1991,t

!

.
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18. T. L Theiss," Influence of Crack Depth on the USNRC Office of Recctor Regulation, Oak Ridge,
Fracture Toughness of Reactai Pressure Vessel Tenn., May 16,1991.
Stect," presented at ASTM Symposiem on Constraint
Effects in Fractue, Indianapolis, Ind., May 8,1991.

2L B. R. Bass and L Keency-Wulker,"Cornparison of
Analysis Methodologies for Predicting Cleavage

19. R. K. N9nstad. "Comparbon of Kje Curves and HSSI Arrest in a Deep Cra k in a Reactor Pressure Vessel
Progt 1)ata," presented to the Working Group on Subjected to Fressurized Thermal-Shock Loading
Flaw L,aluation of Section XI, OrlandA Fla., Conditicas," presented at an NRC-sponscred Meeting
May 21,1991, on Dynamic Fracture Analysis, San Diego,Cahf,

June 2748,1991.

20. J. G. Merkle," Discussion of Methods for Calculating
Tensile Instability in the Remaining Ligament," 26. W. E. Pennell," PTS -- Current issues and Researt h,"
presented at ASME Section XI Working Groep on presented at a meeting with USNRC Cornmissioner
Flaw Evaluation, Orlando, Fla., May 21,1991. Kenneth C. Rogers, Oak Ridge National Laboratory,

August 20,1991.

21. D. E. McCabe et al.," Investigation of the Bases for
Uw of the K e Curve " presented at the 23rd ASTM 27. W. E. Pennell," Nuclear Plant Life Extension-Thei
Natiorul Symposium on Fracture Mechanics, College Role of ORNL Fracture Technology Research,"
Station, Trx., June 18-20,199 Lt presented at Oak Ridge Natior,al Laboratory.

Septembe, 11,1991.

'

J. G. Merkle,"Near Cmck Tip Transverse Strain22.
Effects Estimated with a large Strain Hollow 28. J. D. Landes and D. E. McCabe,"Effect of Sec4n
Cylinder Analogy," presented at the 23rd ASTM Size on Transition Temperature Behavior of
National Symposium on Fracture Mechanics, College Structural Steels," Fracture Mechanics: Ftfreenth
Station Tex., June 18--20,1991.t Symposiwn, ASTM STP 833,1984, pp 378-39.t

23. D. K. M. Shum and J. G. Merkle," Crack initiation 29. V. Weiss, Syracuse University," Material Ductility
Under Generalized Plane Strain Conditions," and Fracture Toughness of Metals," Proceedings of
presented at the 23rd ASTM National Sympatium on the international Corference on Mechtmical Beharior
Fracture Mechanics, College Station, Tex., June 18- of Materials, Kyoto, Japan, A ugust 15-20,1971, The
20,1991,+ Society of Materials Science,1972.t

24. W. E. Pennell," Review of the Heavy-Section Stect
_

.(* fr'ct[i
" " " ' "" "Tecnnology (HSST) and lleavy-Sec tion Steel '

'
1

Irradiation (HSSO Programs " presented to the ? wilable in public technical 1.branetA

,

5 NUREG/CR.4219, Vol. 8, No. 2

1

I

~ _ _ _ _ _ _ - _ _ _ _ _ _ _ - - __ _ _ _ - - - - - _ _ _ - - - _ -___ - - - - - _ _ _ _ _ _ _ - _ - - _ - _ _ _ _ _ _ _ - __ - _ - _ _ - _ _ _ - _ - -__----- - - - -_



2 Fracture Methodology and Analysis

B. R. Bass'

)
2.1 Introduction 2.2.1 Fracture Analysis of a Compact Tension

Specimen Subjected to Generalized
The following sections describe recent advuces made in Plane-Strain Loading (B. R. Bass * and
the coordinated effort teing conducted under the HSST J. Keeney-Walker *), ,,

? 5 Program by ORNL and several subcontracting groups to
e *he experimental data base and the analytical tools

k7
The effects of negative and positive out-of plane strain ca

- . r. # w construct improved fracture models for RPV
local crack-tip fields in a model of a IT-CT specimen are

h "
desenbed in this section. Results presented here are an

'

y d extension of studies previously performed on the same
' specimen and reported in Ref. I and Chap. 7 of Ref. 2.

During this report period, work continued on an investiga- Analyses were carried out on a 'bree-dimensional (3 D)

tion of the relationship between positive straining parallel finite-element model of a compact-tension (CT) specimen
that assumed an incrementa' elastic-plastic constitutiveto the crack front and crack-initiation toughness, an analy-

sis of the near-crack-tip region using modified boundary- formulation and generalized plane stram (GPS) loading

layer models, an analysis of a proposed large scale biaMal conditions. A parameter based on the area, ACR, enclosed

test specimen, analytical studies of dynamic crack arrest in Ethin a contour of critical maximum principol stress

RPVs subjected to PTS loading, and the Joint Japanese / ahead of the crack tip was used to correlate these local

Umted States Elastic-Plastic inhomogeneous (U.S. EPI) crack-tip fields with applied loading at initiation. Results of

Program for the development of an engineering estimation these correlations are presented for a range of imposed out-
Of-P ane strain values and postulated critical maximurnlscheme applicable to inhomogeneous materials and strue.
pnncipal suesm.tures.

He methodology employed here is based on a correlation
2.2 Applicability of Plane-Strain procedure constructed by Anderson and Dodds to remove4

Fracture Toughness Toward the the gmmetry dependence of cleavage fracture-toughness

Evaluation of Circumferential ute f r sinsle edge-notched bend (SENB) specimens of
A36 steel for a range of crack depths. This procedureSllrface Cracks -

utilizes a local saess-based criterion for cleavage fracture
and a detailed plane-strain, finite-element analysis.

The objective of this subtask is the development of analysis Dimensional analysis for small-scale yielding (taken from

methods for esthating the decrease in crack-initiation Ref. 4) implies that the principal stress ahead of the crack

toughness, from a reference planc-strain value, as a result tip can be written as

of positive straining along the cmck front of a circumferen. 2 T'

tial flaw in an RPV. His objective is accomphshed by h=f (2.1).

I (o A,examining the Mfluence of a given magnhude of the trans.
wrse strain on the near crack-tip fields. The results from
the stress and strain analyses (disecssed in Sect. 21) are where ao is the 0.2% offset yield strength, og is the maxi.

viewed in the context of various fracture prediction models, mum principal stress at a point, and A is the area enclosed

thereby providing it methodology for estimating the influ. by the contour on which og is a constant. The strategy

ence of positive transverse strain on fracture toughness, employed in Ref. 4 utilizes a fracture criterion dependent
upon achieving a critical volume VCR within which the
principal stress is greater than 01. For a specimen subjected

i

l

* Computing and Telectrnmunicadons Divisiac, Mamn Manena Energy *Curnruting a . Telecommunicadons Dwision, Mardn Marieua Energy
Systems, Inc., Oak Ridge. Tenn. Sy stemi. Inc., ak Ridp.Tenn.

7 NUREG/CR-4219, Vol. 8, No. 2
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to plane-strain conditions, the volume is equal to the given by to e co/E, w here 00 = 480 MPa is tne yield

specimen thickness B times the area within the ci contour stress).

on the midplane (V = B A). For a given J value applied to
the r,ccimen,it would be expected tnat 'he area A v:ithin
the o j would increase with increasing out-of-plane strain
values. Equation (2.1) is the appropriate normalization for The relationship between the area ACR enclosed within the

small scale yielding solutions when using the latter fracture critical maximum principal stress contour defined by opt =
oCRIT and the applied J as a function of out-of-plane1criterion based on volume or area.
strain for the GPS model of the IT-CT specimen is shov.n
in Figs. 2.1 to 2.3 for oCRIT = 1375,1400, and 1425 MPa,

The 3 D model of the TT-CT specimen (described in Ref.1) respectively.The J vs ACR correlations depicted in Figs.
s 2.1 to 2.3 exhibit a decreasing sensitivity to the magnitude

was analyzed using the ADINA finite-element program
and the raateriel properties for A 533 B steel at -75'C taken of out.cf planc strain as the critical principal stress is

from Ref. 6. An incremental clastic-plastic constitutive increased from opi = 1375 to 1425 MPa. These results may

model was used for these eulyses. For all cases, Young's provide an estimate of the elevation or reduction of critical

moduhis was taken as E = 205.9 GPa and Poisson's ratio as
load (or J) required for achieving a critical area for cleav-

y = 0.3. The multilinear truc-stress strain curves for the age initiation ACR as a function of the out of-plane strain.

material are given in Ref. 5. A material nonlinearenly in particular, a critical value of Jg measured at crack initia-

(MNLO) formulation (small-strain theory) was used to tion under plane-strain conditions can be used to estimate

model the strain response to deformation. A 2 x 2 x 2 the critical JI value required for initiation under generalized

Gauss point rule was employed to compute the global stilf. plane-strain (GPS) conditions (tJeo a 0.0), as shown in

ness matrix. Incrementalloading was applied to the load Figs. 2.1 and 2.2, if the estimate of {{ahn et al.7 for the

pin hole of the model in the form of a cosine function with cleavage microcrack propagation stress for individual
grains of ferrite (o !- 1380 MPa) is employed as thea resultant maximum load of 35 kN. In tests of IT-CT p

specimens at T = -75'C (described in Ref. 6) cleavage critical value, J vs ACR correlations imply a reduction of

initiation was achieved at loads of 29 and 35 kN. <9% (relative to planc-strain conditions) in applied Kg
CR or cleavagefvalues required to achieve a entical area A

initiation in the case of positive out-of-plane strain satisfy-

The 3-D model of the TF-CT specimen was andyzed for the ing edco n 0.5 (Fig. 2.1). With increasing values of posi-

load cases given in Table 2.1. In Table 2.1, the normalized live otst-of-planc strain satisfying cdro > 0.5, the J vs A RC

out of-plane strain for case 1 (c / co = -1.05) was selected relation no longer follows the monotonic trend of Fig.2.1
z

to yield a computed 1 value egaal to the experimentally as a function of the parameter edeo. This is illustrated in
1

. determined J value of 0.0263 MJ/m reported in Ref. 5 for Fig. 2.2, where result, for the case cdro = 0.7 are given for2
1

the initiation load of 35 kN. (The normalizing srain to is critical maximum principal stress values of

\
Table 2,1 Out of plane strain conditions imposed ou GPS model

ofIT CT specimen

Normatized J at CTOD (S ) d = S /J/co attt
out of plane maximum at maximum maximum

Load case strain * load load load
(clcol (kJ/m ) (mm) (mm)z 2

1 -1.05 26.412 0,02732 0.49M

2 -0.5 22.703 0.02512 0.5311

3 0.0
.

22.594 0.02503 0.5317 >

(plane stram)
4 +0.5 22.679 0.02486 0.5262

5 +0.7 24.170

''Marimum/ minimum imposed unifonn sinint maximum load of 35 kN applied at loat pin hcile;

r " CoM Co = 480 MPa.o
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p) -

r[ 0.020
- [ -

p
E
9 /p -

n
4 s

f
'

0.015 - g 0.015 NORMAllZED STRAIN -

O A f N0RMALIZED STRAIN 8 (t/c )
^

o

[ , (t/r) 2 0 -1.05d
o

k O.010 . [ U 1.05 . Q o.o1o , f+' o 0.5 _

o -0.5 % a 0.0
6 0.0 . * + 0.5
* +0 5 *''

0.005 - o.005 -

(cent = 1375 MPa) (acnt c 1425 MPa)
i

/ .

' ' ' ' ' ' ' ' ' ' ' '0 - 0
O 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

2 2CRITICAL AREA (mm ) CRITICAL AREA (mm )

Figure 2.1 Applied.) vs area A within maximum prin- Figure 2.3 Applied J vs area A within maximum prin-
cipal stress contour of opt = 1375 MPa for cipal stress contour of o i = 142$ MPa for "

p
IT CT specimen subjected to four cases of IT-CT specimen subjected to four cases of
out of plane strain out of plane strain t

" " ' * * * " * "
o t =.1400 MPa. This onset of nonmonotonic behavior inomo p' ' ' ' ' '
the J vs ACR relations coincides with the development of a
plastic zone at the back face of the CT specimen, as

0.025 - [ - depicted in Fig. 2.4. These results imply that a correlation

# is not viable for the CT specimen model under conditims
g' corresponding approximately to rifc0 > 01

~

y 0.020 - -

8 >
3

The J vs ACR correlations shown in Figs. 2.1 to 2.3 illus--
.

NORMA D STRAIN _
g

' O.015 -

2 .- 0 -1.05 on establishing the existence of critical og values that cor-

% 0.010 -
.

0 05 - relate fracture-toughness behavior over a range of trans-
a 0.0 verse strain values. To accomplish this objective, studies

; * +0 5 were initiated to apply the methodology to existing frac-# 'O'70 00s - ture toughness data to validate and calibrate the modelin
("m- 1400 Wa) the plane stress-to-pane strain domain. Analyses of three-

j dimensional (3-D) finite-element models of compact, , , , , ,

specimens (trom Ref. 8) having a common plan form of a0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
4T specimen and thickness varying from C.4 to 4.0 in. are

2
CRITICAL AREA (mrr ) anticipated to provide critical og values for correlating

toughness in the cife0 < 0.0 strain domain. These critical
Figure 2.2 Applied J vs area A within maximum prin-

cipal stress contour o/ opi = 1400 MI a for og values will then be used to estimate toughness correla-
.

IT-CT specimen subjected to five cases of tions in the positive out-of plane strain domain. Results

out-of-plane strain from these calibration analyses will be reported in the

9 NUREG/CR-4219, Vol. 8, No. 2
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onNL-DWG 91M 3(45 ETD regiori that w ill provide a more detailed and realistic

(a) description of the near-crack-tip fields than was available in
M 528 - F - 35; E - O py 1990. Results from these near-tip analyses will provide

r impcoved inputs to the various fracture toughness predic-
tion models developed in the first phase of this work,
thereby providing the framework for evaluating and modi-
fying the various frxture models,

d
A modified-boundary-layer fonnulation has been adopted
in the finite-element description of the near crack tip

(b)
M 528 - F . 35; E - +0.50 reilon. In a modified boundary-layer formulatior, the in-

plane geometry and loading conditions pertinent no a cir-
cumferential flaw are naturally incorporated into the analy-
sis as remote boundary conditions, such as the imposition
of remote K- or J-fields. Such an approach permits the
evaluation of near-crack-tip stress and strain fields with a
degree of accuracy not economically achievable with con-

-I ventional application of the finite-element method to frac-g
tura problems. The modified-boundary layer approach is
used to evaluate the merits and implications of various

(c) M 528 - F 35; E - +0,70 fracture-toughness prediction models within the transverse
strtin context.

,

l

In addition to its relevance to the transverse straining, issue,
it .is emphasized that the finite-element-based, near tip

Z
model development from this subtask,in the form of a-I 'g3
modified-boundary-layer model, is also expected to address

_

various issues related to the transferability of small- and,
'

large-specimen toughness data to RPV applications.

Figet 2.4 Region of plasticity in GPS model ofIT-CT Specifically, these issues include the problem of estimating

specimen corresponding to maximum pin the elevation of toughness that occurs because of transverse

load of 35 kN and threc values of out-of, contraction in a small surveillance specimen tested in the

plane strain. (a) e /co = 0.0, (b) ct c o = 0.5, transition region, providing an explanation for the apparent/z

(e) c4 c o = 0,7 toughness enhancement obtained in the ORNL wide-plate/
tests / and the interpretation of shallow-flaw toughness
values obtained within the HSST Program. The unifying

upcoming milestone report on circumferential flaw studies feature in all these issues appears to be the role of the
that will be completed in FY 1992. Ultimately, validation second parameter and the degree of transverse strain on the
of the methodology in the positive stmin domain must associated fracture problem. A brief description of the
depend on application to measured data from the planned essential features of such an approach was given in a
biatial testing program. pievious semiannual report.

2.2.2 Modified-Boundary Modelof Near-
-

Crack-Tip Region (D. K. M. Shtim) ' As an alternate explananco. G. R. Irwin. frorn the University of
Maryland, has proposed that the elevadon in crack-inid dm toughnc1s

6
The primary focus of this subtask is on the development of for the ORNL wide-plate tests is due to crack dp blundng that occurn:d

Jag specunen fawadon. Masnurn cimageanmadan values ofa finite-element-based description of the near-crack-tip
KpK[c - 4 were compned for the WP-1 series of tests.

NUREG/CR-4219, Vol. 8, No. 2 10
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Detailed small-strain u finite-strain solutions for the 2.2.3 Analysis in Support of the Proposed
r. ear-crack-tip stress and strain distributions for a number of ORNL Iliaxial Test (D. K. M. Shum)
m0terial models, including a material similar to unitradi-
ateo A 533 grade B steel at 120'C, have been obtained

I~inite-element analyses have been performed in support of
using the finite-element program ABAQUS for various the proposed ORNL biaxial test specimen using the com-
combmations of in-planc and transverse loading conditions.

mercial code ABAQUS. A material model that simulates
Specifically, the loading conditions examined are those for tie effects of irradiation on the tensile properties of RPV-
which the in-plane loadmg is characterited by the stress- grade materials was adopted. A detailed model of the cen-
intensity factor K (only), and the magnitude of the tral section of the proposed biaxial test specimen,corre-
transverse stram ranges from -1 < e2/co < 1, where e is the sponding to the location of maximum crack depth, has beenz
magnitt;de of the tmnsverse strain and to is the unlaxial

constructed for the i urpose of evaluating the near-crack-tip
yield strain in tension. Within the range of transverse fields of this specimen under uniaxial and biaxial loading
strains considered is the case of plane strain where e /co =

conditions. This detailed (full-field) model resolves thez
0.'lhe plane-strain solutions serve as the reference stresses and strams within the neighborhood of a few crack-
solutioru upon which the effects of transverse strain on tip-opening displacements (CTODs) ahead of the crack
toughness can be examined. Preliminary analysis of the front while accurately incorporating the overall geometry
finite-element results indicate the " crack-opening" stress of the proposed specimen. A 2-D, modified-boundary-
distribution within the finite-strain region, within which the layer, finite-element model of the crack-tip region of the
cleavage fracture response of a material is determined, biaxial specimen has also been developed to provide
agrees qualitatively with previous predictions based on a nterpretadon of the full-field and modified boundary-layer
GPS slip-line description of the finite strain region, models under planc-strain and GPS conditions. Analysis

results are being incorporated in a report on circumferential
flaw stuales.

The effects of transverse strain on the near-crack-tip stress
distribution. when the in pla . loading is characterized by 2.2.4 Constraint Effects for Circumferential
K only, appear qualitatively similar to the effects of the in- Flaws (C. W. Schwartz *)
plane T- and Q-stress on the near-crack-tip stress distribu-
tion of the associated plane-strain problem where K again 2.2.4.1 Introduction
serves as the in-plane loading parameter. It has been pro-
posed that T. and/or Q ,ress,in conjunction with K or J. During this reporting period, work focused on further inter-
could form the basis for a theoretically rigorous extension pretation of our previously reported analysis results for9

of conventional one parameter fracture mechanics concept- circumferential flaws and of the quantitative implications
To examine the relation between transverse strain and T- of these results for the elevation of fracture toughness for
and Q stress, detailed finite-element solutions for the near.

reactor grade steels.
crack tip stress and strain distributions under various K-T
and K-T-e /0 combinations have been generated. Inter.z
pretation of the detailed near-cmck tip solutions using vari- To review, the purpose of the preOusly reported analyses
ous fracture-toughness models is continuing. Note that the was to compare constraint in the circumferential flaw con-
effect of a given magnitude of the transverse strain or th"

figuration with that in a corresponding reference plane-
T-stress on the near tip fields is nonsymmetric. Specifi- strain condition. The flaw geometry considered in these
cally, a given positive magnitude of the transverse strain or analyses is the limiting case of a continuous inner circum-
the T-stress does not influence the near-tip fields from the ferential flaw in a cylindrical pressure vessel. ihree differ-
reference plane-strain, small-scale-yielding solutions nearly ent loading conditions were analyzed: (1) a n ference
as much as a given negative magnitude of these quantities. plane-strain condition under axial loading om, '2) axisym-
Interpretation of this asymmetry in terms of fracturc pre- metric conditions under axial loading only; and .0 axisym-
diction are included in the milestone report on circumferen- metric conditions under combined intemal pre mre, crack-
tial flaw studies to be issued in FY 1992.

face pressure, and axial loading. Details of the geometry,
loading conditions, material properties, and other analysis

*Uruversity d Maryland College Park. Maryland.
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a*.sumptions are given in Ref 9. The principal finding from ments. At the crack tip, the element side length equals 0.1
these analyses was that the crack-tip constraint, as quanti- mm and increases somewhat through several transit. ion

J fic4 using the Q-stress approach proposed by O'Dowd and zones with increasing distance from the crack tip.
Shih,10was lowest for the axisymmeuic/ combined loading
configuration, with progressively increasing consuaint in
the axisymmetric/ axial loading and reference plane-strain Resolution of the crack-tip yield zone was excellent with
configurations. The reduction in constraint in the axisym- the revised mesh, permitting precise calculations of the ;

metric / combined loading configuration was attributed to in- yield zone areas. The trends in yield zone area with applied ]
plane sues biaxiality caused by the radial compressive load J are summarized in Fig. 2.5 for the ssisymmetric/ .;
stresses in the combined loading case. For these pme axial load and axisymmetric/ combined load configurations. J

mechanical loading conditions, the in-plane influence ne range of J values in Fig. 2.5 corresponds to intemal
appears to dominate any out-of-plane influence caused by pressure values up to and slightly beyond the maximum
the tensile hoop strak 'ralel to the crack front. His allowable loading for a reactor vessel (~17.5 MPa or 2500
dominance will din ander PTS loading scenanos, psi). Over this loading range, the two loading configura-
however, when the crack plane stresses are generated - tions exhibit virtually identical yield zones. Two explana-
primarily by thermal rather than mechanical loadings. tions for this result are possible: (1) the differences in con-

straint between theT two configurations are negligible, or
(2) the effect of the constraint differences on the yield zone

However, some problems and/or apparent inconsistencies extent is insignificant. Although the implications for cw-
were observed in these analysis realts. Specifically, the straint as given by the Q stress approxh and by thr hydm-
trends in yield zone extent at the crack tip that should static constraint factor are somewhat contradictory, both
mirror the trends in crack-tip constraint were difficult to measures predict constraint variations among the three
dete mine because of details of the finite-element mesh loading configurations; thus it appears that the second
design. In addition and more important, the trends observed explanation given previously is more plausible. Becouse
in the hydrostatic constraint factor h = odo rt contradicted yield zone area is an integrated or more " global" measuree

the trends indicated by the Q-stress approach; in terms of h, of constraint, it is conceivable that differences in
the axisymmetric/ combined loading case exhibited the the details of the crack-tip fields-particularly in the

- highest constraint, with progressively decreasing constraint regions away from the tip but still within the yield zone-
in the plane-strain and axisymmetric/ axial loading may produce similar aggregate levels of yielding while still
configurations. Rese results have been re-examined to producing different near-tip [i.e., with r/(J/co) ~ 10] stress,

address these points. fields and associated constraint levels.

2.2A.2 Yield Zone Extent om..owa omous cro
3.o , , i i

The original analysis employed a conventional focused' bA2.5 NEDL D -

element mesh des,gn m the crack-tip region. De primaryi

criterion in selecting a mesh design is that the element 2.0 - -

dimensions be sufficiently small to capture the stress / strain -y
L singularity at ti,e crack tip. Although the discretization in g t5 - -

i the crack-tip region was very fine, with an element radial g
LU ' ~

dimension at the crack tip of ~0.02 mm (r/a = 0.0000371), Q
the elements increased in size with distance from the tip. o.5 - -

,

| - For computing yield zone areas, the elements are thus the

| largest-and thus the resolution of the solution is the 0 - -

|' smallest-at the locations where the yield zones differ most , , , ,"among the three loading configurations, that is, the outer 0 0.02 0 04 0 06 0.08 nao
extremes of the yield zones- J (N/mm)

Figure 2.5 Yield zone area as function ofload level.

To obtain a more precise calculation of yield zone extent, a Maximum load level corresponds to maxi-

new mesh was designed that replaced the focused element mum allowable internal pressure loading for

mesh at the crack tip with an assemblage of square ele- vessel

NUREG/CR 4219, Vol. 8, No. 2 12
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12A.3 flydrostatic Coustraint Factor axis) mmetric/ axial load (Fig. 2.7) configurations exhihit
nearly identical trends for h in the near-tip region. Close

9Previous exannnaCons of d.c variationof:he hydrostatic cramination of the ruults for the axitymmetric/ combined
constraint fnctor h a'ong the crack plane (0 a 0) with dis- load et,nfiguration (Fig. 2.8) suggests a close similarity
tance from the crack tip fottnd that h is flightly lower in the with the results for the other two loading cases for locations
atisymmetric/aial load configuration than in the planc. very near the crack tip, that is, for r/(J/co) within -2.
strain conhgurrion at similar distates and that h Unfortunately, it is within this zone that the small ste:in
decreases with increasing losd for both of these configura- formulation used in tire finite-element calculations is
tions. For the axisymmetriclecenbined load configtaation. in alid. At greater distances from the crack tip, the h con-
however, h was significantly yeater (Lan in both of the toun for the asisymmetnc/ combined loading configuration
other trio cases, This trmd contradicts that observed in the. are markedly different from the other two loading cases;
Q-stress approath- that is, they indicate significantly higher constraint that

extends for greater distances from the t:p. Thb is a product
of the high out-of plane hoop stress in t' e combined kud.

A more comprehensive view of the tr:nds in h at the crack ing case,
tip is given i:. Figs. 2.6 to 2.8, which show the contours of
h within the near tip region for the phe-strain, axisym-
metrical / axial load, aad axisymmetric/ combined Icod con. The inconsistent indications for constraint suggested by the
figurations, respective!y. 7he plane. strain (Fig. 2.6) and hydrostatic constraint factor and the Q stress approach has

oRNL-oWo 91M x,47 ETO oRNL oWG 91M 3648 ETo
15 15 7-i 3 ,

PLANE STRAIN AXISYMMEL..C/ AXIAL LOAD ONLY

10 - - 10 -

r : -

2 ;1n a j
5 - - 5 - % -

' ' ' 0 ' '0
O 5 10 15 0 5 10 15

r/W/c ) r/ Win )o o

Figure 2.6 Contours of hydrostatic constraint factor, Figure 2.7 Contours of hydrostatic constraint factor,
o /Cen,in crack tip ragion for plar.e-strain o / err,in crack-tin region for axisym-mGm
configuration under axialloading. Load metric configuration under axialloading.
level p /co = 0.25,J/(aco) = 1.13E-3 Con. Load level p /co = 0.25,J/(aco) = 107E 3.
tours corre< pond to o /c n equal to 1.5, Contours correspond 1o o /0 err equal to 1.5,m e m
1.75,2.0,2.25, and 2.5 (outermost to inner. 1.75,2.0,2.25, and 2.5 (outermost to incer-
most contours) most contours)
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crwowo mu x.o Em mechanical loading indicates that the Q value for the
15 .

a>.isymmetric/ combined loading condition may range (bwe, 8

AXISYMME mlC/ COMBINED LOADING to -G25 or -0.3 for J values correspondirg to maximum
./ allowabb intemril pressures in an actual reactor vessel. The

next logical qacstion is "Wlat is the magnitude of the
expected apparent toughness entresponding to this con,

g . /,/j straint lossT' A preliminary answer can be obtained by
considering the experimental data obtained by Reiss and

/ Bryson!I on shallow-Gaw SEND specimen.t of A 533 B

[ j/ _ ./ steel.

/-5 - *
#

-

Figure 2.9 shows the cornparison between the Ke values
measured by Theiss and Bryson!I and the computed Q. All'

data are for A 533 il steel sr 40*C The Q values were
inteipolated from the r . Al-Ani and Hancock12
obtained from a 2-D t ; s of the SENB configuration
for a power. law constitutive model with a hardeningI Lo

o L' to 15 c' ponent n egaal to 13. The experimental data for a/W
tvo ) . equal to 0.1 tind 0.5 have eaci. oeen averaged; in Fig. 2.9 *

n

Figure 2.8 Contours 01 hydrostatic constraint factor, these data are represented by boxes, with the center of the

o /c ff,la crnck.tip region for axisyni. bot representing the avemge anc the extent of the box
m r _

indicating the data range. For a/W = 0.15, only one datametric configuratlun under combined load-
ing. Load lenel palco a 0.25.S(aco) = L54E, p int i.t asailable and is indicated by an open circle on the

N *NPPof''nd lawer bounds for the Ke vs Q trend areE3. Contours corregoud to Um/ctri equal to
als dehmited on the figare.L3,1.7.% 2.0,2.25,2.5, aud 2."1J (oatermost

. to innermost costours)

. . rJANL .DWG OWI Wil rTU
important .imph. canons for fracture in . he transition reg. ion. 400
.

. i r i i i
ne hydmstatic constraint factor is mmt relcyant for ductile
void-growth fracture mechrisms that at: govemed largely %,'g

_by stress triaxiality, while the Q-stress approach is rnost
,

*
relevant for cleavage fracture mechanisms governed largely .-s
by maximum principal stsess. In the transition regica, both r N

\.' N ~

imechanisms are active. Additional analyses of the very '}E SENB
near-tip fracwre process zone (within r/(J/co) = 21, using a g "oo - aw.Ot sENa
large strain formulation, may provide some additienal ;:i. ' .. aw-015 \
insight into the relationships between these two corutraint v" ' ~ ~ _ , , , , N
measures, However, the question of which mechanism .$.81. . . .. . '.5%.s.g y

g
dominates, ductile void growth or cleavage, and thus which SEND'''

'SW-05
constraint measure (or combination of measures) is most
relevant will require comparisons of analytical results with

' ' ' ' '
measured toughness values from experiments conducted o

42 40 m -o e -02 0
over a range of constraint conditions.

2.2.4.4 Quantitative Effects of Couitraint for A $33 B Figure 2.9 Ke as function of constraint measure Q as
Steel inferred frora experimental data by Theiss

11and Bryson for SEND specimens of
Application of the Q. stress approach to the analysis results

A 533 D steel
for the circumferential flaw configurations under pure

.

! NUREG/CR.4219, Vol. 8, No. 2 '14
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Tie claavage fracture-toeghness Kje hould conespond to age arrest and reinitiation of a deep crack in the wall of ans

de case of Q equal to zero, that is, the case of pure HRR- RPV were cortsi& red, ircluding circumstances under
dorninated fracture. This iracture taughness is illus7ted by which c . ain quasi-sta:ic methce can be used to a;)proxi,

1 the dashed horizontal line in Fig. 2.9. For Q values iruin mate results from dyramic formulations. Levels of conser-
) -0.25 to -0.3 corresponding to the clicumferential flaw vatm assmiated with applications of these methodologies

analysis results at the maximum allowable combined to code-based analysis of RPVs were also considered.
-

mechanical loading condition, Fig. 2.9 suggests that the
apparent fracture toughness may be elevated by perhaps an
average of 25 to 30% Based on results from the Integrated Pressurned 'Ihermal.

Shock (lVTS) Program 13-15 und other studies, NRC

estabhshed the PTS ruh (10 CFR 50.61) to inmre the
; These admitudly limitch.talyses suggest that mecha'11 integrity of RPVs under PTS transients. Plant specific

cdly loaded circumferential flaws under cleavage-domi- analyses must ba puforried for ar.y plant intended to
_

*

nated conditions may exhibit usable increases i apparent operate beyond the tweening criteria defined in the PTS
fracture toughness. Certainly, m''re refined analyses of rule. A typical quasi-static mellulology for perfonning
these and other operimental data are required to establish probabilistic deterministic and probabilistic fracture
confidence 1:a these types of quandtative predictions. mechanics analyses is embodied in the OCA-P comp.ner
A&litiottal geometri; material property, and . ding con- program,16 which is referenced in tne IPTS study. The
ditions must also be considered. Most importantly, the OCA-P program was developed at ORNL specifically for
effect oo ':enstraint of the Erge therm'lloading usociated simulating the cleavage fracture response of an RPV
with MS scenarios must s'ill be investigated. The relative subjected to a FTS cvent.
magnitades of the thermal and mechanical loading compo-
nents in the FTS lo3 ding will rkely produce moie sevcir
constraint conditions at the crack tip. Several recem mudies L18 have been critical of thel

methodology incorpoeated into OCA-P for predicting crack

2.3 Dynanu,e Fracture Analysis of arrest [i.e., linear clasuc fracture mechanics (LEFM) prin-,

cip;es and sinie equilibnum tssumptions) may be overly
Pressure Vessels conserwive when used in conjunction with the American
0. Kcency-Walker,* B. R. Bass,* and Society ofMechanical Engineers toiler and Pressure
W. E. Pennell) VenelCode (ASMEB&PV Code), Sect XI, crack arrest

data.19 Specifically, n'sults from dynamic calculations are
2.3.1 Introdttetian used in Refs.17 and 18 ^o argue that currently accepted

,,

ASME Code procedures arc overly conservative in crack-

Analysis of PTS events in RPVs requires an understanding anest predictions for the case where an initially shal!ow
of conditions that govern initiation, rapid propagation, crack anesa deep in the wall of a vessel. The argument is
arrest, and ductile tearing of cracks. In PTS seemirios, based on the obserwion that the time interval for crack

inner surface cracks in an RPV have the greatest propensit:v
propagation is considerably less than the fundamental

to propagate because they are located in the region of high period of the stmetural response. In particular, the bending
est thermal stress, lowest temperature, and grea:est irradia, response of the struerure that provides additional loading ofe

tion damage. lf such a crack begins to propagate radially a deep-arrested crack in a condition of static equilibrium is

through the vessel wn!!Jt will extend into a region of small during the crack propagation event; bending does not
highe'r fracturi toughness due to the higher temperatures develop until well after crack arrest has occurred. Conse-

and less irradiation damage. Because crack initiation is a quently, analyses, such as those performed with OCA-P,
credible event in a FrS transient, assessment of vessel that incorporate influence coefficients based on full bend-

integrity requires the ability to predict di phases of a frac. ing of the structure predict larger crack cxtensions oad a
ture event. This study examined several of the issus.s higher apparent material toughness requecd for crack arrest

related to developing and evaluating fracture mechanics than would be predicted by a dynamic analysis,

methodologies that can be used Im performing these
assessments Specifically, procedures for predicting cleav-

Several of these issues wcre examined quantitatively
*cermung and T*iecommunicauens Division, Mann Maneua Energy through static and dynamic analyses of a hypothetical RPV
Synerns.tr Oa| tidge. Tw subjected to a FIS transient. Analyses were perfonned with

t
15 NUREG/CR-4219, Vol. 8. No. 2

__ ___ _ __--- _ _------- -- - -- - -- -- - - - - -



m .-ew',

Fracture

oRNic DWG 91M4463R ETD
- the OCA P code to identify shallow cracks that initiate in
cleavaile and arrest deep in the wall of the RPV,'i e ~

OCA P predictions were compared with Nth application- ,

mode and generation-mode dynamic analysis restdts based /-
on postulated dynamic fracture-toughness models. De
propensity for cleavage reinitiation of the arrested cracks

t = 1981.2 mmwas investigated using both static and dynamic initiation i 't - 236 4 mm
toughness relations. A radially constrained static majel,20 /edeveloped to approximate certain dynamic conditions at the
time of crack arrest, was applied to the same PTS transient, f' ,

and the results were comparable with those from the +
dynamic analyses. -.( i ~ t.- y

2.3.2 Fracture Analyses

The PTS event selected for analysis from the USNRC/lf'TS
' studies is the 11. B. Robinson transient 922.B13 (modified
,

for a constant value of the heat transfer coefficient).The
'~

vessel has an inner radius of 1981.2 mm, a wall thickness
of 236.5 mm, and a cladding thickness of 5.6 mm. Based
on an OCA-P analysis,a flaw having a depth of n = YYMVVVT]o ~

0.0239 m (aAV = 0.101) is predicted to initiate in cleavage g g g g g g g g ]". ~

at time t = 30 mm hnd to arrest at a depth of at = 0.1189 m
Z

(aAV = 0.503).
"

2.3.2.1 Finite Element Model n y
~

In the static and dynamic thermoelastic analyses, a 2-D Figure 2.10 Finite-element modelof RPV
plane-strain, finite-element formulation was used to model
the test vessel. The finite-element model employo 5these

0.507) that were close to the arrest le:ation determined by
analyses is depicted in Fig. 2.10 and consists of 1994 nodes

OCA P.The computed K values compare well with the -

1and 613 cight-noded isoparametric elements. An MNLO
OCA P calculatioru (2% difference),formulation ard a 2 x 2 numerical integration order was

used in all the analyses. The values of the radial tempera-
ture dutribution and intern:,1 pressure at the time of cleav-
age-crack propagation for this transient were used as the

Next, an app!ication. mode dynamic analysis was per-

boundary conditions and assumed to be constant during the
formed using the ASME Sect. XIlower-bound toughness
curves. In this case, the crack would arrest if KID ellf

run arrest event. The pressure at crack initiation was
applied to the inner surface of the model using 2-D clement

below K al or if the crack velocity drops below a threshold

pressure surfaces; crack-face pressure was not included. To
velocity of 2% of the shear wave velocity (-60 m/s). The
crack would then reinitiate if the applied K increased above

provide the proper constraint for the thermal stresses, the
material stress-free tempsmture was lowered so the average the K el value calculated for that particular temperature,

RT DT, and crack depth. The crack _ arrested at an aAV =Nout-of-plane stress through the vessel approximated the
0.358 and applied Kg of 174 MPadm . After arrest, K1

average axial stress given by the relat on (Pr/2t).i
oscillates due_to vessel bending and reaches a peak value of
262 MPadm at 19.5 ms.This does not approach the value

2.3.2.2 Finite Element Analyses
of K needed for reinitiation from the K el curve.1

Initially, quasi-static analyses were performed with
ADINA/VPF ;21 at the initial crack depth (aAV = 0.101) In gmd, the fracture toughness of structural steels

5

and at two other crack depths (aAV = 0.494 and aAV = decreases with mcreasing loading rate. Thus, for any given(
.
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ternperalme, the fmettue toughness measured in an i:npxt static Kr value of 311 MPa.fii. From Fig. 2.12 it is obvi-
test, K ,la generally lower th.m the fracture toughness ous that as the selocity of the crack incrcacs and the timeid
rneasured in a static test, M c. A procedare was developed of arrest decreases, the value of Kg at vrest decremest
fe this s.tudy to detennine the dynamic initiation toughness dynamic crack arrest conditions usin2 a methalology.
frorn measured data 22 The app!ication mode dynamic
analysis was repeated using the genesated Kp,* curve to

detumiac ciC reinitiation. As shown in Fig._.,2.11, the it w as proposed in Ref. IS that it might be pm.sible to
crack reinitiated at a Kg value of_262 MPa Vm and then appmsimate the stress intercay factor during crack exten.
arrested at a K of 261 MPadn, Af.er annt, K again sion by a static analysis that assumes the vessel is essen,1 1

oscillates with a peak value of 321 MPa*Mm at 37.5 ms, tially stationary. A series of static thc moelastic analyses @
which is telow the Kid curve, w ele performed at various crack lengths, with the vessel

fised radially on the outer edge at the radial displacement
generated at the initial cra;k depth. The results of these -

To pet form a generation mcxk Jynamic armlysis, a cmck analyses are depicted in Figs. 2.12 at.d 2.13. In Fig. 2.12, .

position vs time relation must be constrwted for the crack ta calculated 14 from O' 4 P (static full bending), gen-
run arrr st event. In the application mode analysis, the cruu in mode dynamic r 'yes (slow and fast movir.g
inia ' crack velocity and time of the first arrest are ~250 cracJ s) and stati: Mym.sdally constrained outer edge)
tra and ON4 ms, respectively. These were approxirnated is plsted as a function of a/W. The value of Kg for the
in the analysis by an i.nitial veksity of 350 m/s and an rad ally constrained stptic analysis at crack arrest (a/W =
arrest time of 0.4 ms at an 16V of 0.507. To compare tids 0.f 37) is 124 MPvVm , w hic!, is 13% lower than the
with a faster moving crack, an analysh was performed u ith dyaamic analysis with the f.tst-moving crack,
a crack position vs time curve with an initial velocity of
800 m/s and an art. i time of 0.17 ms,

it is apparent imm these analyses that the calculated K hi
l ne results of these two analyses are depicted in Fig. 2.12, greatly indenced by crack velocity The difference
in which the calculated K fmm OCA-P vad the two gen- between Kg at ctrert for the two differer,t crack speeds isi
cration moue dynamic arialyses are pl_o,.tted vs a/W.The Kg ~259i . Evidend), w hether the constrained static analysis is
values at arrest,142 and 189 MPa.v m for the fast and a good approxima. ion of a dynamic ana;ysis depends on the
slow moving cracks, resyctively, are inuch lower than the crack position is time relation chosen.

em owo inu mst tio
600 i 7 i 3 i j i
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l'igure 2.11 K vs a/W for application mode dynamic analysis using initiation toughness cune
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Fi ute 2.13 Corr +nthon of K ss adW for static an d generat!on. mode dynan& mu!ysesb

A compari.mn of vedived crack arrent depths for att the crack arrest wot ld then beconne the final arrest at that timei
arolyses is depicted in f ig. 2.13 The ruhally censtraiint in the PTS transient. )
static scalyris u.4lemrtActed the 11rst exack anest depth
from the applica: lim-moi dynamic analysis by 1 M, w hue
the OCA P m:0: analysis ovespredir44 the second.mest The analpis results of Fig. 2.13 show that without teinitia-
salue from the clyoamic analysis by 9% tion, the crack oepth.to vessel wall thickness ratio (a/W; at '

a:Tes;would be 0.36 rainer than the value of 0.5 precicted
by the OCA P static equihbrium rnedel. This dificience

The curet arnlyses provide what is gelaD|/ a lou cr. could ts very irnportant in a probabilisuc fracture 4
bound estimm of the influence of vesstl_d/namic r*rgmse mechanics armlysis because, beyond a critical depth, the '

effects en crak arrest. The plai e<traiu analysis model of sncsted cleavage crxk luomes unstste due to the onxt
Fig. 2.10 incorporstes the assumption of m infinite ilaw of ductile tearing.
length. Prior analyt.es N4 have down that the r. tress-
' intensity factor at the deepest point et a r.;miethptical sur-

,

- face crack remains less than that for es: innnite flaw even Another postarrest consideration is the effect of high-
when the flaw surface dimension twor..es very long, The pressure transients, which have been detetmined to be the
stress intensity factor time history for the period following most prehable from the IPTS studies. In these transients, K1

'

the initial crack arrest will therdore be conservative for can exceed K e for deeper crack depths, increasing thel
; flaws of finite length. Incorporation of finite length flaw probability of crack trinitiation at a later time in the Inn-

| stress intensity factors into the anal) sis, together with a sient, Thus, even if an initial cleavage crack arrest tckes
statistkal rather than a lower bound representation of Kid, place as a result of dynamic effect, a series of reinina-,

L would preclude crack minitiation in many cases. The initial tion / arrest events can lead to vessel failure,

l
t
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Figure 2.13 Comparison of K vs a/W for static and aprileation mor'e dynamic analyses :
-

2.4 Elastic Plastic Fracitire Mecliliriles The llSST Pmgram, on behalf of NRC,is the sole United

Ift lith 0mogel100tlS Material 9 alid States participant in the EPl Program. The EPl Program is

Sirtlettf res (B. R. Bass' and 0, Yagawaty scheduled to be completed in August 1992.

,

I. meeting was he kl on August 20,1991, in Tokyo, Japan, Three working groups (WGs), %eomtical, Experimental,t

to review t' e planned workscope of the Joint Japanese /U.3- and Estimation Scheme. have been set up under the EPl
EP! Program for the curmot fiscal year (Apnl 1,1991 subcommittee to carry out the objectives of the program,
thmugh March 31,1992). The meedng was chaircj by The Experimental WO generates expenmental data on
Professor G. Yagawa, University of Tokyo, who also crack-growth behavior in inhomogeneous specimens to be
serves as principal coordinator of the EPl Program, used in evaluating the apphcability of various fracture

models to inhomogeneous materials and to provide the
,

fracture modela necessary for developing engineering esti-
'the princigul objective of the EPl Program is to investigate mation schemes. The Estiraanon Scheme WO is responsi.
elasdc-plastic crack growth phcoomena in inhomogeneous ble fcr the development of engineering schemes to deter.

L materiah ar.d structures, aiming at the development of mine crack. growth resistacce based on experimental and
estimat on schemes of fracture resistance applicable to analytical resmu. Results from studies of the three WGs arei

L inhomogeneous structures. The Japanese consortium reported in detail in laterim EPl reports.2m
responsib!c for the EPl Program was organized in July #

1988 as a subcomminee o."the Nuclear Engineering
Research Com.alitee of the Japan W;lding Engineering 2.4.] r'xperimental WG |Workscope
Society (J WES). The EPl subc ommittec in Japan consists '

of 9 universities,3 research imtitutes, and 21 companies. At the Tokyo meeting, Professor 11. liomma (Tokyohashi
University of Technology) presented a review of the work. _ _ _ _ . _ _ _ _ _ . . _

'Cornputing and Telecommunications Division, Martin Marietta plan currently being performed within a 3 Experimental
,

; + Energy 5ptens. Inc., Oak Ridge, Term. WG. The highlight of this plan is a new testing program ,
t Univmiry of Tdyo,7dyo,. fare.

.

19 NUREG/CR-1?l9, Vol. 8, No. 2
,

I
i

l

!
-

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



-. .. . .
.

. . . . _ _ ___ ___

t

i

Fracture

being implemented to generate additional experimental data pmposed that data produced by D. McCabe from the clad-
28 hould be uwd in these studies,that will be used in developing an engineering estimation beam test s

scheme. A bimaterial specimen is ernployed that consists of

A 533 D steel (5n0- and MO MPa >ield and uhimate
strer gth, respectively) and 11T80 stecl (KO. and 800-MPa 2.43 Estimation Scheme WG Workscope
yield and ultimate strength, respectively) Joined by an cice-
tron-beam weld. The motwation for this specimen defgn is Professor S. Yoshimura (University of Tokyo) provided a

to investigate the cifc(t of two materials having a greater review of the current status of the Estimation Scheme WG.

difference h yield stress than that provided by the previous Applications of the General Electric / Electric Power

Ep! test specimens (for which the ratio of yicld stresses was Research Institute (GE/EPRI) method (based on fully

~1.15). A high toughness, heat af fected rone(llAZ)-2 plastic solutions) to a welded CT specimen with an initial

rnm wide is associated with the weld. The plane of the cmck tip lacated in the weld metal indicate that problems

crack is oriented nornial to the weld line to provide for pure persist in the development of a simpic estimation scheme.

rnode l loading. These specimens will be tested in an "as. (The yield stress ratio for the welded materials was -1.15.)

welded'' condition to avoid changing the material proper. In this case, the best agreement with the ex perimentally

ties of the 11130 steel. Approxirnately 30 compact speci. measured JR-curve was obtained from the use of base-

mens having thicknesses of 6,10,and 19 mm will be tested metal properties in the GE/EPRI scheme, whercar. the use

at scorn temperature with the crxk tip either on the weld of mixed properties (base-metal stress-strain relation and
wel<1 metal h , h functions) provided the best agreementt 3line or 3 mm from the weld line. Datt generated from tests

of these specimens willinclude J curves, crack growth with the measured maximum applied load. Additional
R

data, and residual stre*s measurement. Three Japanese details of these problems are previded in Ref. 27.

research organizations will participate in the testing pro-
gram. 2.4.4 Residual Stress Measurements

2.4.2 Theoretical WG Workscope Professor Y. Arai (Sai'.ama University) made a presentation

on benchmark tests of residual-stress measurements in the

A revicw of the current work of the Theoretical WG was EPI Program. The material used in these measurements was

provided by Professor S. Aoki(Tokyo institute of obtained from submerge 4are weldc! plates of A 533 B

Technology). Five analytical studies a. planned for this steel subjected to a postweld heat treatment of 600*C for

year.The first of these willinvolve 2 D, generation pha e, 2 h. Comparisons w cre made between the results obtained

crack mwth analyses of the bimaterial A 533 B/It'YO from the acoustoclastic techniques of Professor Arai and
$

specimens described previously, Experimental data (load those from a destructive strain gage technique crnployed by

and load-line displacement vs emck growth) from the test. Wofessor E, Rybicki in a study reported by the HSST

ing program will be und whh the finite-element models to Wogram at ORNI The results of the acoustoclastic method

evaluate the various path area integral fracture parameters overestimated the residual stresses w hen compared with

(J, T*, J , etc.) for different material combinations and results from the strain gage method, presumably dee to the

ciack tip kications. A second study will!avestigate the existence of a relatively large stress gradient through the

eIfects of residual suess on crack growth in bimaterial thickness of the specimens. Apparently, work willcontinue

A 533 B/ weld nytal specimens. Initial thermal strairt, will in the EP! Program to better understand the prcblems auo.

be used to introduce residual stresses into 2 D finite, ciated with these residual-streu measurements.

element models to compute cffects on the integral
parameters J.T*, and J. A third study will focus on the 2.4.5 Proposed General Review Meeting
analysis of interfacial cracks in bimaterial specimens.
Three dimensional, clastic-plastie, finite element mmlels of

The meeting conch <ded with comment; by ORNL staff
nationary cracks will be employed. The fourth and fifth

concerning the need for a gencial review treeting on the
studies will examine surface cracks in both welded and clad achievements of the EPl Pngram following its scheduled
specimens. Comparisons will be made tctween

completion in Augu.! 1992. A proposal was male that this
experimentaldata e analysis resuhs obtained from 3 D

meenng sould take place in the United Stw .o conjunc.
clastic-plastic, finite-elemem models that use the line.

ti n with a schtduled international conference to fxihtate
spring methodology. At the meeting, A. thser (NRC)

travel et the Japanese EPl team. It was tentatively agreed

NUREG/CR-4219, WL 8, No. 2 20
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that a suitable time for the mecting would be Jtine lov3, Conditions," USNRC Report NUREOCR-4930 l
either before or after the scheduled American Society of (ORNL-6338), August 1987.*
Mechanical Engitects Pressure Ve.uel and Piping
(ASME/PVP) Conference, in Denver, Colorado. This time
table would allow for completion of a final report on the _ 7. O. T, llahn, A. Oilbert, and C. N. Reid, "Model for !

! EPI Program before the meeting. A discussion on the date, Crac k Propagation in Steel,"J. Iron SteriInst.

ictation, agenda, and invitecs for the meeting will te final, (London) 202,677-484 ( August 1961).t

ized fo!!owing additional negotiations involvir.g the EPl '

Coordinator, the HS$T Program Managu, and the NRC 8. D. E. McCabe and J. D. Landes, Westinghouse R&D
Technical Monitor. Center,"The Effect of Specimen Plan Vies Sire and

Material Thicktess on the Transition Temperature

Referelices Behavior of A 533 U Steel," Research Report 80.lD3-
REVEM R2, Novemter 1980.

' 1, B. R. Ilass, Martin Marietta Energy Systerns, Inc., Oak
Ridge Nati. Lab.,"Ileavy Section Steel Technology 9. C. W. Schwanz," Influence of Out-of Plane Loadiry
Program Semlann. Prog. Rep. October 1989-Mart h on Crack Tip Constraint," presented at the ASTM
1990," USNRC Report NtJREO/CR.4219, Vol 7, No. Symposium on Constraint Effects in Fructure,
2 (ORNL/FM 9593/V7&N2), September 1991.* Indianapolis, May 1991.

2. D. K. M. Shum et al., Martin t.wr'cs Energy Systems, 10. N. P. O'Dowd and C. F. Shih," Family of Crar.k.Tip,

Inc., Oak Ridge Natt. Lab.. "Arelyticai Studies of Fields Characterired by a Triaxiality Paarneter:
Transverse Strain Effects on Fracture Toughness for Part 1-Structure of Fields," J. Mechanics andPhysics
Circumferrntially Oriented Cracks |' USNRC Report ofSolids 39,93-115 (1991).i
NUREO/CR 5592(ORNL,TM il$8I), February

|1991.*
'

11. T J. Theiss and J. W Bryson,* Influence of Crack
Depth on the Fracture Toughness of Reactor Pressure

3. J. Keency Walker,"A Nutrcri%I S.udy of Lor'd Vessel Steel" presented at the ASTM Symposium on
Crack Tip Fields for Modeling C:cavage Fracture Constraint Effects in Fracture, Indianapolis, May
Initiatbn," Master's Theais. The Unh ersity of 1991.t

- Termence, KnrixvPJc, Tennt.m, May 1990

12 A. M. Al-Ani ar'd J. W. Ilancock,"J Dominance of
L - 4. T. L. Anderson and R. H, Dodds,Jr.,Taas A&M Shon Osv kr in Tension and Bending,"J. Michanics

University, College Sta: ion. Ten.t, MecharJcs and andPhysics q(Solids 39(1),23-43 (1991).t
Mater',als Cneter,"Sfccimen. Size Requiremeat for

E Facture Toughnea Testing in the Tiansirke Reglen,"
| . Repon ht%65M-90 5, May IWO. 13. R. D, Cheverton md D. G. Ball, Martin Marietta

Enetyy S stems, lac, Oak Ridge Nati. Lab.,| 3
I "Prmurizea Thermal-Shock Evahmtion of the H. B.
l. 3. K. J. f5aihe, Mwahusem Inttitu;e of Techcology, Robinson Nuclear Power Plant," pp. 263-306, USNRC

MADINA---A FicitcEemer,t Pmgr m for Atttou.atic Report Nt| REG /CR-4183 V)I 1 (ORNI/1~i4
- Dy namic incremental Nonlinear Arnly sis," Report 9567/VI), Sep emter 1985.* ;

S24481,1975 (revised 1978).
L

[ 14. R. D. Chevertr n and re. O. Ball, Martin Marietta
p 6J d J. Nsus et rd., Msnia Maricts Erurgy Systems, Energy Systems,Ir c, Oak Ridge Natl. Lab.,

| Iw.,' Oak Ridge NaJMo.," Crack Arrest Behavior in " Pre.uuriad. Thermal Slock Evaluation of the Calvert
| SEN Wkic Pla!cs of Quenchaland'Icmpereo A 533 Cliffs Urdt 1 Nuclear .?own Plant," USNRC Repon
l Grade B Sted Tetted Undet Norisothennal NURFGCR 4022 (DRFL/TM 9408), September
L 1985.*,>
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15. R. D. Cheverton and D. O. Dall, Martin Marietta 22. W. O. Shabbits, Westinghouse R&D Center,

Energy Systerns, Inc., Oak Ridge Natt. Lab., " Dynamic Fracture Tougimess Propestles of 11eavy

"Prelimirwy Development of an Integrated Approach Section A533 Grade 11 Class 1 Stect Plate," WCAP-

to the Evaluation of Pressurized Thermal Shock as 7623, IISST Technical Heport No.13, December

' Applied to the C(once Unit 1 Nuclear Power Plant," 1970.*

USNRC Report NUREO/CR 3770 (ORN1/l'M.9176),
May 1986.*

23. J. O. Merkte et al., Union Carbide Corporation Nucl.
Div. 0ak Ridge Natl. Lab.."Ileavy.Section Steel

16. R. D. Cheverton and D. G. Dall, Martin Me.rietta Technology Program Qu:u. Prog. Rep. July-September

Energy Systems,Inc., Oak Ridge Nati. Lab.,"OCA P. 1982," pp. 3-4, USNRC Report NUREO/CR 2571 j

A Detenninistic and Probabilistle Fracture-Mechanics Vol. 3 (ORNI/rM.8369/V3), January 1983.*

Code for Application to Pressure Vessels," USNRC
Report NURFO 3618 (ORNL $991), May 1984.* 24. R. D. Cheverton and D, G. Hall,"A Reassessment of

PWR Pressure Vessel Integrity During Overcooling

17 E. Smith a:a T. J.Griesbach," Simulating the Effect of Accidents,Considering 3-D Flaws,"1. Pressure Vessel

Pressure Plus '!hermal 1.cadings on Crack Arrest Technology 6,375-382 (1984).1 ,
#

during a llypothetical Pressurized Thennal Shock
Fvent," PVP.Vol. 213/MPC.Vol. 32, pp. 41-46,
Pressure Vessel!ntegrity, Amedcan Society of

25. G. Yagawa, Century Research Corporau.on Tokyo,
,

Meenanical Engineers,1991.t
Japan," Study on Elastic Plastic Fracture Mechanics in ;

Inhomogeneous Materials and Structures 1," CRC.
EPl.1, March 1989. .

18. Combustion Engineering Inc.," Tests and Analyses of t

Crack Arrest in Reactor Vessel Materials " Final i

Report NP 5121 on EPRI Research Project 2180 3,
26. O. Yr.gawa, Century Research Corporation, Tokyo,

- 1987,t Japan," Study on Elastic Plastic Fracture Mechanics in
inhomogeneous Materials and Structures !!," CRC.
EPl.2, March 1990.

19. The American Society ofhiechanicalEngineers Boiler
and Pressure l'essel Code, Section XI, Rules for

27. O. Yagawa, Century Research Corp on, Tokyo.
Inservice Inspection of Nuclear Power Plant

. Components,1986,t
Japan," Study on Elastic-Plastic Fre:tme Mechanies in
Inhotaogeneous Ma'erials and Structures 111," CD.C.
EPI 3, March 1991.

20. R. J. Fabi and D. J.- Ayers, Combustion Engineering,
Inc.,* Calculating Dynamic Crack Arrest by Static

28. D. E. McCabe, Materials Engineering Associates,Inc.,
.

Analogy," Electric Power Research Institute report
NP-6223 March 1989.*

I#"I'am, Md.," Fracture Evaluation of Surface Cra:ks -
Embedded in Reactor Ve sel Cladding," USNRC

j;
_

_

Report NUREG/CR 5326 (MEA 2329), March 1989.*

i: 21. B, R. Bass et al.," Applications of ADIN A to
Viscoplastic Dynamic Fracture Mechanics Analysis," * Availalde tar guxhase frten Nauanal Teclwcal infonnanun Service.

Computers and Structures 32(3/4),815-824,1989.t sprins eta,VA 22161.n
i vadable in pubhc technical hbraries.A
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3 Material Cliaracterfration and Properties

R. K. Nanstad

Primarily for internal management and budgetary control, cut from the IS7.mm. thick (7 3/8 in.)11SST plate 0138. i

the llSST Program created a separate ta<k (Tcsk it3) for %e characteriration block, together with other flame-cut
the work on material characterization and properties material des. .cd to be tr.achined into the shallow. flaw
detenni.tations. However, for the reader's convenience, beam specimens, was given a postweld heat treatment
some contributions to this report are placed within other (PWitT)of 621 14*C (1150125'F) for 40 h to simulate
chapters according to the larger tasks that conespond to the the PWHT given to RPVs. The characterization has been
particular material studied. performed in the L S orientation, the same orientation as

that in which the Shallow Flaws Task three point bend
beam tests are performed. HSST Plate 013A (the ot! cr half

3.1 ' Cllaracterization of IISST Plate nf liSST Plate Ol3) has been quite ciinisively charac.i

01311 in flie L-S Orientation ierized previously, but not in the L S orientation.
|

(S K. Iskander) i

Figures 3.1 and 3.2 show the results of the CVN testing in
i- Much of the first phase of characterizing HSST Plate 01311 both the L-S and T L orientations, respectively, and

for the Shallow-Flaws Task has been completed. Tests to Table 3.1 gives a summary of the CVN impact energy test ;
detennine the Charpy V-notd ,,,VN) curves in the 1-S results as well as the results of drop-weight NDT tempera-
and T.L orientauons, the drop weight nil. ductility.

ture. The values of RTNDT are -43 and -15'C for material i

tranetion (NDT) ternperature and the reference from the surface and midthickness material, respectively.'
temperature, RTNDT. for luh surface and midthickness %cRTNDT etermination was performed in accordanced
material have been completed. Tests er? being performed to with Section 111, Subanicle NB 2330, of the 1986 Edition
determine the tensile propenies in the L-orientauon as a of ASME Boiler and Pressure Vessel Codc. For the pWitT
function of temperature for both surface and midthickness

11SST Plate 013B material,it was the CVN impact energy
material, thus completing all the taskt planned for the first test results and not the NDT sernperature that dictated the

' phase, in the second phase, crack-initiation-toughness tests values of RTgur. 3
(K e, Kje, or J.R) will be performed over the temperaturel
range of interest using 25 mrn compact specimens in the
L S orientation from the rWdthickness positions. A small 3.2 Tlieritial Aglilg of Stainless Steel

i number of 25 mm thick,50-mm-deep, single edge, threc-
pomt bend SF(B) sp-imens will be tested at a single Cladding (F. M. Haggag and

|

temperatve and the results compared with those from the R. K. Nanstad)
C(T) specimens to determine the effect of specimen
geometry on the initiation toughness. %crmal aging at relatively low temperatures (343'C) has

been shown to significantly degrade the Charpy impact
, .

toughress of type 308 stainless steel welds. The stainless
Results of the tests performed to date show a significant steel cladding applied to the inner surface of RPVt is very

-

. difference in the CVN impact energy tett results between similar to that material. IIence, an experimental pn. gram -i

| specimens imm the midthickness and thor,e from the was initiated to evaluate the effects of thermal aging on
surface of the characterization block. The results of the stainless stect cladding relative to its contribution to
drop-weight tests have confirmed this difference in toughness degradation during irradiation experiments as
toughness properties. A detailed report of this study is - well as long-term effects.

' being prepared.

Since the irradiation of the three wire series are cladding to
'

.HSST Plate 013 was manufactured by Lukens Steel, melt the hignest fluence of 5 x 1019 neutrons /cm (>; gey)2

- C4453,in accordance uh ASTM Specification for was conducted at 288T ar 1605 h, tensile, CVN, pre.
Pressure. Vessel Pit,tes, Alloy Steels, Quenched <md cracked CVN (l' "), and compact fractum toughness
Tempered, Manganese Molybdenum and Manganese- specimens were nally aged at 288'C to times of 1605,

1 Molybdenum Nickel Grade B, Class 1 (A 533 G Cl,1). A 20,000,and 50,t. . Test results from the 1605-h

L characterization block, designated is 13BA/5, was / lame specimens are summarized below. Thermal aging at 288'C
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Figure 3.1 Rest'!!s of CVN testing in L.S orientation for Figure 3.2 ltesults of CVN testir g in T L orler. ation
characterization block 1,'11 Al5 postweld for characterii.ation bh>ck 1311A/S postweld

heat treattil at 621'C (1100T) for 40 h heut treated at 621*C (ll50*F) for 40 h

'

of stainless steel cladding and the ferritic steel on w hich it irradiation at 288 C to a fluence of 5 x 1019 neutre's/cm2
is overlaid to accumulated times of 20,M0 (ex[wted to be (>l MeV) was a 22% reduction in the CVN USE and a
completed by November 1992) ad 50,0l10 h is in 1,rogress. 29*C shift at the 41 J level. The effect of thermal aging on
Other claddmg specimens are being aged at 343"C together the tensile properties was very small or negligible.
*nh a type 308 stainless steel weld from another NRC However, the combined effect after neutron irradiation was

program. an increase (6 to 34% at test temperatures from 288"C to
-125'C)in the yield strengta and no apparent ch:mge in
ultimaic strength and total clongation.

%ermal aging of the three wire stainless steel weld overlay
cladding at 288*C for 1605 h resuhed m an appreciable
dectease (16%)in the CVN upper shelf energy (USE), but The test results of the 12.7-mm thick compact [0.5TC(T)]
the effect on the 41 J transition temperature shift was very fracture toughness s;rcimens (all specimens were 10%
small(PC) ~Ihe coinbined effect following neuttnn side-grooved on each side and tested using a computeris:d

NUREG/CK-4219, Vol. 8, No. 2 24
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Material
f

Table 3.1 Summary of CVN tests in the I-S and T 1, orientations on material
from characterization blxk 1311A/S [ flame cut from IISST Plate 01311 '

and postweld heut treated at 621*C (1150'I') for 40 hl |

Results of fitting equation * Upper. Energy
Depth A + 11 tanh shelf Temperature (*C) g,y; ,g .

In [(T - ToYC) at energy levels of NDT NDTenergy
lP ate Ab gg6 C To (3) 41 J 68 J PC) (J)

,

| (J) (J) PC)-l ( C)
_ _ _

L.S orientation

' Sntface 77.3 '/4.6 47,4 -39.1 152 -64 -45 -55 53
Midthickness . 86.3 83.6 23.7 8.8 170 -6 4 -30 9

T L orientation
,

Surface 68.4 - 65.7 70/3 -23.9 134 -55 -24 ~55 41
Midthickness 65.5 62.8 38.7 7.3 128 -9 9 -30 19

8For purposes d fining the tare equatkn, the lower shelf energy was preunhed to 'e 2.7 J (2 fi lb) tened te an average il five tYeet -lW'C td
the Wii.70 Mviland w-Ad,

fUpper shelf cncrgy (USli) = A + B; lower aheIf energy 03E) = A- U. -

Table 3.2 Unio.iding compliance J R test results of 12,7 mm thick three _ wire stainless
steel claddbg fracture-toug% M specimens (10'1 side grooved on each side)

._

6Test Unirradiated Irradiated Aged
temperature

(*C) Srs Imen Jge Tearing Specimen JIe Tearing Specimen Je Tearingi
2 2(kJ/m ) modulus - (kJ/m ) modulus (kJ/m2)- modulus

-75 A13G 116 62 A15F 79 29 '
-75 112 145 35 AISO 60 31

20 Ai3D 132 203 117 IN ?$6
20 A100 169 159 118 144 182 i

--30 A13A 157 l$8-
50 A15C 121 147

120 A10E 136 233 !!9 119 248
170 115 120 207 A10F 108 161 AA03 94 282
120 H3 114 214
200 116 95 220- '

200 114 100 221

288_ A15D 76 278 1110 85 218
288 A13C 70 171' AISA 25 226 AAN 93 209
288- Hi -83 185 AA02 59 230

# mdiated 637 ti at 288*C to e flucre of 2 4 x IDW 21 neutronsk;n (>; y,yy
D ermally aged at 288'C for 1605 h. )

,

,

|
,
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single specimen unloading compliarse technique) are 3.4 Study of Low Toughness Zones
summarired in Table 3.2 for the unirradiated, thermally
aged (1605 h), and inadiated [637 h at 288'C to a fluen" 3..l.1 ORNL Studles (D. E. McCabe)

19 neutronskm (>l MeV)] rnaterial conditions.2of 2.4 x 10
The deformation J. integral values of Jge and tearing . E periments on pop in are currently under way. %c test
modulus at various test tempera' ores are also shown in matrix was designed to isolate rnechanical effects from the
Figs. 3.3 and 3A, respectively. hese results indicate that metallurgical effects of this phenomenon. Mechanical ef.
thermal aging reduced tne initiation fracture toughness (J ) fccts are evaluated best with bend bar tests and fixtures of1c

at room temperature and at 120'C, however, there was no variable compliance.The A710 steel, selected es one of the -
apparent effect at 28P.+C. The elfcct of thermal aging on the two test materials, proved to tv the better material for such
tearing modulus was insignincant (no reduction) for all test pop in studies. Five bend turs were tested, and all gave ;

temperatures (room temperature,120, and 288'C). The pop-in behavior. However, the Kje t the onset of pop in -|a
effect of thermal aging at 288'C on the Jge at the test varied as much as a factor of 2 between replicates, and the
temperature of 288'C will be further clarified f.om Jje tests extent of crack jump was clearly a function of Kje t pop-a
following the 20,000-h aging. Furthermore, the effect of in. Ilence,it seems that crack arrest is a function of stored
thennal aging on the dynamic fracture toughness (K l *III clastic crack drive energy in the loading system. To clarifyid
oc reported 1.hortly following the testing of PCVN the point, a spring bar that will impart i strongly positive
specimens that were thennally aged with the other K.gradicnt into the loading system has been made. Five
specimens.' tend bars remain and will be used to con 0rm the

observation.

3.3 ASTM Fracture-Toughness
TcStlug Standards Developinent Compact specimens of the same A 710 steel displayed or:ty

(D. E. McCabe, D. J. Alexander, and complete Kje instabilities with no pop ins. nese were the
first tests made, however, and the principal objective was to '

R. K. Nanstad) estaNish the optimum test temperature for pop-in behavior.
The test setup was the usual one used on compacts with

ORNL personnel panicipated in two meetings of the leng pull rods. The compact specimens were side grooved
combined Jge/J.R curve standard. ncse meetings because it was believed that the increased constraint would
concentrated on ways to fit curves to data so that promou pp-ins. After comparing these results with the
comparnbleJ ei values can be obtained from J-A :urve data bend bar results and discussions with J D. G. Sumpter
with abnormal data patterns. Another issue is the aluut this,it appears that side grooving was not the best
incorporauon of fracture-toughness deternunation from test choice. Compact specimens to be tested hereafter will not
specimens that fracture in a brittle manner (by cleavage). be side grooved, and the h)ading-system stiffness will 1.c
Dis effort was assisted by an HSST program prepared increased as much as possible,
presentation on salient issues that differ from those tlut
pertain to the testing of materials subject to ductile fracture.
De objective was to assure compatibility with the work Continuing work at Battelle-Columbus in support of the
currently under way in the development of the ductile- HSST Program will include effects efi" .al brittle zones in

'

brittle ;ransition tenperature standard. tests on three selected weldments that had been made for
previous crack arrest programs. Specimens 'n,S cracks in
the HAZ will be made and tested to demonstrate the effect

A suond draft of the proposed ASTM sumdard," Test oflocal briule zones. AnoAer part of the proposed Battelle
Pract ce (Method) for Fracture Toughness in the Tramition wod will be to try a proposed specimen design that can

i
,

lange," was developed for use at the ASTM task group control biaxial s'ress ratio such that the effect of stress state
meeting in San Diego in October. A presentation was given on fracture toughness can be investigated using small -
at this meetmg. spec mens. Test specimen design is the principal objective

of the first phase of the work,

l-

l
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Figure 3.3 Effects of neutron irradlallon and thermal aging at 288*C on int:lation fracture toughness Itc of three.
wire type 308 stainless steel cladding at various test temperatures
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Figure 3.4 Efrects of neutron irradiation and thermal aging at 288'C on deformation J. integral tearing modulus of
three wire type 308 stainless steel cladding at various test temperatures
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- 3.4.2 University of Staryland Studies 3.4.3.2 Effect of Crack.Tip Morphology on Cleavage

(G. R. Irwin) Crack Estension

3A.2.1 Inlllation from Cleavage Cracks Seveal years ago, Battelle innstigators reported that
arrested cleavage cracks led to significantly lower fracture-

Comparisons of cleavage initiation toughness were made toughness values than did the fatigue precracks used in the

using single-edge-notched bend (SENB) specimens of standard ASTM fracture-toughness tests.2.3 It was decided

untempered A 508 steel, some with cleavage arrest to extend these experiments. Research during this reporting

precracks and some with fatigue precracks. Test period involved attempts to develop improved procedures
for reinitiating an arrested ricavage crack in plate WP-1, antemperatures of 23,65, and 85'C were used. The RTNDT

estimate was 65 C. Use of cleavage precracks caused more ASTM A 533 grade B steel diat has been used in wide.

popin events. The K values at initiation of pop-in for plate tests. Initially, the fixture consisted of two flat support

cleavage precrxked specimens were significantly lower blocks, using line loading of a notched three-point bend

than K for cleauge initiation in fatigue precracked specimen. De support blocks were separated by a distance

specimens only at 85+C, where plastic yielding complicated that varied between one and two tirnes the specimen height.-

interpretation of test results. A report on this work was his relatively small separation inhibits arm motion during

completed in September 1991. nie project reauired crack propagation and, it was anticipated, reduces trie size

development of a pract! cal method for insertion of cleavage of the crack jump. The specimen also was bolted near both

arrest precracks. The method developed, employing wedge ends to the base plate to mhibit arm motion,

loading and deep chevron side Brooves, i described in the
'

repart. Fractographic studies of features that assist initiation
and reinitiation of cleavage are still in progress. Earlier in FY 1991, chevron-notched specirnens of WP-1

steel were precracked at-196*C to lower the load required
to initiate a crack jump. To further decrease the crack jump,

Compk' tion of the report on these comparisons was delayed the specimens were wedge loaded at -70*C. Despite the

into September twause of the need for further review of lower initiation loads than previously achieved, the un k

related c mplexities. De completed report, available in jump was still too long for a useful reinitiation experirr ent.

carly October, willinclude results of this review. Raising the precrack temperature to -50*C resulted in
,

ligamentation, which would obscure the reinitiation data. It
was concluded that WP 1 steel is too tough for '

3.4.3 Ilattel!c MemorialInstitute accomplishing the goals of this task.

(A. R. Rosenfield, C. W. M :rschall,
and P. N. Mincer)

-

Ileferences
3A.3.1 Fulture Analysis

1. T. P. Mich and A. R. Rosenfield." Fracture Case
tu s," n acmre Muha@, N. Mone et aL

A report describing and analyzing 20 failure analyses " #'8N # nia Nu,Oarlouesd, e,Ycarried out between 1980 and 1990 was submitted to
'

).pp M ..
ORNL The information was supplemented by data from a
similar 1978 analysis.1 It was concluded that the
likelihood of failure is particularly large when there is a 2. A. R. Rosenfield and P. N. Mincer,"Reinitiation of an
defect >25 mm and when the fracture-toughness / yicid- Arrested Cleavage Crack," Engineerin e Frauure
strength ratio is <0.16. fiH = 1.0 Vin; provided the Mechan /cs 18,1125-1129 (1983).*

'

average value of toughness is used *o determine this ratio.
A survey of variability in fracture toughness suggested that

' the coefficient of variation is on the order of 20%, possibly 3. A. R. Rosenfield. "Effect of Crack Tip Morphology on
bss for upper shelf behavior. Cleavage-Crack Lxtension,"Journalof Testing and

Evaluation 13.202-205 (1985).*

' Avadable in public txhnical hbraries.
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4 Special Technical Assistance

J.O Merkte

4.1 Yankee Rowe PTS Probabilistle Regions of the vessel with distinguishing features to te
'''^'*d I"di"id" "Y ** 'h"PP" "d^' "'''d' ' *" *d*'Fracture Meclianics Sensitivity weld, circumferential weld, upper plate spot welds, upper.

AnfilySis (T, L. Dickson * plaie regions between the spot welds, lower pate spoi

R. D. Cheverton, J. W. Bryson, B. R. Bass, welds, and lower-plate regions between the spot welds.
(Spot welds 9ttach the cladding to the base material, except

D. K. M. Shum. J. Keeney-Walker *) over the vessel welds, where the cladding is weld
#

4,1,1 Background Information

Following the ORNL reviewt of the Yankee Atomic The fracture-analysis methods to be used in the analysis of ,

Electric Comp *any RPV evaluation report for the Yankeethe surface flaws were those represented by the estabhshed
Rowe reactor, NRCI requested ORNL to perform a PTS OCA-P methodology, whkh was developed during the
probabills'ic fracture-mechanics (PFM) sensitivity analysis IITS Program.2 Subclad and emledded flaws were not
for the vessel, using a specific small break loss of coolant available in OCA P, and thus the fracture mechanics
transient (SBLOCA Case 7) as the loading condition, methodology for these flaws had to be developed. Became
Subsequent discussions regarding the details of the of the tight schedule,less precise methods than used for the
methodologies to be used in performing the specified surface flaws were acceptable.
analyses were held between staff members of NRC and
ORNL in meeting- at Row,alle, M uyland, on Man:h 22
and May 14,1991. ne PFM sensitivity analyses for the weld regians were to

be performed with copper concentmtion as the independent

variable (0.15 to 0.35 wt % in increments of 0.05L while
The two objectives af the study were to (1) provide NRC the analyses for the plates were to be perforn si with
with results that could be used to assess the relative surface RT DTas the independent variable. nc upper-N
influence of key input parameters in the Yankee Rowe l'fS plate surface RT DT values ranged from 121 to 163*CN
analysis and (2) provide data that can be used for readily (250 to 323*F)in increments of.4.9'C (25 F)rmd the
estimating the probability of vessel failure when a more lower plate surface RTN17T values rar.ged from 121 to
accurate indicatiori of ~essel embrittlement becomes 204*C (250 to 400*F) in increments of -3.9*C (25*F),
available.

"
4,1,2 Scope of tiie Sensitivity Analysis

4.1.3.1 Overview
The inPial NRC request specified that the OCA P computer
odel be enhanced to calculate the conditional probability ne complete details of the models and methodologies

of failure for suoclad and emtedded flaws as well as for implemented for performing the Yankee Rowe sensitivity
through; clad (surface) flaws. NRC also specified that the analysis" are given blow in a brief discussion of the

: spatial variation of fluence be considered to the extent fracture analysis methods applied for the three flaw types,
wetical, and ORNL modified OCA P to enhance this
capability, All calculations were to be performed for !

- fluences corresponding to the end of operating cycle 22.

.

* Computing and Telecommmicatkos Division, Martin alarieus thergy
Systems,Inc, Oak Ridge,Tenn.

L i . D. Cheverton et sL, ORNt/NRC Review of Reactor Pressure VesselR
Evaluation Report kr Ysnkee Nuclear Ibwer Station,Nmmbe 5. **T L Nksen et al., Manin Marietta Energy Systerr.s, Inc., Oak Ridge.

~1990.- Nationa'1 A,'' Oak Ridge Nauonal taboratory Pressurized-Thennal.
% ankee Atomic Electu Cornpany,* Reactor Pressu.e Vessel Evaluation Shock Prtdabbtic Fracture Mechanics Scositivity Analysis forY
Report for Yankee Nuclear hmer Stati(n." YAEC 1735, July 9,1990. Yankee Rowe Rea tor Pressure Vessel," USNRC Regnt Nt'REGCR-

I acsimile imm M, E. Mayfield (NRC) to W. E. Pennell (ORNL), 5782 (ORNt/rM.11945), draft report sent to M. E. Mayfield. NRC.i F
'

Febmary 15,1991. Sepember 16.1991.
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Special

4.1.3.2 l'raelurt Analpis Methods--Ilasic Methodology depth.Thus, the assumption was made that all initial
surface Ihws were semicircular, in which case the spatial

All fructure analyses were performed in accordance wi'h distribution (rj) of the fluence cotdd ic considered for the
LEFM theory. Based on this methodology, flaws are first initiation event, but the K values used were those for a1

predictet a legin propagation (initiate) when the stress. verylong flaw.
intensity factor (Kg)is equal to the static crack initiation
frecture toughness (K e or the dynamic-loading fracturet
toughness (K ). Arrest of a fast running crack is predicted initial embedded 11aws were also assumed to te r.hort soid
when K = K ., the crack arrest toughness. Dynamic that the spatial distribution of t** fluence could te1 l
loadmg is introduced when one portion of a crack front considered. Even though the shorter embedded Daws * sve

initiates under s'atic loading conditions, thereby subjecting less potential for propagating, the embedded flaw K valuesi
the remaining stationary part of the c.ack front to dynamic uwd wem for long flaws. In any subsequent studies, the
loading, more realistic shorter flaw should be considered.

In the f xture analysis of flaws residing in welds, the K 's 4.1.M Neture Ana5WeM for Surface Maws
corresponding to crack tips that reside in the first inch of
base metal include the effect of a 6 ksi tensile residual

Surface flaws are flaws that penetrate from the inner
surface of the vessel into the cladding and base metal.The

stre!. . he Kg's for crack tips in the cir' 'ng and the
stress intensity factors (K ) used in the PFM analyses ofIremainder of the base material do not include the effect of surface flaws were calculated in be usual OCA P manaer,resMual stresses,
that is, a superposition technique that applies a large :

number of Kg influence coefficients (calculated by a LD
finite-element method) and the stresses induced in thein the fracture analyses of subclad and embedded flaws,
uncracked vessel as a function of time and radial position in

dynamic effects have teen included to the extent of
including the dynamic-loading fracture toughness (K ) for de pressure. vessel wall (calculated by a 1.D finite-element

!d
thermal and stress analysis). Note that all surface. flaw Kg's -specific crack initiation events. The Kid curve was

approximated by shifting the K el curve ~0.5'C (33*F), and used in these analyses are for flaws ofinfinite surface

it was used in the prediction of crack initiation m the base length,

material at the time step for which the cladding was )
dIt is of interest to note that the ASME Sect. M procedure |

for calculating Kg's for surface llaws was also included in |
4.1.3.3 Types of Flaws the specialized code for performing Se Yankee Analysis, i

The values calculated by the ASME methodology are very
The basic types of flaws considered are surface flaws and close to those calculated by the OCA P methodology

,

embedded ihws, of which a subclad flaw is a special (d.scussed above) for very shallow flaws; however, they j

- category, All flaws analyzed were consi4: red to be normal diverge for greater depths, with the ASME values being I

to the surface and oriented in either an axial (longitudinal) higher. Probabilities of failure for surface flaws, calculated |
,

or azimuthal (circumferential) direction. All other flaws using the ASME K methodology, are higher than those1|-
| that might exist were ignored, using the OCA P Ki methodology by approximately a

factorof 2.

? Tin length of an initial flaw in the axial or circumferential l
'

direction is more likely to be short than long, but upon h flow chart logic for performing the deterministic

j; propagation, short flaws have a tendency to become long fracture mecha' L r analysis of each of the probabilistically
flaws, Previous studies have indicated that under thermal- simulated embrittled vessels containing a surface flaw is~

shock laading, a semicircular surface flaw has a greater incbded in Fig.4.1.
potential for surface extension than other short flaws and
about the same potential for surface propagation as that fur
radial propagation of a long surface flaw of the same initial
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Figure d.1 Probabilistic fracture. mechanics methodology for surface flaws
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4.1.3.5 Fracture Anal)stOlethod for Subclad Flaws 4.1.3.6 fracture Analysh Method for Embedded Flaws

A subclad Haw is a flaw that has its inner ccck tip at the An embedled flaw is considerut to be a flaw that resides
cla i base interface, and thus its outer crad tip is in the entirely in t'ie tme metal. In the probabilistic analysis, the
hse metal.1he outer flaw tip is chesked for initiation location of the it.ncr up of the ambedded flaw is probabilis-
according to LEFM prirciples. If the subclad Daw site tically simulated, that is, located randomly along a discrete
reaches the criucal size for which claddir*g is predicted to mesh between the clad / base interiaco and the vessel outer
fail, the subclad flaw b conversed to a surface Daw, and the wall 'he Gaw has equal probability of being located et any
K 's for surface Haws are then used to predict initial or. .of th: Arete mesh points in the base metal wie that1

initiation, crack ucst, and subsequent rehutiation of the the caiwSted propability of failure is sensitive to the dis-
outer crack tip. At the time step ccrresponding to cladding crete mesh site used as poss!ble locations for the embalded
failure, dynamic effects were simulated by using a value of inner crack tip. Mesh cowergencunalyses were pet.
K ,instead of K e, to predict crack initiation in the base formed, and it was determined that a discrete mesh spacingid t
material, of 0.005 in. is tonverged with respcct to the probabihty of

failure,

if the cladding does not fait, the probability of initiation of
7- the subclad flaw is less than that of a surface flaw, lhe mathematical representation of the ASME Sect. XI

Analyses of thermal shock experiments performed at procedure was used to calculate K 's that were used to1

ORNL indicate that at times of maximum loading, the K predict the indtial inidation for the embedded naws.
for a cubclad flaw is ~34% less than that for a surface
Daw,5 Based on these experimental results, the stress. !
intensity factors for predicting the inital istiation of . The irmer tip of the embedded flaw is checked for initbtion

,

suberitical(cla& ling 1.as not failed) subclad flaws were according to LEFM principles. If the inner tip laitiates,it is .

calculated by reducing Kg for a surface flaw (with the crack nssumed that the thw propagates all the way through the
tip at the same radial wall location) by 35L claddog, because the flaw is propagating into a region of

higher embrittlement and higher thermal stress. 7herefore,
an initiated embedded flaw is convested to a surface flaw.

.c M.t it.a hat exist in the plate regions between the Surface flaw Kg's are then used to predict subsequent
sp * -tts r , treated differently than the subclad flaws initiation and arrest. Dynamic effects (as described pre-

~ an me t a velds and plate regions in the spc4 welds. viously fer subclad flasys) are included for the time step at
,

lhew r A,ad flaws are treated like surface Daws, that is, which the flaw treaks through the cladding. I

the Kg's are not reduced by 35%, because the claNtwe ;

. interface is ceparated by a 3. mil gap. /,DINA-T a general -

;

purpose mult dimensional finite clernent thermal analysis The flow chart logic for performing the deterministic ii

program,6 was used to calculate the thettnal response of the fracture medianics analysis of exh of the probabihstically
plate region between the spot svelds, assuming the 3-mil simulated embrittled vessels containing an embedded Daw
gap to be filled with water.1he insulating eficct of the gap is included in Fig 4.3(a) and (b).

| - slightly reduces the severity of the therma, loal Also, the
| Insulating effect of the gap results in higher fracture

| toughness. 4.1,4 Results
i

< ,

'll" detailed results of the Yantee Rowe presseized.
!

The flow chart logic for performing the deterministic thermal. . hock probabilistic fracture. mechanics sensitivity

f'wtre mechanics analysis of t ch of the probabilistically analysis will be published in USNRC Report NUREGER.
~

simulated embrittled vessels cwwing a subclad flaw is $782.

included in Fig. 4.2(a) and (b).

i
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Figure 4.2 Probabilhtic fracture mechan:cs v.ethodology for subclad flaws
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Figure 4.3 Probabilistic fracture mechanics methodology for embedded flaws
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4.2 Review ofInglis' Analysis for the === 5m i

' ' 'Cases of Equil laxlal and Unlaxial j-
r

-Loading of a Through Crac' h a a a ao a

Wide Plate (J. G. Merkle) 3 - ~

y*

4.2.1 Introduction '! "

'
|

'

|Circumferentially oriented cracks in pressure wssels are i

' * *
st;bject to positive transverse strains. Ta gain an imptowd t pg
understanding of the effects of positive transverse strains '

.
'

on fracture toughness,it is necessary to determine the cffeet
of blaxial nominal stresses on the near-crack-tip stress and 2 -

;
g

-

strain field. Most fracture mechanics analyses are i

performed on the basis of near-crack tip stress g|} i
,

distributions, which arr uly the tmiversal singular portions - *
,

- of the unique complete solutions for individual geometries. df- ' , - 1 (y . onNous soitrroN'

in most cases, thi ar, voa h suffices. However, for ', r-

estimating constraint effects,it may be necessary to employ
complete solutions to take into account nonsinguhtr ~

's,
'.* '

i ~ N.' .y_ , "L , d U ~
differences between the near-crack-tio principal stresses.

1f~a
* . y' ' * r- &Such solutions for clastic conditions have been found bgE 8Inglis for a through crack in t. wide plate, by Sneddon

'

-.
t

. . . . , "
and Bell o for a buried circular crack, and by Green and

Sneddon11 for a buried ellirtical crack. De results e
obtained by Inglis provide an opportunity to study the g- (y = 0) INGUS SOLUTCN
effects of the in-plane horizontal applied stress on triaxial i

constraiat However, inclis 1, resented a final algebraic
solution only for the case of equiblaxial tensile loading, in
a disctission in ASTM STP3SI, Liu 2 resented results for1 p o i i e i

the uaiaxial case graphically, as shown in Fig. 4.4, but not o 02 o.4 oo 0.e 1.0

analytically Therefore, the object of this study is to derive j
both the biaxial and the uniaxial load case stress distribu-
tioas, on 0', from the equations given by Inglis.=

Flgure 4.4 Cumparison ofInglis' complete solution for
crack tip stresses in unlaxially loaded |
center cracked plate with one.ktm LEFMInglis8 analyzed the st s d lli ti.se arour sn e p cal hole in an

clastic flat plate under arbitrary biaial loading. The approximation

primary coordinate system used wat a curvilinear
ccordinate system consisting of concentric ellipses and with only Iwo curves because the lines of constant
orthogonal hyperbolac, a!! having the same focal distance, coordinate values are neither parallel nor of identical shalw.

Tdenoted by c. On each ellipse, the parametes ct is constant, Therefore, a network of isoparameter lines (coordinate
.nd on each hyperbola the parameter is constant. The lines) must be drcwn and used as me primary graphical

parameter p is also the parametric angle of the ellipses, expression of coordinates. His fact has a bearing on the
definition of subscripts for stresses. l'i rectangular
coordinates, oij means the strest on the plane normal to the ~

- In a rectangular coordinate system, the cocrdinate axes x i axis, acting in the j direction. In curvilinear coordinates,
and y are the lines along which only x and y vary, ejj means the stress acting on the plane normal to which
respectively. In a curvilinear coordinate system it is not orily the coordinate i changes, acting in the direction in
possible to establish coordinate values for %itrary points which only the coordinate j changes, The meaning is the

37 NUREG/CR-4219, Vol. 8, No. 2
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same in toth cases, but in the latter case the wording must
8- be modified to remain accurate. Inglis used the symtcl R oy. sinh 2a(cosh 2n + cosh 2a -2)o

(43)for the remotely applied stress norrnal to the crack plane, in Oy " ^ g);
this discussion, that stress will be represented by the
symtol o . Referring to Fig. 4.5, and esinF the subscripty

anddefinitions just explained, on .= 0',

cy,. sinh 2a(cosh 2u-cosh 2a )o
o= (4.4)n .

(4.1) (cosh 2u - 1)2Rpp=oy

and For an ellipse, the focal distanc c, c, and the semimajor and
semiminor axes, a and b, respectively, are related by

2 2 2c=a_h. (4.5)
|

For a cak, b = 0 ani! therefom c = a.4.2.2 Equiblaxlal Loading

8Inglis included the stress equations for this case in hisi

paper On p = 0', the principal stresses are Therefore, on the plane = 0.
i

x = a cosh n , (4.6)

ORNL OW') 91M 3f42 0TD

y |

x acosp
>

l

I

It- a - ao
b \ |

is ._

0 a = b in p |

|
~

C i

b a

| y -FOCAL. ,

POINT
'

!

a - c cosh cto |

b c sinh no

|
.

- Figure 4.5 Coordinate definition for Inglis' analysis
,

|
|
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i

from which it follows that
(3 r,

cosh a = 7 (4.7) Cy ,g ( a
(4.16),oy Ox-

|2h a

2g
and

3

cosho<, = 1. (4.8)
which agrees with a result given by Paris and Sihi.3 n '

c

i
Decause ASTM STP 381.

2cosh 2a = 2 crnh a - 1, (4.9) 4.2.3 Unlaxltil Lo:iding

8
cosh 2a, = 1, (4.10) Inglis' pap:r contains a general set of equations. from

which the stress components in a plate containing an

and sabstituting Eq. (4.10) into Eqs. (4.3) and (4.4), it can elliptical hole can be obtained, once a set of rnultiplying

be rcen that o = o on =0. c emciena n presenting panicuhr stress kundary
x y

conditions are determined. Since Inglis gave the
coefficients for uniaxial loading, it is straightforward to

Decause obtain the principal stress equations for p = 0. The results
are

sinh 2a = 2 cosha Vrosh2a_j, (4,3 3)

av
I')it follows, by using Eq. (4,7), that - cy " r, 2 *

\i
'

sinh 2a = 2 1, (4.12) the same as for the equibiaxial case, and

~I* (4'I 0)and, from Eqs. (4.7) and (4,9), oy " oy
2x Liu's curves 12

cosh 2a = 2(7
in Fig. 4.4 agree with Eqs. (4.17) and (4.18).-I. (4J 3) ~

These results are evidence of the geometry and load type
dependent nonsingidar horizontal T. stress, familiar to

Substituting Eqs. (4.10), (4.12), und (4.13) into Eqs. (4.3)
photoclasticians,14 now under widespread analytical

and (4.9) gives
investigation.

Y "^ = (4.14) Refercrices=
.

cy.P. Ox 2
_1 .

1. R. D. Cheverton and D. G. Dall, Union Carbide Corp.
Nuclear Division, Oak Ridge Natl.1.ab.,"OCA P, A

-. An attemato expression can be obtained by using Deterministic and Probabilistic Fracture Mechanics
Code for Application to Pressure Vessels," USNRC -

x=a+r, (4.15) Report NUREG/CR-3618 (ORNL-5991), May 1984.*

. where r is distance from the crack tip. Substituting Eq. 2. D. L Selby et al., Martin Marietta Energy Systems
'(4.15)into Eq. (4.14) gives Inc., Oak Ridge Nati. Lab., " Pressurized Thermal

Shsk Evaluation of the H. B. Robinson Nuclear .

Power Plant," USNRC Report NUREG/CR-4183
(ORN1/TM.9567), September 1985.*

.

p
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5 Fracture Analysis Computer Prograins

T. L Dickson*

5.1 Background Information 5.2 Enhancements

No specific tasks were performed under this task during Specific enharsements to the OCA P code for the Yankee
this reporting period; however, the OCA P code was liowe study anticip, ted to lecome part of the FAVOR code
considerably enhanced to meet the specified objectives of development include the ability to model variational
NRC in performing the Pressurized Thermal Shock fluence fields, subclad flaws, and embedded Ib.ws. Another
Probabilistic Fracture hicchanics (I'TS PFM) Sensitivity enhancement is the revision of tne user input and output
Analysis for the Yankee Rowe reactor pressure vessel.t data formats for probabilistic fracture m?chanics analyses,
Refer to Task 4.0 for more details of the methods used it' airning to make the program more " user friendly" and to
the Yankee Rowe PTS PFM Sensitivity Analysis. provide better documentation (an audit trail) of the results

of the PTS PFM analysis; this enhancement is anticipated
to be considerably refined during the next year.

It is anticipated that the enh.tncements perkimed to OCA P
for this specific study will le further refined and
generalized and willlecorne part of the FAVOR (Fracture Additional PFM postprocessing capability has also been
Analysis of Vessels: Oak Ridge) PTS PFM code to be added to the PFM code. This capability enables the user to
developed under this task beginning in FY 1992. examine what cornbinations of parameters tend to d unlaate

initial initiations, reinitiations, crxk arrests, and stable

'Comruting and Telocnnmunicatkris Dwishm, Mamn Manetta rurgy
Systems,Inc.,Od Ridse.Tenn.

I .L Dicksw ca al., Martin Marieua thergy Systems. Inc.. Oak RidgeT
Natl. tab., *04 Ridge Natimal Lateratory PressuQed. Thermal Shod
1%babilistic Fracture Mediardes sensidvity Analysis for Yarlee Rome
Ream Pressure Vessel." USNEC Report NUREOCR.5752
(ORN!/TM 11945)(Lo be published February 1992).
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| 6 Cleavage Crack Initiation

T J. Theiss

his task emphasites cleavage initiation toughness and the ont (W a).5 Numerous cxgeruaental md analytical
specimens uwd to evaluate cleavage fracture toug' aess sigues have ken uwd to determine the rotation
Begun in FY 1990, the tak is currently divided into four ..nor, 4 although no single te-hnique seems to be
subtasks:(6.1) Shallow Crack Fracture-Toughness Testing, universally accepied and the various experimental and
(6.2) Lower flound initianon Toughness,(6.3) Grada nt aralytical determin:itions sornettrnes appear contradictory,7
Effects on practure Toughness, and (6.4) Thickness Ef feus especially for shallow-cra(L specimens. %e rotation Iac tor
on Fracture. The fourth subtask was added at the rmdyear in ASTM E1290 is given to be 0.4 but is a function of
icview to study the influence of thickness on toughness by specimen geometry and material.
testing six additional deep-crack beams with varying
thicknesses. De testing portion of subtasks 6.1 and 6.4 is
reponed as part of Task 10, Fiacture Evaluation Tests in in the llSST shallow crack study, two experimental
conjunction with the shallow-crack fracture tougWss rnethals were used to determine the rotadon factor. The
testing prograrn,llSST continued support for thejnint first methal used dual clip gages located al different
Edison Welding Institute (EWO and ac Welding insdtute distances from the crack rnouth. Clip gages were mounted
(TWI) project to develop shallow-crack iracture-mechanics directly on the crack mouth and elevated 8.89 mm (035
tests. in.) above the crack mouth. The secorvi technique krated

the neutral axis of the beam aheal of the crack up using
strain pages, assuming that the plastic center of rotation

6.1 Shallow Crack Fracture Toughness was iocated m the neutral asis or the beam. Because the
Testing (T. J. Theiss and S. T. Rolfe) rotadon factor relates the plastic component of CMOD to

the plastic component of CTOD, only plastic strams were

The current testing portion of the shaHow< rack program is used to denine 6e rotation Iactor. ne dual clip gage
divided into two phases: development and producbon.1 technique produced values of the rotation factor that varied

During the development phase, the experimental techniques Qnkandy hum M and wen' not conMant as a funcdon

necessary far shallow crack testing are to be verified. A of kui llowever, the rotadon f actors determined using the

hmited data luse of shallow-crack fracture toughness Slf"I"-gage technique were close to 0.4 and were relatively

values appropriate for application to RPV analyses will be insenauve to load once plavic stains became rmnuivial.

generated as part of the pmduenon phase. Di ring the De mtad n factors froni strain gages were averaged for

previous reponing period, tne development phase of the the deep and shallow crack geometries and were uwd in

experimental shallow-crack program wn completed and the Cf0D calcuhuions. De average rotation factor varied -

riiscussed.2 Additional interpretation of the development from 0.46 foe the deycrack rpeciment to 030 for the
pha e data is reponed herein. Previous shallow-crack work shallow < rack specimens. Individual values of ihe rotation

has been detailed in prior semiannual repons and in open factor using both techniques are shown in Tabic 6.1. %c s

liierature.2-4 Chapter 10, Fracture Evaluation Tests, notaux factor uwd for the CLOD toughness calculations is

reports deta' tis of the testing.%e FY 1991 portion of the the average of the vahrs from the strain gage technique for

production beams was begun and completed during this each track depth as shown in Table 6.1.

reponing period.

A parametric evaluatian was perfonned to assess the
6.1.1 Rotation Factor Development sensitivity of CTOD toughness on the ruation factor. This

evaluation indicated that the plasde component of CTOD is
The plasde cornponent of CTOD is determined not overly sensitive to the value of the rotation factor.
experimentaHy from the plastic compcment of CMOD and Shallow < rack beams are less sensitive to the rotation factar
the rotation factor. The plasuc displxement of the crack than deep crack beams. A 25% increase ir, rotatirm factor

flanks is assumed to vary linearly with distance from the irercases the plastic CTOD by about 5 and 17% for the
plastic center of rotation in this way, the plastic CMOD shallow- and deep crack geometries, respectinly. The
can be related to the plastic CTOD. De plasde center of rotation factar is inwnshive to beam thickness and utsolute
rotation it located ahead of the crack tip at a distance equal beam dimensions, varymg only with a/W ratios for a given
to the rotation fattor (RF) multiplied by the remaining reaterial.
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Cleavage. Crack

only the plastic com;cnent of area under the load vs LLD
Table 6.1 Itotation factor data curve and a plastic n factor.7 %e equations uwd to7

determine the J. integral toughness follow:

DnalilSST beam a/W Strain gages J a . lei + )i>i . (6.1)
(tip gages

'

*
3 0.10 0.48 0.M
4 0.52 N/Aa N/A 2

et = -vUE, M
5 0.52 N/A N/A
6 0.52 N/A N/A
7 0.11 N/A N/A

IP' P l' '

8 0.10 0.53 OIA
9 0.10 0.47 N/A The two J. integral techniques gave reasonably close values

10 0.1.' N/A 4.07 of J integral toughness, averaging atout 110% different.
11 wever, th second technique yielded more consistent

I1 0.089 0.50 9.M
"" " "**I""# "" ' " ' "'' ## "' * E '*I

12 0.53 0.40 0.00 ug en va ucs ng e enugy tdn@ are
13 0'094 N/A 0.73 considered more reliable; these are given in Table 6.3 and

14 0.004 0.48 N/A included in the test reports.

15 0.092 0.52 N/A
16 0.53 0.52 2.35 Examination of the data in Tables 6.2 and 5.3 shows that Je

toughness values are consistent with the $c calculations.
Average deep 0.46 he Je ratio of the mear' shallow-crack toughness to deep.
Aserage shallow 0.50 crack toughness is 2.8 for the beams tested at-M'C

(~76T).De ratio of the shallow-to-deep lower-lound
*!'/A = rwa art cable.h

toughness b 2.0, which is consistent with the shallow-cmck
clevated toughness expressed in terms of CTOD.

6.1.? Development l'hase

The CTOD fracture toughness for the development beams Because Je andSe are related according to je = m x of x

h.'s been updated to reflect the latest rotation factor deter. Se,13 comparing ej and Se allows m, the constraint

minations and checks of the test data. Table 6.2 includes a parameter, to be determined as a iunction of crack depth.

summary of :he caitical CTOD toughness, Se, and sup. Plots of J vs CTOD shoiv a linear relauonship between the

poiting data.These data have been checked and verified two toughness expressions. The constraint parameter, m,

and are included in the test reports now issued for eaca for caeh test was detennined using the critical toughness (Je

development beam test. Chapter 10 includes additional and Sc) and the estimated flow stress or. Use of the :;ritical

info.mation on the test reports and includss a representative toughness is in keeping with Sumpter's contention that y tp

report (Appendit 10.1\ is 5 alid only for a perfectly plasuc material after limit
hud.7 Table 6.3 show s the constraint values calculated for
each test.The average constraint parameter was 1.6 for

Fracture toughness was detennined for erh beam in terms deep crack specimens and 1.1 for shallow-crack specimens.

of the J integrul using two slightly different techniques.
1.ittle or no crack groch took Jace m these tests, soI
ASTM E813 is not strictly apphcable, in the first Although the J integral and C1'OD toughness expressions

teci nique J was computA using a total energy approach are generally consistent with each other, the CTODt

utilizing th: total area under the load ss load line- toughness was considered more reliable than the J integral

dbplacernent (LLD) curve and a sing 16 y factot estimated because the experimental load vs CMOD records were

from finite-element analyses cf the llSST deep. and more consistent and ryotable than the load vs LLD

shallow-crack beams. he second technique calculates J by records. The previous semiannual (October 1990-March

dividing the elastic and plastic components of energy, using 1991) included Ke estimates that computed the shallow.
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Clcavage-Crack

Table 6.2 IISST deselopment beam data with CTOD toughnewa

Measured Sleasuredl' allure Toughnew
IISST Temperature S 11 W a clastic I"U"''g, load CTOD
beam ('C) (mm) (mm) (mm) (mm) compilance (ggy (mm)CNIOD

(mnikN) (mm)

3 -35.6 406 50,6 99.7 10.0 0.101 3.W x 104 600 0 808 0,$V
4 -M6 406 50.7 99.5 51.8 0.520 3.38 x 100 128 0.461 OA18
5 -55.3 406 50.6 99.1 51.2 0.517 3.14 x 10 3 140 0.442 oat 9
6 -59.2 406 50.6 99.5 51.9 0.522 ' 52 x 10 3 185 0.758 0.12
7 -59.4 406 50.7 94.2 10.2 0.108 3.27 x 104 483 0.250 0.14
8 -59.5 406 50.8 94.2 9.63 0.102 3.12 x 104 657 0.652 0.48
9 -62.3 406 50.9 94.0 9.52 0.101 3.09 x 104 552 0.508 0.35

10 -60.2 406 50.9 94.3 14.0 0.149 4.77 x 104 489 0.4 34 0.24

11 -56.7 8(4 102 93.9 8.36 0.0890 3.08 x 104 472 0.312 0.20
12 -56.7 8(4 102 94.7 49.8 0 526 4.44 x 100 117 0.574 0.061
13 -59.6 664 102 94.0 8.81 0.0938 3.29 x 104 502 0.514 0.36

14 -57.4 864 152 92.5 8.69 0.0939 2.25 x 104 723 0.504 0.35
15 -58.5 864 153 94.5 8.66 0.0917 2,14 x 104 684 0.257 0.15
16 -57.8 864 153 94.0 50.0 0.532 2.81 x 10 3 170 0.530 Om.)

8Ntaes: Ruathm factars given in Tabic 6.1. Yield strus = 476 MPa ah --m C and 440 MPs ei T = -35'C. De yield stren w ai estimated
from rtavnTernprature values and ad med for the lower itmgraturen. E = M6,m$0 MPa. s = 0 3.f

and deep-crack toughness in the same manner.2This For comparison, Ke was calculated directly from the
technique tends to overestimate the shallow-crack J integral values in Table 6.4 in addition to using CTOD
toughness. For these reasons, Ke was calculatedl3 frorn and Eq. (6.4). The two methods of determining Ke are very
CTOD using the following relation: consistent. The maximum difference between Ke using the

Ke = (m x of x E' x Sc)1/2 , (6.4)

where m = 1.6 and E'= E/(1 - v2) for deep crack The previous semiannual report 2 includes estimates of the
sptcimens, and m = 1.1 and E' = E for shallow-crack plane strain toughness from the deep- and shallow-crack
specimens. data using the Irwin De correction. In addition, the e

correction was modified to " predict" the shallow-crack
toughnros from deep-crack data with good success. These

The plane-strain value of E' was used for the deep-crack calculations have been repeated using the updated Ke
specimens in spite of not meeting the validity requirements calculations, and the results are not as promising as
of ASTM E399 taause the experimental data in this previously believed. The agreement between " predicted"
program indicate li:tle or no influence of beam thickness on and actual shallow crack tou3 ness is reasonably good,h

the data. Table 6.4 gives the toughness of each beam in a!though the modified De correction tends to overestimate
terms of Kc. He rat;o of shallow to-deep toughness in the actual shallow-crack toughness. De actual Ky, adjusted
terms of Ke is approximately equal to the square root of the Ky, and " predicted" shallow-crack Ke values are given in
ratio in terms of CLOD. The lower-bound, shallow-crack Table 6.4
toughness is 40% greater than the lower-bound, deep-
crack toughness at --60"C. The spread of the data is also
reduced, expressing the toughness in terms of Kc.
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N 7*se 4 rack,,

# /c
i'able 6.3 J integrat %ughness und constant Table t;.4 Actual and " predicted'' toughness valnes

paran eter, m, determination using modiGed Irwin correction *cg
Ke he credictedi %tje y a llSST Ke actual l

m beam WPa fm') N a E W Pa Me ' 'IPl (MP mm) (MPa)
,. -)

.,
.

4 99 81 127.,.4 - .-

I,' '

1.13 260 425 0.87 5 99 81 129
-

4 .a 2/)0 42 558 1.6 5 153 102 127

4.1 2.00 48 550 1.g 12 111 98 103

i 's 2.00 100 556 1.6 16 1!0 105 98

7 1.16 92 556 1.2'
Average 114 93 117

6 t 1.14 280 556 1.1 deep flaw
-

o 372 1.12 170 561 0.89,

1 7 131 74 235
n' 187 1.34 140 557 1.1 8 244 93 246

il 376 1.07 It 552 0.97 9 211 88 245

12 16.9 2.00 50 552 1.5 10 172 91 181

13 1134 1.09 210 556 1.1 11 156 75 232
'

13 212 86 265 {
14 1876 1.09 230 552 L2 14 208 85 271
25 400 1.03 e 552 1.1 15 135 103 271
16 10.7 2.00 46 556 1.4

Average iS4 87 250

m (dee;)) = 1.6 shallow

m (shallow) = 1.1 jDaw

- d&tes: Average of deep-cmck adjusted v lues was used to " predict"
toughness for shanow-Daw spe6nent. Only tests conduard at T a
# ''* "

6.1.3 ProducfJ.on Phase [
The production phase of the shallow-crack program was because shallow surface flaws in a reactor vessel would be
initiated during this reporting period. A total of 18 located in material possessing a similar skin effcet. "

production beams have bm. tested. Additionai testing
information, including the test matrix in Table 10.2,is
supplied in Chap.10. The goal of the produc ion phase of Data aralysis to detennine the CTOD and J integral
tests is to roduce a amited data base of toughness values toughness consistent with that performed for the
appropriate for reactor vessel analyses with shallow Haws. develcpment beam tests has not yet beca performed.
This objective is being fulDiled by testing deep- and However, preliminary estimates of tl e production beam
shallow-crack beams primarily in the lower transition tests indicate results cons. stent with the development phase
region. The temperature limits betwea w;.ich a shallow. tests. The production phase tests are being conducted at
crack beam woula exhibit the increase in techr.c ss need t multiple temperatures; these indicate that the shallow-crack
be determined. toughness curvc is similar in shape to the deep-crack

toughness curve but is shitted about 13*C (55*F). Shallow
crack beams have been tested on the lower shelf and, as

All beams teste i to date have been cut from the center expected, showed linear, elastic behavior with no toughness
portion of the source r'?te (HSST Plate 13B) where the increasa Figure 6.1 shows the results of all of the shallow-
material prope ties an homogeneous. It is planned that crack teung and the six additional c'cep-crack Deam (see
some shallow-ernck beams will be taken from the surface Sect. 6.4) tests m terms of Ec vs temperature. The CTOD
por. ion of Plate 13B where metaliurgical gradients exist toughness is converted to Kc ving the technique described
that furthe-increase the fracture toughness (i.e.," skin in the previous semiannual.; 1 : e development beam tests
effects"). Surface material is being sampled in these tests use the same conversion to K. show the consistency
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Figure 6.1 Preliminary Ec vs temperature toughncss data

|
between the development and production beam results. The fracture toughness of RPV weld and plate material !

i

Additional analyses will te conducted to calculate
needs to be determined in full thickness clad specimens j

. J-integral toughness and the constrain: parameter, m, fo the with shallow flaws under prototypic PTS conditions.
,

'

f production beams to refine the Ke toughness values. Comparison of results from these ush with previoe test
results would pmvide a qualitative definition of the effect

.
;

6.1.4 Futtte Work of near-surface conditions on fracture toughnees.
{

.!
l

T he application of the shallow crack, fmeture-toughness 6.2 Lower-Bound Irlitiatiort Totighness
. data to reactor vessel analyses remains the final goal of the
pmgram. To reach that goal, moro specimens should be (W. L Fourney, G. R. Irwin, J. TV, Dally' I

'

tested with multiple crd depths and at several X. J. Zhang, and R. Bonenberger)
;

temperatures within the transition region. Comparisons
!

betwen shallow-crack teams taken from center and A new experimental m;thod ht i Nen developed by the !surface portions of the source plate should be made. The research gwap at the University of Maryland (UM) to
|results generated to date are encouraging but nu conclusive measure the lower-bound initiation toughness in rector-

as to how to apply the data to an RPV. Prior experin :ntal grade steel. The method uses two releuvely small
work within the HSST Program ha:: include 6 ests on inick. specimens (notched round bar and modified Charpy)o

walled vessels cmtaining relatively shalbw flaws.I4 'lhese subjected to dynamic loadmg as the fracture crecimens.2,15
tests offer a means to validate the technology for applying Lower-bound initiation toughness is achieved through
shallow flaw toughness data to an RPV, enhanced constraint in the specimens and dynamic loadir'g.

'

: e notched round bar specimen provides enhanced
constraint compared with similarly sized plate specimens.

. In . addition, numerical analyses of the test specimen and the The modified Charpy specimen is side-grooved, which
application (i.e., an axially orien'ed flaw in an RPV) need enhances the constraint.
~ to be performed and interpreted. These analyses will
provide a means for checking transtecability of the test
results to an RPV.
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A repart on low er-bound initiation toughness vrdues arrest behavior. The prograrn plaa is divided into three
phases. Phase I consists of devekping and analyzing

ebtained from modified inseumental Charpy testing Asuitable procedures for creating metallurgicai grwnts in
wasl

delivered to th: NRC during the reponing period,1
second rept'th which will cover the determination of low cr- steel specimens. In phase !!, tracture tests (crack.

bound initiation *aughaess freir notched round bars and the orc;nption, crack arres' vid possDly dynamic

effects of piccompression of these hat; on the initiation reinidation) will be perfc 1 to detennine the respective

toughner will be delivered to ORNL in 0 totor 199i. fracture toughness properte Phase 1[I will attempt to
relate the microwucture, propagation toughness, and
cleavage characteristics of the fracture surfacr* by

6.3 Gradient EITects on Fracture examining the fractured specimens with scanning electron
micioscopy.Toughness (G. R. Irwin, W. L Fourney,

4

X. J. Zhang, and T. J. Theiss)
The gradiems in the specimen are descloped by ernploymg

- The purpose of this subtask is to investigate the in0uence an unorthodas heat treating precedare. This procedure,

of metallurgical and thermal gradients on fracture llustrated in Fig. 0.2, involves a nonuniform auench of a
uu$ mess. Metallurgical gradients are known to exist and sicci socc men. 'the illustration shows a bar of length L

'

intluence fracture toughness in large plates. The toughness immersed in the quenching fluid to a depth d and held at
as expressed in ternu of the Drop-Weight Nd Ductility this level undl the temperature of the b?.r reacles
Transition Temp.tuttre (DWNIyT)of the center nortion of equilibrium with the quenching Guil This action will
a large pla.e can to 65^C (1207)ler than the #NDT of produce a wide variation in the quench rates at various
the surface portion of the same plate. MetaHurg, cal Iccat ons on the specimen. At the quench end, the cooling

gr.viients a:e ira; ort mt in considering shallow Gaws in a rate will be very high, and significant amounts of
untor vessel because shallow flaws are located near the martensite will be produced to give a very hard but brittle
pate surface in 'he region of grea! cst metallergical structure. At the other end of the bar, the cooling rate will

toughness. Therraat gradients have also been suggested as a
possiUc inDuencing factar of fracture toughness. ,g ,g

n

Two separate studies are being conducted to invesdgate the
SPEctMEN

- in0uence of metallurgical gradients on fracture toughness.
The material for the first rnetallurgical gradient study is

from the MidLnd vessel arxlis taken from the nozzle
course. 'the test piece is full thickness and includes
cladding and a wela (WK 70 and WF 67 chemistry) L

section. T!'a second study is being performed or, AISI 1045
_ _ _ - .

steel. n
i

'

In the first study, metallographic examinations of the
" v

heavy section stab,provided by ORNL, are in progress.
After substantial wet. grinding. the slab surface was-

4
polished and etched.This permitted the selection of regions
of special imcrest. Preliminary studies of inhomogenei y s

features, using microhardness indenn and views a higher
'

magnification. have teen done. The ongoing work will ,s

center attention on metallurgical features related to fracture i ggjENCHING FLUlO (
_

toughness.-

,

A series of experunents is under way to examine the effect Figure 6.2 Unorthodox quenching procedt.n being
af metallurgical evadients on crack propagation and crack used in gradient study
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be very slow, and the structure will be similar to that sectioning the very hard regions of the steel and for -
generated by air cooling (normalbed), The metallurgical increasing the maximum temperature limit of thc fumace.

i structure at this end of the bar will be mosdy pearlite.
; Between the t vo ends of the bar, the metallurgical structure
? should urw.lergo a transition from a martensite-rich structure 6.4 Thickness Influence on Toughness
' to one that is coarse pearlite- (T. J. Theiss)

At the midyear review, six deep-crack beams were added to
Steel bars approximately 50 x 150 x 305 mm (2 x 6 x the program to investigate the influence of thickness on
12 in.) in size are being used to determine the effectiveness

fracture toughness. Information on the testing of Bese 1-of the unorthodox heat-trerting process in developing a beams is in'.!uded in Chap.10. These beams complement )
: gradient var. Quenching is done in a water bath at room

the deep-crack beams in the development phase of the |temperature (21*C (70*F)]. Following the quench, tise shallow crack program by testing beams 50,100, and 150 |. . hardness of the bar is determined at various cross sections mm (2,4, and 6 in.) thick at a separate temperature. It is 1
along the length of the bar. Metallurgical specimens from generally accepted that the " validity" criteria in ASTM
different locations will be prepared, and the grain size and E399 place very stringent requirements on the beam

- metallurgical structure will be identified with optical thickness required for planc-strain fracture toughness. The
' P otomicrographs.h

deep-crack tests can provide expesimental evidence of a
;; raore appropriate validity criteria if the results fem tests of
!' -- differing thicknesses give the same toughness in spite of

-

butially, a medium acrbon, hot-rolled steel (AISI 1045) is
not meeting the current criteria. Full analyses of these data

being employed in the heat treating studies. This steel is are not aval!able at this time; however, preliminary analysis
- available in hot rolled bars of tbc correct size and can be indicates similar results comparing the deep-crack tests
used to establish heat-treating procedures that will be -

conducted at -60*C (-75 F) and those at -46*C (-50*F).applicable to reactor-grade steels such as A 533 B. After
The influence of beam thickness appears mirimal at both .

- the heat-treating procedures for the 1045 carbon steel are temperatures, although the data exhibit scatter. Results
estabihhed, they will be adapted to A 531B reactor-grade from the six additional beam tests along with the
steel.This material will be provided to UM by_ORNL lt is preliminary development and production beam data are
anticipated that this sample of material will be shown in Fig. 6.1.
. characterized" so that its physical properties and fracture
"

properties are known.
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,

specimen, ranging from 4 HRA (G3 HRB) near the Oak Ridge Natt.1.ab., HSST Prcgrr.m Semiann. Prog.
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'
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with the water,is greater than the cooling rate at the interior . T. L Dickson and T. J. Theiss," Potential Impact of

: of the bar. A complete hardness profile has not yet been Enhanced Fracture Toughness Data on Pressurized-

determined due to difficulties encountered during Thermal-Shock Analwis," pp.35--53 in Proc. of the

sectioning of the sycimen, particulatly in the quenched U.S. Nuclear Regulatory Commission EigLicenth

,
- region. Efforts are progressing on purchasing equipment for Water Reactor Safety Informaticri Afeeling, Rockville,

.

49 NUREG/CR-4219, Vol. 8. No. 2

- _ . . - -



. . . .. . . ._ _ _

Cleavage-Crck

Afd., October 22-24 J990, USN11C Reprat i1. G, M.usoukas, B. Cotu ell, and Y. W. Mai,"On the
NUREGK'P-0114 Vol. 3, April 1991." Pla: tic Ratation Constant Utut in Standard COD

Tests," fat../ Frac. 26(2h R49-RS3 (1984)i

4. - T. J. Theiu, G. C. Robinson, and S. T. Rolfe,
" Preliminary Test Results from the Heavy-Section 12. T. L Andersor., H. L McHenry, and M. O. Dawes,

Steet Technology Shallow-Crack Toughness "Elartic-Plastic Fractures Toughness Tests with

Program," pp.125-129 in Procerdings of the ASAfE $ ingle-Edge Notched Dend Specirnens," in Elastic-

Pressure Vessel & Piping Corference, PVP Vof. Plauic Fracture Test bfethods: The User's Experience,

- 213/MPC 70!. 32, pp.125 129, Pressure Vessel AS72f STP 856, E. T.Wessel and F. J. Loss, Eds.

Integrity, ASME,1991.1 (American Society for Testing and Materials,
Philadelphia,1985), pp. 210-229.t

5. W. A. Sorem, R. H. Dodds, Jr., vr.d S. T. Rolfe, "An
Analytical Comparison of Short Crack and Deep Crack 13. J. M. Barwm and S. T. Rolfe, Fracture and fatigue

ClDD Frecture Specimens of an A36 Steel" WRC Control in Structures, Prentice-Hall, Englewood Cliffs,

Bulletin 351, %elding Research Council, New York, NJ.,1987.t
February 1990.t --

14. R. D. Cheverton, S. K. Iskander, and D. G. Ball,

6. J. A. Smith ami S. T. Rolfe, 'The Eff ect of Crack " Review of Pressurized Water Reactor Reinted

Depth to Width Ratio on the Elastic-Plastic Fracture Themial Shock Studies," Fracture Mechanics:

Toughness of a High-Swength Low Strain Hardening Nineteenth Symposium, ASTM STP %9, T A. Cruse,

Steel /3' WRC Bulletin 358, Welding Research Council, Ed. (American Society for Testing and Materials,
New Yott,No wirr 1990.1 Philadelphia,1988), pp. 752-766.i

7. J. D. O. Sumpter,"Je Determination for Shallow Notch 15 J. W. Dally," Lower Bound initiation Toughness with

Wclded Bend Specimens," Fatigue frac. Eng. Afater, a Modified Charpy Specimen," Master's Thesis,

Struct.10(6)A79493 (1987).t University of Maryland, College Park, Md.,1990.

8. . B. Cottrell'et al.,"On the Effect of Plasuc Constraint 16. .L W. Dally et al., University of Maryland,"Irwer.
on the Ductile Tearing in a Structural Steel," Eng. Bound Initiation Toughne.s with a Modifikd Charpy
F - Afech.21(2),239-244 f.1985).t Specimen," USNRC Report NUREG/CR-> /03,

(ORN!JSubn9-7778#), prepared at University of
Maryland for Martin Marietta Energy Systems,Inc.

9. - Q. F. Li,"A Study About J an.d S in Three-Point Oak Ridge Natl. Lab., November 1991.i i

- Bend Specimens with Deep and Shallow Notches,"
. Eng. Frac. Afech. 22(1),9-15 (1985),i

* Available far purchese fran the Nadonal Technical Informade Service.
216

- eby' 10. D.-Z.Zhm.g and H. Wang,"On the Effect of the Ratio t

a/W on the Value of Si and Ji m a Structural Steel,"
,

'

Eng. Frac. Mech. 26(2),247-250 (1987),i

|-

!
|

NUREO/CRJ219, Vct. 8. No. 2 50

--

.



- - _ _ _ _ _

7 Cladc'ing Evaluations

J. Keeney-Walker *

7.;. Objective Fracture toughness tests have shown the stainless steel
cladding material to have relatively low resistance to /

The objective of this task is to achieve a more compre, ductile tearing in the unitradiated condition.5,6 Irradiation

hensive representation of the effects of cladding in the at the fluence level experienced near end-of license periods

probabilistic analysis of vessel fracture. Specific for a commercial pressurized-water reactor (PWR) can

parameters of interest are (1) the effects of dynamic loading further reduce the tearing resistance in the cladding

erd irradiation on the toughness of cladding,(2) tne material.This allows a tearing flaw ta mitiate more easily

possibility of fracture mode conversion due to high strain in the clad material than in the reacter bcse metal. During a

rates associated with a propagating crack, and (3) the PTS, such a flaw may provide a site for a brittle initiation
of fast in:cture in the reactor vessel material. For thispropensity for ductile tearing of shallow through clad ,

surface cracks in low-toughness cladding. If3"ure mechanism to be of concem, the fracture toughness
of the reactor base metal material must be reduced below
that attained in statically loaded fracture tests for irradiated

During this report period, a draft report was received in base material his reduction in fracture toughness could

support of the work on parameters (1) and (2) Also, a come from a combination of irraJiation and high strain

technical paper was presented at the i1th Intemational ratin associated with the ductility propagating crack. Strain

Conference on Structural Mechanics in Reacto: rates associated with a crack propagating in the low-

Technology (SMiRT) held in August in Tokyo, Japa. toughness cladding might provide the loaaing condition

Discussions were held in Japan with researchers concerning necid to reduce the base metal fractu~ toughness level.

the EPI Progr .m and ongoing large-scale PTS experiments Certainly, the effect of a cladded crack in the FTS scenario

being conducted in Japan, is important and should be considered ftuser.

7.2 Study of the Effect of Cladding on he objective of this work is to look at the various effects

Reactor Vessel Integrity ** "" *k baqs repow m e hurea
and to apply them m an estimation procedure to assess the

.

(J. D. Landes, The University of danger of a crack in the cladding to pressure vessel

Tennessee) integrity. To do this, a four step work plan was perfonned.

1. 'lhe available fracture-tot ,imess data bases for both
The influence of the stainless steel cladding on the irradiated and unirradiated reactor vessel stainless steel
toughness of the composite clad metal base structure has and low-alloy steel base material were studied to
not been entirely resolved. While many studies have found identify any data that will provid:,information on strain-
beneficial effects of the cLuding,Mt,t hese benefits aret rate effects,
often smaller than anticipated.2,t In some cases, the
accompanying tough heat-affected zone (HAZ) may play 2, he available fracture-toughness data bases for both
an important role by providing a crack-arrest region, thus nuc! car-grade steels and non-nuclear structural materials
contributing to any beneficial effect of the cladding.1,5 On were used to determine strain rate effects,

the other hand, the low-tearing resistance of the cladding
may cause a oroblem when the crack iront propagates into 3. A procedure was developed for estimating the effect of

the base metal, resulting in an overall detrimental effect. strain rate on both the bnttle-fracture and ductile-tearing
toughness of nuclear pressure vessel cladding and bcse
niaterial, based on the information determined in the
first two steps.,

Computing and Tekcatmunicadons Dtvision, Martin Maricua Energy
Systems,Inc, Oak Ridge. Tem. 4. He procedure of step three was applied to existing

White Pa;rr a Reactor VesselIntegrity Requirements for Level A and fracture-toughness data for RPV cladding and base
B Cmdanmst prepared by ASME Secuen XI Task Group on Reactor metal; estimated fracture toughness curves movering the
vessel Integnty Requi.ements. January ' 991. avai14bte through EPRI.

% , K. Iskander et al,*Exper' aental Resutts of Tests toInvestigate Fly
range of strain rates anticipated were produced.

S

Behavior of Mechanically toaded Stainless Steel Clad Ptues," to be
published as a USNRC NUREG report.
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- These four steps were followed in this work. In addition, a his study is discussed in detail in Ref. 7, A technical
8m@l was developed to look at the effects of the lowered paper describing this study was presented at the 1Ith

fracture toughness in terms of an actual structural Intemational Conference on Stmetunt Mechanics in
component. %e results were used to examine the effect of Reactor Technology (SMiR O in August in Tokyo, Japan.
the degraded toughness on lowcring the load bearing
capacity of 11 a structural model. Finally, strain rates
associated with a crack propagating in the ductile cladding 7.4 DIScilSSlonS of EPI Program ande

material were estimated to assess ,he possibility of a PTS Experiments in Japan
fracture mode conversion due to high strain rates at the
crack tip.

7.4.1 Introduction
- An analysis of the dynamic strain rates associated with a
propagning crack shows that normal crack-growth rates Detailed discussions were held in Japan in May 1991 with

that o. cur as a iesult of stable R curve behavior do not Japanese researchers concerning the EPl Program and

elevate the crack-tip straM ra:es a the level needed :.a shift ongoing,large scale MS experiments in bpan. The

the K e transition tempea..; The analysis infers that the principal objective and :he organizationa. structure of thel
high crack-tip straa rates occur only as a consequence of a EPI Program are discussed in Sect. 2.4 of tit report.

rnpid loading rate or the unstable crack propagation that
may occur frota a ductile fractme instability.

The Japanese MS integrh> studies were initiated in .
. -

-

FY 1983 as a national project by Japan Power Engineering
=7.3 Effect ofIrradiated Cladding on and inspection C3rporation (JAPEIC) under contract with

,

- |

the Behavior of Shallow Flaws the MiniSt'Y fI"tca"'I "8' T' d* ""d Ind"Str/ CMITI)- !
During the period of these studies, a number ofinteractions

(J Keeney-Walker * and B. R. Bass *) have occurred between the JAPEIC participants and the
HSST Program staff concerning MS experiments in the i

Further studies of the cladding proble n scheduled for the respective countries. In a recent interchange, J APEIC !
report period were delayed due to diversion of staff provided the HSST Program with a problem statement on i

resources to the analytical studies described in Sect 2.3 of the Japanese Step B PTS experiment for inclusim in the |
this report. This change in priorities was made at the recently completed CSNI Project FALSIRE (see Chap. 9). I

request of the NRC technical monitor for the HSST Discussions described here focused on the recent Step C )
Program. MS experiment and on the large-scale, warm-prestressing

experiments being carried out by J.^.PEIC A summary of
the discussicas held at several university and research

.The potential for stainless steel cladding to influence the insututions is pre nted in the following section concerning
fracture behavior of shallow cracks on the inner swface of the EPl Program and PTS studies.
an RPV was studied Shallow through-clad surface cracks
were analyzed using finite element techniques, clast c-
plastic constitutive models, and Jg-methodology to deter- 7,4,2 Department of Nuclear Engineering,
mine the propensity for ductile tearing in low-toughness - University of Tokyo

_~

cladding. The clad-yiek! stress at the temperature of interest
in this study (13S MPa) was at the low end of the range of Professor G. Yagawa, chairman of the EP! subcommitte<
accessible <tata (130 to 290 MPa). Results indicated that and Professor S. Voshimura, task leader of the Estimation
ductile tearing of the cladding is enlikely to occur for the Scheme WG, previded an overview of current and future

|. crack geometrie, material properties, and pressurized- efforu in the EPI Program with an emphasis on the near-
| thermal-shock loading assumed in the model, term experimental and numerical tasks. The major

computational / analytical task of the past fiscal year (which
ran to the end of March 1991) was the round robin analysis

_ .
of stationary as well as growing cracks in welded CT

*Canputing and Telecommunicstions Dwision, Marnn Marieua Erergy apecimens an A 533 grade B class I steel. He round-robin

Sptems. Inc., Oak Ri4e. Tenn. task, completd at the end of 1990, involved participants
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from five miversities and four industrialaganirations in on crack growth in CT specimens and 3PB specimens havr
Japan.' According to the round-robin pmblem statement, been carried out using specimens 6,10, and 19 mm thick.
participants were requested to perfenn static and/or These data were compared with data generated p,eviously

generationthase, crack growth anilpes based on crm;k using specimens 19 mm thick to study size effects. The
growth (Aa) vs load-line displacement (S) relations mea- effects of (1) specimen thickness and crack mientation on
sured in the experiments. The side-grooved Cr specimens initiadon toughness, (2) crack-tip location v .; rack-growth
(19 mm thick) used in these experiments consisted of four resistance, and (3) specimen configuration are .eported in
different configurations: (1) homogeneous base metal, Ref. 9.
(2) base metal / weld metal with the crack tip in the HAZ,
(3) base metal / weld metal with the crack tip on ti.e fusion
line, and (4) base metal / weld me:al with the crack tip in the Also, measurement techniques of crack-tip behavior (grid
weld metal. The problem statement included the necessary method and Moire interferometry) were exar ,ined by the
information for each specimen concerning geometry, University of Tokyo with the assistance of computer ---

material prof tics, measured load (P) vs 6 curves, and image-prucessing techniques. Another type of specimen
measured relations among P,6, and Aa. Participants were being utilized this year focuses on the growth of surface
requested to provide calculated results for applied load per cracks in welded plates. Professor Kikuchi of the Science
unit tPer IPAT11 calculated en integral paths; JMC, University of Tokyo is testing surface-cracked specimens
Jo,are ained with conventh ial estimation formulas with ratios of crack depth to surface length (a/c), satisfying
(i.e., Me. Corten, ASTM E-813, and modilied Emst, 0.2 s (a/c) s 0.8, using a 3PB-type of applied load. In each
respectively); and crack-tip opening angle (CTOA) and case, the crack plane is perpendicular to the weld direction,
displacement (CTOD). The analysis matnx was designed with the fusion line coinciding with the minor axis of the
such that at least two analyses were carried out for each test semielliptical crack. Rese strcimens are depicted in
by different participating organizations. De results of Figs 2.11 and 2.12 in Ref.10.nc results indicate that the
thase analyses have been compiled and reported in detail in crack-growth distributions were symmetrical with respect
the third EPI report.9 to the center line of the sarface crack irmspective of

weldment and that the ClOA values of welded specimens
were much smaller than those of homogeneous specimens.

Several diflerent tasks are scheduled to be performed by
the members of the Experimental WG in 1991. Residuai
stwss measurements have been performed on a portion of a At the University of Tol.yo,Profes. sors Yagawa and
weld x1 plate of A 533 grade B class 1 steel fabricated and Yoshimura are analvung large-scale growth in w elded CT
tested in 1989 under ths EPI Prognim. These measurements spcGmens using computer image processing Measare- -

were conducted on an "as-welded'' segment (i.e., not st.ess ments of nonlinear fracture mechanics parameters (with
relieved by heat treatment) by Pmfessor H. Kobayashi of emphasis on the T*-integral) using caustic and Moird inter- ,

the Tokyo Institute of Technokgy using an acou :to-clastic ferometry techniques are being conducted by Professor T.
- technique, Similar measurements on stress re'ieved welded Nishioka at Robe University. Professor H. Homma at
segments from the same plate were previously p'rformed Toyohashi Institute of Technology is using fracture tests
by Professor Kobayashi for the EPI Program and by urder ronisothermal conditions to study the effects of
Professor E. Rybicki of the University of Tulsa for the thermal gradients on the fracture-initiation process.
IlSST Program; Professor Rybicki unlized a destructive
strain-gage technique foi his measurements.

Professor Yoshimura indicated that the new welded plate
similar to that tested in 1989 by the EPI Program has been

Comparisons between the stress-relieved and not stress- fabricated by Kawasaki Steel from a different heat of A 533
relieved plates indicated that the maximum residual stress grade B class I steel and will be utilized in a test ng pro-i

after the heat treatment and machining decreased by half. gram to augment the data compiled from the first plate. He
The mean values of residual stresses in the thickness plate was cut into one base plate and seven welded plates
direction measured by the strain-gage method were much and sent to several institutions for varied experimental
smaller than those of the acousto-clastic method, which work including material pr]perty determination, small-
may be due to the large stress gradient. Plans are under way specimen testir.j, and residual stress effects on the fracture
to conduct fracture analyses with residual stresses to behavior. (See Sect. 2.4.1 for additional details concerning
determine their effcets precisely. Additional experiments the testing program.)

53 NUREG/CR.4219, Vol 8, No. 2

_ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - - - _ - ______ - _______-_ ___



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

_ Cladding-
_

7.4.3 Komac Research Laboratory, Central Leader ef the'I'.coretical WG in the EPl Program,is

Research Institute of Ele &lc Power leading a study to develop a fracture model for cracks at the -
intuface between two dissimilar materials ir structuresIndustry
hasing welded or adhesive joints. The large-stmin, finite-

es a s comtkudw reladodw
Technical discussions concerning fracture-mechanics element m y u

p rous, plasuc solids to incorporate the effects of
studies at the Centra! Research Institute of Electric Power micr veia .iucleation and growth on near crack-tip fields,

,

- Industry (CRIEPI) covered topics related to light-water Currently, this model is being developed to predict
reactor (LWR) and fast-breeder reactor (FBR) programs. C mbinations of rnaterial properties that lead to so-called
Recently, a simplified fracture-mechanics model has been .stmng a we k bonds at the tnterface between 'hard
developed that does not use finite-element analysis to and M materials. In particular,it is desirable to predict
predict creep-fadgue ciack growth behavior in FBRs. De w hether the , terface crack will extend aking the mterfacem
model contains contributions of stress redistribution (weak bond) or extend into the softer material (strong
(clastic-plastic) and primary , ep (non Nor:on). Based on bond). In results obtamed thus far, it has been shown that
applications to tests of 3N r a .ess steel at 550*C,

aw a larger effget n the crack-tipmm
predictions of crack growth M. avior from this mode; have u ng a se i bimanal hn fm a

. been good for 2-D crack prob..;ms. De accuracy of the homogeneous material. It was also found that the plastic
model has also been exammed through finite-element

stram and the microvoid volume fraction are localized in a
analysis. Future plans include taking into account 3-D and * narr w bands that grow into the softer material from
thermal stre;s effects.

the m. tersection of the interface and the blunted crack tip at

inclinations ot' ~15-45'. ,

1

i= A tour of the material test facilities in the Materials Section
focused on testing capabilities for FBR developments. The Professors H. Kobayashi and Y. Arai have developed and
experimental equipment included a 1000-ton fatigue employed acousto-clastic techniques for nondestructive
machine bemg used for leak before break (LBB) tests of measurement of residual stresses. Recently, these
large 304 stainless steel wide plates at $50*C. Fourteen techniques were applied to the determination of residual
tests have been performed at varicus conditions, that is, stresses in segments of the welded pP a of A 533 grade B
room temperature /high temperature, through notch / surface class I steel tested in the EPl Pagram. The technique is
notch,'and base metal / weld jomtr At high temperatures based on the principle that, in a state of plane stress,
(550*C), the surface notch pmpagates first in the depth differences in principal stress and principal directions of1

;

direction and then in the surface direction. Thus, a
stress can be measured from the relative differences in the

; condinon of LBB would be expected. Further tests are velocities and the principal directions of ultrasonic shear -
planned that combme vanous temperatures and matenals. waves. In recent studies, they evaluated the influence of :
Also on display was a 100 ton fatigue machine being used material anisotropy on the measured acousto-clastic effect
for vessel mcdel tests under transient-thermal egnditions, and applied these techniques to welded plates. Results of,

prforr'ed to demonstrat.: the validity of inelastic analysis. their studies have been compared with the measurements ofg

Addiuonal testing facilities meluded approximately 30 g g ,,g gg g
conventional fatigue machmes with capacity up to 10 tons performed by Professor Rybicki for the HSST Program
and temperature of 1000 C, approximately 30 creep using destructive strain-gage techniques. The acousto-
machines for temperatme up to 1000*C, two tensile-test

clastic method overestimated the residual stress as
machines, and a thermal ratcheung macho.c for testing compared to the strain-gage method, which is assumed to

R wssets,
be due to the large stress gradient.

L _ .

L 7,4.4 Department of Mechanical Engineering 7.4.5 Takasago R&D Center, Mitsubishi-
Sciences, Tokyo Institute of Technology IIeavy Industries

Discussions concerning the EPl Program focused primarily
Discussions with Dr. K. Hoio and staff concentrated on

on computational studies ofinterfacial crack models and recent developments in the Japanese PTS integrity studies,
en acoustic trAniques for nondestn.ctive_ measurements including the current stats Lf the testing program being
of residual strewes m welds. Professor S. Aoki, Task Icarried out at the Takasago R&D Center. The stated
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objectives of Itc NS integrity studies in Japan are to gain Two points should be made concerning potential use of the
public ac=ptance for RPV integrity agairst PTS events arid Step-C NS data by the HSST Program. First, the Step-C
to develop a data base for life extension. To meet these expe-iment is being considered as a sandidate for inclusion
objectives, s rescarch program involving both experimental in Phase II of the CSNI/ FAG Project FALSIRE (see
act analytical studies has been developed. The experi- Chap. 9), which will be initiated in FY 1991. Second, it
mental program for investigating crack behasior under PTS would be beneficial if dual parameter approaches to
conditions features a large scale, flat-plate specimed with a fracture characterization currently being studied unde-
thickness approximating that of an RPV, A special PTS test Task 2 could be applied to the large- and small scale

- facility has been constructed at Takasago to apply specime:. data. One objective here would be to reconcile
dermomechanical loading to the flat plate to approximate the differences in toughness measured by the Japanese for
MS loading conr'itions. The facility contains a horizontal the two specimens using single parameter appmaches. ne
testing machine with a capacity of 2000 tons in tension and dual-parameter approahes have been applied previous!y to
500 tons in bending. A large-scale, thennal-hydraulic loep wide-plate fracture initiation test datalI by the HSST

3with a flow rate capacity of 10 m /s and bulk-coolant
.

- Program with some success.
temperature of-32*C is used to thermally shock the flawed
surface of the plate. Surface flaws are generated in the plate
by electrodischarge machining followed by fatigue- 7.4.6 Department of Ocean Mechanical
sharpening with a cyclic bending load. Some of the current Engineering, Kobe University of -

| analytical studies include the development of a Mercantile Marine
| probabilistic fracture mechanics code for crecp-fatigue
'

~ crack growth (PCCF), which shows the effects of loadios A hybrid numerical-experimental method has been
conditie.4s on failure probability. Also, a crack shape developed by Professor T Nishioka to easure mode I and

_

' estimation technique using the Reversing Direct Current mixed. mode fracture parameters using a laser-caustic
Potential Method (RDCPM) has been developed and (shadow p.ttem) method. The method of caustics is an
compares well with analytical computations. optical technique that has been used to incasule stress-

intensity factors in both sttje and dynamic fracture
mechanics problems. In applications of this method, high-

frge-scale NS tests completed at the Takasago facility speed photographs of the reflected caustic patterns arouni
= include (1) a preliminary verification test involving brittle- the crack tio are taken using a laser generated light source.
crack initiation, (2) Step-A test verifying no-crack initiation Professor Nishioka has developed a finite-element
under MS conditions at end of design life,(3) Step-B test technioue aided by computerized symbolic manipulation

; investigating crack behavior for upper-shelf conditions, and for simul: Ling the formation pocess of caustic patterns in
|(4) Step-C test investigating crack behavior in material with clastoplastic materials. He simulated and actual caustic
a toughness gradient. Dr. Hojo indicated that the data and pattems can then be compared, and the relation between
analysis _results from the Step-C test remain proprietary to computed fractme parameters, such as the T* integral, and
MITI and cannot % reted. This position is consistent the size of the caustic pattern can be obtained for various
with our previous wxperiences with JAPEIC and is related - optical ~angements. In effect, the caustic pattern is used
to the well known political sensitivity associated with the to calibrate the finite-element model of the specimen from -
interpretations of these PTS tests in Japan. no next series which the T*-integral can be eva uated. This technique is
of NS tests (large-scale models) is now under way at being applied at Fote in support of the testing program of
Takasago and is ssigned to study and validate the effects the Experimental WG in the EPI Program. Applications
of WPS. Ec test taaterial is A 533 grade B class I suel have been applied to PMMA using the transmitted causue
with a 61 surface flaw and depth of 10 to ^0 mm. Two out method and A 508 steel using the reflective caustic method

- of five tests have been carried out. In tei 12 the stress- for double cantilever beam (DCB) specimens. Profeesor
intensity factor at crack initiation excmW. the material Nishioka has also begun expenments using the Moird

. initiation toughness curve; Dr. Hojo offered no comment on interferometry method to determine the deformation
this result, but the measured crack depth is in a range that behaviors of the crack up in inhomogeneous CT specimens

- could be susceptible to shallow-flaw loss-of-constraint of A 533 B. Initial experiments hwe shown that fine-
._ effects. The third specimen is in the mxhine ready to be - specimen grating could r.ot be used to measure -

tested. This series is eyected to be completed in 1 year, displacement fields for high loading but that the plastic
zones were clearly visible.
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Professor Nishioka provided a tour of his laborator/ neglecting 1.armal stress effects. Only one data point was
facilities in the Department of Mechanic.d Engineering an<l obtained this year. They did not observe any significant
described the experimental setup for high-speed, laser- effects of anisothermal conditions on the fracture

- caustic photography used in conjunction with a tensile behavior. This might be because the temp rature gradient
_

testing machine. He has recently teceived a new camera, used was not large enough Next year a steeper temperature
6Cordin Model 330, which has a maximum spe d of 2 x 10 gradient will be applied to the specimen, and experiments

frames /s with a storage capacity of 80 frames. This has are t<ing planned for PMMA in which the cooled and
significantly improved the high-speed photographic heated edges will be switched,
capabilities. The tour also included visits to the wave and
superconducting propulsion laooratories and training ship.

A tour of the laboratory facilitics at Toyohashi included a
briefing on the operation of the computer-assisted Charpy.

Near-term conuibutions to the EPl Program by Professor impact testing system developed under the direction of
Nishioka will be cor.cerned primarily with additicnal Professor Niinomi. The system incorporates four Charpy
measurements of nonlinear fracture parameters (i.e., machines, the largest of which has a 50-kg-m capacity, The
T*-integral)in CT specimens of RPV steels using the laser- laboratory also includes one 50-ton tensi)e machine, a 1 ton

caustic technique. He also participated in the 1990 round- tensile machine, and several fatigue-testing machines.
robin analysis of the EPl Program, performing analyses of Va-ious programs utilize the machir.es for testhg of ferritic
two case metal / weld metal CT specimens with tne crack tip stects, aluminum alloys, plastics, ceramics, and composites.

located irnhe HAZ and on the fusion line.
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8 Pressurized-Thermal Shock Technology

T. L Dickson*

- 8.1 Background Information equatim so! -r(developed at Stanford University) was
obtained; however, attempts to validate the analytical

5
During a PTS event, thermal streaming beneath the reactor model against previously reported finite-element solutions

were not successful.vessel inlet nozzles can occur when cold safety coolant is
injected into a stagnant reactor primary coolant loop.
Therinal streaming in the reactor vessel downcomer
annulus flow generates a nonuniform, asymmetric, This activity has now been terminated. Stresses induced by

circumferential temperature distribution in the reactor thermal streaming will now be calculated using an approxi.

vessel wall. mate solution in which mean temperatures for the vessel
wall are first calculated from 1-D radit heat transfer ancly-
ses results. Rese local mean temperatures will then be in-

- Published resultsM from thermel-hydraulic experiments tegrated around the vessel periphery, and 'his integral will

perfo med in Germany have raised concerns that thermal be used to define the vessel mean temperature, T V-A

streaming roay represent a significant source of additional 'I. : . mal stresses due to thermal streaming at 'my point in
the vessel can then be defined as a function of the localthermal stress not currently included in the OCA P

analysis. TI e OCA-P computer code is used to perform temperature minus TAV. This approach is considered suf-

fracture-mechanics analyses of RPVs subjected to PTS ficiently accumte to calculate thermal-streaming stresses

loadings. because the distribution of temperature in the thennal-
streaming flux is itself not well defined. 3

Current plans, under Task 5, are to enhance, generalize, and 8.3 Ar'ici 1:ted ActivitiesPvalidate the OCA P code and to make it more " user,

friendiy," Current plans are to name the new code FAVOR.
5

Within the HSST Program, the emphasis is on incorporat- Le previous finite-element analyses have shown tl at the

ing inte FAVOR the ability to mode; the effects of thermal additional axial stress component (due tr streaming) acting

sueaming in FTS analyses. at the inner vessel surface can be approximated wnh a
simple E x a x AT calculation, where AT is the plume
strength (i.e., the temperature differential between the plume

8,2 Analytical Solution to Thermal. center-line temperature and the well-mixed lluid tempe u.
tar ). Further finite-element analyses will be performed toStreaming Problem
quantify the axial stress coinponent due to streammg
through the vessel wall for a variety of geometries and

Some time was devoted to pursuing a general analytical ' lume strengths. With this info.mation, the methodology forn
(nonfinite-element) solution to the thermal streaming prnb- incorporating thermal streaming into the fracture analysis of
lem.The objective was to de velop a methodology that can circumferential flaws will only require plume strength as a

. be incorporated into a 1-D, finite-element, probabilistic, user-specified input parameter.
fracture mechanics program (FAVOR). The thermal-
streaming probtem is multidimensional; therefore, an
analytical soh. - a wra desirable (as opposed to a multi- }{0ferent'OS
dimensional, fit.ite-element solution methodology).

1. M. Geib," Verification of OCA-P and VIS A 11 on
Behalf of Straias and Stresses Induced During HDR-

This analytical solution methodology involved solving the TEMB Thermal Mixing Tests," Battelle-Institute,
nonhomogeneous biharmonic equatien of the Airy stress Frankfurt, Federal Republic of Germany,1988.*
function for the 2-D, hollow-cylinder problem, in which the
boundary conditions correspond la the transient,
thermoelastic, thermal streaming problem. A biharmonic 2. G. E. Neut'rech et al.," Crack Initiation and Crack

Growth During Ther nal Sbek Tests in the Reactor
T'ressure Vessel of the HDR under Corrosive Medium*coniputing and Telecanununications wrision. Martm Maneua Energy

Sysmns,Inc., Oak Ridge, Tenn. Conditions," Int. J. Pres. Ves. Piping 24,1-5,1988.,
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9 Analysis Methods Validation

B. R. Bass *

9.1 Background Infornlation in pralictive capabilities of a variety of fracture assessment
methods, especially in ductile fracture applications. As a

During this repon period, several subiasks were cumpleted consequen:e, the CSN!/ FAG was formed to esuluate frac-

in support of the Project for Fracture Analysis of Large, ture prediction capabilities currendy used in safety assess-

Scale Intemational Reference Experinient (Project ments of nuclear compouents. Members were from iabora.

FALSIRE). Work continued on comparing and evaluating tories and research organizmions in Western Europe, Janan.

the analyses of large-scale experiments parformed for the and the United States.

Pmject FALSIRE Workshop. Results from the comparisons
are being used to prepare an interpretive report incorporat.
ing resuhs, conclusions, and recommendations of the work-
shop. Detailed discuuions were held wt me staf f of e CSN1/FAO planned Project FALSIRE to assess vari

us fracture methodolopes through interpretive analyses ofGesellshaft fil- Reaktorsichedicit (GRS), Koln, Germany,
selected large-scale fracture experiments. Six referenceconceming (1) completion of the final. draft repon,(2)
experiments were eventually selected by CSNI/ FAG for

development of plans for presenting Project FALSIRE
detailed analysis and interpretation.1 The CSN1/ FAG estab-

results at an International Atomic Energy Agency (IAEA)
lished a common format for comprehensive statements of

Specialists' Meeting in 1992, and (3) consideration of a
these experiments, ir,cludmg stryttmg mfonnanon and

second phase of intemational fracture assessments similar
wadable anklysis results.

to Pmject FALSIRE. A review was conducted at AEA/
Risley, United Kingdom, of the spinning cylinder experi-
ments used in Project FALSIRE. An invited technical

lpaper summarizing results from the Projeu FALSIRE nese statements formed the basis for evaluations per-
Workshop was peesented at the Ilth Intemational FMiRT formed by an international group of analysts using a variety
Conference m August 1991 in Tokyo, Japan. Finally, a

. of techniques. At a 3-day workshop in Boston,
letter report on Project FALSIRE was issued to the NRC in Massachusetts, in May 1990, all participating analysts )September 199s, examined 3ese evaluations in detail.

9.2 CSNI/ FAG Final Report on Project
FALSIRE Workshop Comparative assessments of the solutions presented at the

_

(B. R. Bass,* J. Keeney-Walker,* Project FALSIRE Workshop are being carried out by GRS-
C E. Pugh, C. W. Schwartz,t H. Schulz,I Koln.ORNL,and other participants in the workshop. A
and J. Sieverst) cornprehensive report of the findings, conclusions, and

recommendations is being prepared based on these assess-
Project FALSIRE was sponsored by the Fracture Assess- ments as a cooperative effort between GRS-Koln, ORNL,
ment Group (FAG) of Principal Working Group No. 3 and other members of the CSNI/ FAG. In May 1991, a
(PWG/3) of the Organization for Economic Coopercion meeting was held at GRS-Koln with Dr. Schulz and y
and Development (OECD)/ Nuclear Energy Agency's members of his staff concerning completion of the draft
(NEA's) Committee on the Safety of Nuclear Installations report on Project FALSIRE. They agreed that an initial
(CSNI). On behalf of the CSN1/ FAG, the HSST Program at draft should be completed by early fall of W41. The current
ORNL and the GRS, Koln, Germany, were responsible for status of each chapter of the report 'vas reviewed in d: tail,
organization arrangements related to Project FALSIRE. and the tasks required to complete each of them were iden-
The chairman of the CSNI/FAO is H. Schulz of GRS-Koln. ufied. Following completion, the draft will be submitted to
Motivation for the project was derived from recognition by the incividual worirshop particip-nts for review and com-
the CSNI/PWG-3 that inconsistencies were being revealed ments. After camments from the participants have ocen

inco.porated, the Waft will te submitted to members of the

'canputing and Telecanmunicaems Division, Mantn Manetta Energy
Systems,Inc., Oak Ridge, Terst. finalized after comments and approval have ocen obtamed

turnversity of varyland, college Pan. Marytmd. from the CSNUPWG-3 comr,tiltee.
'GRS, Koln, Federal Republic of Gennary.

61 NUREG/CR.4279, Voh 8, No. 2
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9.3 Joint IAEA and OECD/NEA Confuence, in Tokyo, Jnpan. In Tokyo, Schulz proposed to

Mceting on Fracture Mechanics f"'er fnodify mis agenda to inwrporate a pane!
diseassion, wath the panel comprang two expenmen'alists,I7 r.lc i ientIOil by Earged,eale l,CStin11 two analysts, and two materials science researchers. This
panel discussion would N positioned to close the CSNI

The IAEA and the OECD/NEA have agreed to cosponsc a session or Project FALSIRE.The detaib of the final
Specialists' Meeting on Facture Mechanics Verification by agenda will be completed early in FY 1992.
Large. Scale Testing in the United States in 1992. The
meeting will address the application and salidation of aH
forms of fracture mechanics rtethodology for evaluating 9A CSNI/ FAG Phase II Project
structural integrity. It will include correlations between
small and large specimens and components with special At the May n,eeting in Koln, GRS proposed a tentative
emphases on vessels, piping, and closures. Mr. L plan for a second phase ci fracture assessments of large-
Stronsnider of the NEA Nuclear Safety Division and scale experiments to be carried out as pan of the CSNI/
Mr. L. Ianko of the I AEA Division of Nuclear Power have FAC project. Problem statements having a format previ-
been nmninated as coscientific secretaries responsible for ously used in Project FALSIRE would be distributed to
organizing the meeting. selected organizations that have conducted candidate

experiments. These experiments include (but are not
limited to) NKS-5 and -6 (MPA), Japanese Step-C wide

The CSNI/PWG-3 has agreed ta support the joint IAEA/ plate (J APEIC),17FSE-1 (ORNL), DSR1 clad team
OECD Specistists' Meeting through the work of the CSN1/ (Electric de France), and spirating cylNders 4-6 (AEA).

,

FAG and the participants in Project FALSIRE. At the May Emphasis in this phase wcuid be on tests in the transition q
meeting in K53, Dr. Schulz proposed that contributions to region and on npplications of ahernative analysis methods '

the Specialists' Meeti..g focus on the resu5 of the Project such as the dual parameter approaches. Interest by GRS in
FALSIRE Workshop in Boston. There would be one these new experiments stems partly from a desire to iden-

. extended presentation for each of the experiments con- tify experiments that are more tractable from an analysis
sidered in the workshop. These presentations wo ild include viewpoint than some of those considered previously in
discussiora of the objectives and results of experiments, Project FALSIRE. The completed problem statements

I comparative analyses from the report oa Project F/,LSIRF, would be evaluated to determine which experiments would -

and any ongoing work to update the analyses and interpre- be useful for the second phase of analyses. Based on the
tations. outcome of these svaluadons, a proposal for the second

phase will be made to the CSNI/PWG 3 committee.
Dr. Schulz is requesting that the PWG-3 officially approve

;_ Following the K61n meeting, a modKied agenda for the a second phase of the CSN!/ FAG project and that the
! CSNI ponion of the muting was prepared at ORNL by approval be included in the minutes of the PWG-3 meeting.

C. E. Pugh and the author. (The U.S. member of the IAEA This approval would ecrtify that the second phase '1 con-
. International Working Group for Life Management of sidered an important intemational project and wonhy of

Nuclear Power Plants is Dr C. E. Pugh; he also chairs the Emmcial support from research institutions on behalf of
technical program for the 1992 Specialists * Meeting.) interested participants. Assuming that approvalis forth-

. Briefly, the 1-day agenda proposed by the program chair- coming from the PWG-3 comtnittee, the new series of
man calls for an overview talk on Project FALSIFE., problem statements would be distributed to analysts only
followed by two presentations for eech experiment used in after a draft version of the final report on Project FALSIRE
Project FALSIRE, and, finally, a closure discussion. The is available for distribution. The date, location, and format
first preser.tation for each experiment, to be given by a for a meeting to review the results of the second phase of
representative of the testing organization, would review the analyses Nye not beer discussed.

; results of the experiment and provide an overview of the

i analysis results presented at the FALSIRE Workshop. A
9.5 Sp,nning-Cylinsc Experiments

, ,

L second presentation would focus on iecent analysis resuhs i
'

compiled since the workshop, with emphasis on
applications of more advanced fracture methodologies. At a meeting held in May 1991 at AEA/ Risley, UK, discus-
This modified agenda was presented to Schulz at a second sions were held to review the results of spinning-cylinder

| meeting held concurrently with the lith SMiRT tests 1 through 3. These discussions provided an update to

NUREG/CR 4219, Vol. 8, No. 2 62
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the interpretations of the measured data and the specimen local approach by staff at Risley with assistance from
fracture surfaces from the exIeriments. The spinning- French researchers Reports are currently in preparation at
cylinder tests 1 and 2 wi re two of the large-scale experi- Risley on the results of spinning cylinder experiments 1-3.
ments used in the CSN1/ FAG Project FALSIRE Workshop.
.Recent effms have focused attention on improving the
interpretation of the atteinating current potential drop Tests of spinning-cylinder specimens 4 and 6 have also
(ACPD) data, which provide a history of crack growth in been completed at Risley. The only information revealed
the specimen. According to AEA/ Risley,considenble by Risley concerning these experi. ients it that the speci-
progress has been made in accounting for the effee:., of mens contair ? 'rface cracks that were tested in a cleav-
temperature variation and for sensitivity to stress / strain age mode. The last spinning-cylinder cpecimen in this
variations due to changes in loading conditions. For series, specimen 5, is scheduled for testing in the fall or
spinnint,-cylinder test 2,in which the cylinder was sub- 1991. The crack in specimen 5 is located in a weld mA
jected to thermal only loading, the stress-induced response like that in the Sirewell B vessel; the loading conditions for
of the potential drop has been identified and separated from specimen 5 are intended to be similar to those of specime,
that due to crack growth. This task remains to be donc for 3. The specimen was subjected to cyclic loading to fatigue.
test 3, which was subjected to combined racchanict.1 and sharpen the crack. Potentially, one or more of these experi-
thermal loading. According to the interpretations made at ments could be candidates for a future phase of interna-
Risley,the fracture resistance of the spinning-cylinder tional fracture assessments being considered by the
specimens has been shown to be the same for mechanical CSN!! FAG.
shock, thermal shock, and combined mechanical / thermal
shock loading. Ilowever, a significant elevation remains in
upper-shelf fracture toughness, both at initiation and after a RC0TCDCe
small amount of ductile scaring, for the spinning-cylinder
specimens (in contained yield) compared with compact 1. B. R. Bass et al.," Assessment of Ductile Fracture

specimens (in contained yield and postyield). The letter Methodology Based on Applications to Large Scale
dif'erences in frac.ure toughness are being studied further Exlciments," pp. 25-36 in SMiRT 11 Transactions,4

via two approaches supported at Risley: (1) T-stress effects Vol. G, August 1991. Available in public technical
by Prof. M. Goldthorpe at Sheffield University and (2) libraries.
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10 Fracture Evaluation Tests

r. J. Theiss

10,1 Introduction Toughness of Metallic Materials," is used for the deep-
cmet specimens to determine if the test results can be
considered " valid" plane-strain data. ASTM E813,l e,"Al

The purpose of this task ir to provide experimental support Measure of Fracture Toughness," is not strictly applicable
for all remaining tasks witHn the llSST Program. Cur- to these tests because all failures to date have been cleavage
rently, the on!y testing under way is the sh?llow-crack failures.
fracture-toughness testing. The motivation for the shallow-
crxk program and the test results and interpruation are
detailed in Chap. 6. This chapter describes the details of the
testing in suppon of the shallow crack fracture-toughness 10.2.2 Thickness Effects on Tougiciess (Six

Additional Beam Tests)pmgram.

10.2 Shallow-Crack Fracture. Six addit. anal deep < rack beams were fabricated and tested

TougilneSS Testing Prograln during the current reporting period. These beams were not
originally part of the program plan but were added at the
midyear review. The beams were cut from remaining

10.2.1 Specimen Fabrication and Testm, g halves from the development beams 100 and 150 mm (4
and 6 in.) thick tested previously (HSST WP-CE A 533 B

The specimen configuration used for all testing in the material). All of the beams were -100 mm (4 in.) deep with

shallow crack project is the SENB specimen with a a Emm 064n.) span, ne purge of the tesu was to
further study the m, fluence of varying beam thickness on

through-thickness crack (as opposed to the 3-D surface
' crack). The bend specimen better simulates the varying .a. ure toughness for deep-crack specimens,'

stress field in a reactor wall under PTS conditions. In addi-
tion, previous shallow-crack work has utilized SENB
specimens 1,2The straight through notch simulates an
infinitely long, axially oriented crack in an RPV. To better The three thicknesses used in the development phase (B

simulate the conditions of a shallow flaw in the wall of a
50,100, and 150 mm) were also u. ed for these tests. All sixs

reactor ve:wl, the specimen depth W and thickness B addiuonal beams were tested at approximately -45'C

shotud be as large as practicable. PWR vessel walls are (-50 F). Table 10.1 gives the test matrix for these tests.

nominally 200 to 280 mm (8 to 11 in.) thick. A beam Fatigue precracking and failure testing were conducted m
accordance with ASTM E1290 89; however, ASTM E399

~100 mm (4 in.) deep has been selected for use in the
HSST shallow-crack project. To maintain consistency with is being applied to determine if these test results are " valid"

ASTM standards, the beams are being tested in three-point p e-strain resuks. Addiuonal details of the interpretation

bending. All testing is being conducted on reactor material of the data are given in Sect. 6.4.

(A 533 grade B class 1) with the cracks oriented in the L-S
orientation.

Table 10.1 Test matrix for the six
additional beamsa

Instrumentation is attached to the specimens to make Thickness Number of beams
possibic J integral and CTOD measurement of fracture (mm) tested
toughness. 'Ihe J-integral is determined from the load line-

50 '
~

displacement using the reference bar technique. CTOD is
determined from CMOD using clip gages mounted on the y
crack mouth of the specimen. Toughness data are expressed
in terms of CTOD according to ASTM E1290-89," Crack- All beams were deep crack (JW + 0.50).d

Tip Opening Displacement (CPOD) Fracture Toughness RTNDT = -3CC t-30% Temperature = -46"C
NMeasurement." ASTM E399," Plane-Strain Fracture

'
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10,2,3~ Shallow Crack Testing Production Table 10.2 Test matrix for the production beams
Phtise tested to datea

ne production phase of the shallow-crack fracture-tough- Crack depth
ness testing program was legun during this reporting
period. Source matedal for the beams is HSST Plate 13B. Deep Shallow

Temperature
Material from HSST Plate 13 A, a companion plate to Plate

(*C(*F))
"" ""

13B, was used as source material for naost of the wide-plate
tests and was extensivdy characterized at the time.3 ne -1N (-155) 0 3

beams were machined from blanks that were flame cut -40 (-40) 3 3

f rom Plate 13B. In sum,22 specimens were fabricated, with -23 (-10) 0 3

18 beams tested this reporting period. HSST Plates 13A -7 (+20) 3 3

and 13B have not been postweld heat treated. Therefore, to 8M1 beuns wem squue cross sectim (-100 x 100 nun). RTNDT *
be more prototypic of the conditions in RPV material, the -tec (ov).
blanks were heat trea ed at 620''C (1150*F) for 40 h before
final machining. A characterization piece was also heat phase testing performed during this reporting period. Test
treated and delivered for fabrication into the various techniques developed during the deve|opment phase of the
characterization specimens and testint,. The original program were used to optimite current test procedures. All
characterization of &is material was performed in the L-T phases of the fatigue precracking and failure testing have

. orientation. His recent characterization supplements the been conducted in accordance with ASTM E1290-89.
original characterization by providing properties in the L-S Generahy, sufficient crack growth is obtained in about
orientation through the plate thickness. Material properties 30,000 cycles of fatigue using the load limits supplied in I

- through the thickness of the pla.te are required because ASTM E1290.
'

some of the production specimens are to be uut from the
surface ponion of tue plate. All shallew-cmck testing is in
the L4 orientation. Additionalinfonnation on the shallow- Crack growth was monitored by means of the change of

crack material characterization can be found in Chap. 3. crack-mouth opening compliaxe, using the clip gage data.
In the development phac of the shallow-crack testing,
crack length and growth were related to beam corri iancel

Each beam in the production phase of the shallow-crack using the equation in ASTM E813. His equation wia

program is machined to the same size: 100 x 100 x 610 mm developed for only deep-crack beams ano does not properly

- (4 x 4 x 24 in.). The beam size was chosen based on the relate compliance and crack length for shallow-crack

results of the development phase.4He only diransion that . specimens. However, a change in beam compliance of 10

varies is the crack deptt, a. Crack depths of 50 and 10 mm to 15% generally indicated sufficient crack growth. For the

(2 and 0,4 in.) are being used for the deep and shallow production beams, a new compliance equation relating

pototypic flaws, rt.soectively. Fig ire 10.1 shows an crack depth to compliance for the shallow-crack beams was
,

instrumented shallow-cracl~ specimen ready for testing. used with much greater reliabihty than the equation in

Strain gages on the face of the beam ahead of the crack and ASTM E813. Rese equations were denved by Joyce,

, the dual clip gages are used to determine the plastic rotation IIackett, and Roe in a paper presemed at the Indianapolis

: factor (see Sect. 6.1 for more details), symposium on constraint. He neu equations a!!ow the
' cmck depth to be determined explicitly from the compli- -

ance directly for all crack depths.

The test matrix for the 18 production beams is given in
- - Table 10.2. A batch of three beams was tested at each He sharpened flaws have consistently maintained very flat

L iemperature and crack depth. Of the 18 beams tested,12 crack fronts durinF atigue growth. Figure 0.2 depicts af
| 1 nave been shallow-crack beams and 6 have been deep- representative shallow- and deep-crack fracture surface

'

crack be:uns. Beams have been tested at temperatures of showing the straight crack front. Table 10.3 gives the

| -lN,-40,-23, and -7*C (-155,--40,-10, and +20 F).

*J. A. Joyce, E. M. IIacken, and C. Roe,"Ufects of Cnck Depth and

Fatigue precracking has been successfulin all of the Mode floading n the J-R Curn Behavior of a IUgh Strength Steel,"

shallow-crack testing to date, especially the production- pmseraed anhe synen on cae mecMnctum, ASW,
Indianapolit Ind., May8-9,1991.
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Table 10.3 Crack-depth measurernents A c etailed measurement of the crack front irreFulacity was

for a reprcsentative deep and perfonned during the current cporting period. The goal of
shallow-crack beam the sady was to quantify the locs! variation in the crack

front of a f,Ugue naw that has a relatively straight crack
tront. Masurements were made on llSST beam 25 accu-Reading Crack depth
rate to 0.0025 mm (0.0001 in.) every 0.13 mm (0.005 in.)

(mm (In.)] apart along 'he center 12 mm (0.5 in.) of the crack front.
IISST beam 25a The results indicate that the local crack front variatkn

1 50.75 (1.988)
averages about 0.025 mm (0.001 in.), with a maximum

2 51.92 (2.044) variation of apporimately 0.11 mm (0.0044 in.). he pro-

3 52.22 (2.056)
cess zone in a cracked member is about 2-3 x CTOD,

4 52A0 (2 063) - which is appnximately 0.11 mm (0.0(M3 in.). In other

5 52.40 (2.063)
words, the local crack front variation is on the order of the -

6 $2.32 (2.060) distance to the process zone from the crack tip. His local

7 52.15 (2.053)
crack front variation influences the local stress triaxiality

8 51,74 (2.037) along the crack front, which could influence the global

9 50.55 (0.990) fracture initiation benavior of the material. Precise
determination of the influence of the local crack front

llSST bram 266
variation on fracture behavior will be difficult because

1 9.96 (0.392) analytical and experimental investigation of this issac is
2 11.26 (0.441) expensive and time consuming.
3 11.23 (0.442)
4 11.18 (0.440)
5 11.05 (0.435) De portion of the shallow-Haw fracture-tcughness testing ?

6- 11.15 (0.439) matrix assigned la ORNL was completed at the end of the
7 11.23 (0.442) cunent reponing ; riod, Additional testing will be per.
8 11.30 (0.445) formed at the Davia Tylor Research Center.
9 10.11(0398)

8 ASTM Et290 cnek depth: 51.97 mm Co46 inJ
Maximum diffennce 50.02W. 10.2.4 1,est Reports

6 ASTM Et290 crack deptY t1.05 mm (0.435 in4
Maximum diffen:oce s e.02w. Test reports for the development beam test series were

isul during the curren' reporting period. Each test report
is signed and checked for QA purposes and includes infor-
mation on geometry, materia! properties, fatigue pre.

crack-deput measurements using the nine-point method of cracking, and toughness results in wrms of CIDD, J, and
crack-depth determination as ouuined in ASTM E313 or K. An example test report (HSST SC-3) is given in
E1290. ASTM E1290 requires that the minimum and maxi- Appendix 10.1 (at the end of this chapter).
mum crack depth readings dif fer by <0.1'W and that the
seven in; i measurements differ by no more than 0.05W.
As indicated in Fig.10.2 and Table 10.3, the variation in 10.3 Full-Thickness, Shallow-Crack,
the crack front is minimal, casily meding the ASTM Clad Beam Tests
requirements. De reason for the straight crack profiles is
believed to be the method of notch preparation. Initia? Shallow flaw specimens have been shown to exhibit an
notches were inserted into the specimens using electron effective fracture toughnes greater than similar deep-flaw j
discharge machining (EDM). The EDM process produces a spec mens in the transition region. These specimens are
very thin notch (-0 3 mm) with a small notch root radius. single <dge-notch, three-point-bend specimens taken from
In addition, the EDM process itself may produce residual the homogeneous cecter region of the source plate.
stresses that enhance crack growth. Generally, the crack is liowever, shallow flaws in an RPV are located near the

'

only grown about 2.5 mm (0.1 in.), which seems to enhance plate surface where large metallurgical gradients exist.
a flat crack fror.t profile. Axial flaws in an RPV are oriera.a in the L-S material

direction rather than the L T orientation. In addition, the

NUREG/CR-4219, Vol. 8, No. 2 68
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ch6 ding process may influence matenal properties near the strain fracture toughness to the plime-stress fracture tough.
' mrface on the RPV. nese metallurgical differences may ness. However, the influence of positive out-of-plane
have a significant impact on the resuldng fracture tough- urains applicaNe to the RPV during PTS kuding is not

,

ness. To quantify the fracture toughness of shallow flaws in known. Previous analytical studies of the influence of out-
reactor vessels, several full-thickness, clad beam experi. of phme loading on the crack have yicided ur.cenain
mes,ts were planned. Comparison of results from these tests results.* TheJefore, to experimentally determine the inDu.
with those from homogermus callow-flaw test specimens ence of positive out of phne strain, the llSST Program
will provide a quantitative definition of the effect of near- plans to test a series et out of plane biaxial knding fracture
surface conditions on fracture toughness. The effective toughness tees. The tests will be designed to closely match
fracture toughness from these hrge beams will also be the conditions in an RPV under PTS k>ading,
compared with the toughness as determined by current
ASME Section XI rules.

During the current reporting period, a potential test vendor ,

The specimens tested will be single-edge notch,am-bend (UKAEA Technology) for the out of plane tests has been
trecimens with the flaw in the L-S orientation. The source - located, and pseliminary discussions have been initiated.

. plate of the specimens will be A 533 grade B class I steel Initial specimen designs have been considered based on the
,

. with stainless steel cbdding. This r,taterial was taken frorn primary enterion that the load in the throat not exceed the
. a cancelled PWR reactar vessel. The phte material, clad- yield strength of the material. The current specimen design

ding, and wel trnent are completely pro:otypic of a pro- is a square plate with a long semielliptical flaw in the
duction quality RPV, centerof the plate, but specimen dimensions have not teen

determined at this point.

| Tests are pbnned to begin in FY 1992. Preliminary discus-
sions w cre held with the National lastitute of Standards and -

NCUSTechnology (NIST) about performing this work in
FY 1992.

1. W. A. Sorem, R. H. Dodds, Jr., and S. T. Rolfe, "An
10.4 Out-of-Plane Biaxial Loading Analytical Comparison of Shon Crack and Deep Crack

Fracture-Toughness tests CTOD Fracture Specimens of an A36 Steel," WRC
Bulletin 351, Welding Research Council, New York,

Current RPV life assessments are most often limited by February 1990.t
PTS accident conditions. These PTS loads (Specifically, the
hoop stress) create significant positive cum >f-pkne strains
along circumferentially oriented flaws. ne fracture resis- 2. J. A. Smith and S. T. Rolfe,"The Effect of Crack Depth

IR racture- to Width Ratio on the Elastic-Plastic Fracture Totigh-- tance for the RPV is based on the ASME K f
toeghness curre developed using specimens with zero out- ness f a High Strength Low Strain Hardening Steel,",

! of plane strain (ix., plane-strain conditions).Therefore, the WRCBul!crin 35S, Welding Research Coimcil. New
y ' influence of out-of-pbne strain along a cruck fmnt needs to York, Nosember 1990.i

L . be propctly understood,
i

! 'W. E Pmnen.04 Ridge National (Anwy,"Iteavy Seaion Jaect
# '"""' 3""" *" C"# * "dThe in0uence ci ne8ative out-of plane suuins is ve#Y well fArnst Research, to be published in Proceedinpfrom lAs Msh Water

knowD. As negative out-of-olanc strains are intnxiuced in a y,aag,,gfery Mecimg USSRC Re; ort NUREG.CP-utt, Muth
specimen, the fracture repstance increases from the plane- m2.
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13; D. L Naus et al., Martin Marietta Energy Syster..s,Inc., 35-43 in *lISST Prograni,fevdann. Prog. Rep. October
f; ; Oak Ridge Natl.1.sh," Crack Arrest Beliavior in SEN - 1990-March 199I," USNRC Rep <rt NUREG/CR-4219,
'U : Wide Plates Of Qacnched and Terupered A 533 Grade Vol. 8, No.-l (ORN1/TM 9593/V8&N1), Tcbruary-

B Steel Tested Under Nonisothermal Condidons," 19923
: USNRC Report NUREG/CR 4930(ORNL-6388),
-Angust 1987.8 _ _

I vailabk in pablig mtnical bbrass.A. - -

t. T.J. Theiss, Martin Marietta Energy Systerns, Inc., Oak *AndaMe fw pahate fr.vu de Nadual TechnicalInformation

: Ridge Natl. Lab.," Cleavage Crack initiadon," pp. Service, Srst,ficu. V A 22161.
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Appendix 10.1

G
=
-*Oak Ridge National Lacoratory (ORNL)
2
i

Heavy-Section Steel Technology Program (HSST)

-

k

..

Shallow-Crack Fracture Toughness Testing E,
Development Phase E

-a
13

$Test Repo:1
=

Ifor
1

HSST Shallow-Crack Beam # 3 #
(HSST-SC-3) L

Tested Mar. 1-2,1991
6
r

i
:

..

g

__
.

'

m

i=

fk| '

#
Prepared: / / ' ' ~ ^ Y ~ l' 1'/ '

.,

HSST Shallow-Crack Task Leader Date -

'

,

Checked: [6 [ Q i - 3 -I /

i_
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Appendix 10.1

Test Data for ilSST SC 3

1. Specimen Configuration: SE(B)

2. Crrk Plane Orientation: L-S

3. Test Temperanur (air enviromnent): -32 'F

4. Stroke Rate: 0.076 in/ min

5. Time to Failure: 109 sec

6. Material Properties (A533, Grade B, Class 1. CE Plate)

6.1 Elastic Modulus,E: 30,000 ksi

6.2 Poisson's ratio, V: 0.3

6.3 Yield & Tensile Strength at Room Temperature, oys & o h: 57.4 & 80.6 ksiu

6.4 Yield & Tensile Si:ength at Test Temp. (Note 1): M & 87 ksi'

7. Specimen Geometry

7.1 Load Span, S: 16 in

7.2 Thickness, B: 1.993 in

7.3 Wid*.h, W: 3.925 in

7.4 Crack Depth, ao (9-point method): 0.395 in

8. Fatigue Precracking Parameters (ASTM E399-83)

8.1 Precracking Temperature: 70*F

8.2 Load Ratio (Pma/Pmin): 0.08

8.3 Maximum Stress Intensity Factor, Kma: 40 ksidin

8.4 Final Stress-intensity Range, AK: 45 ksiYin

0.6 (c i/c 2) Ko: 51 ksiVin8.5 ys ys

9. Failure Load. Pc: 134.9 kip

10. Stress-Intensity Factor at Pc, K: 118 ksiVin

11. CTOD Toughness (ASTM E1290-89):

11.1 Elastic Component of CTOD: 0.0033 in

11.2 Plastic Component of CMOD, u : 0.0245 inp

11.3 Plastic Rotation Factor, rp: 0.50

11.4 Clip Gage Elevation, z: 0.025 in

11.5 CriticalCTOD,Sc: 0.023 in

12. J-Integral Toughness (Note 2):

12.1 Elastic Component of J: 0.42 ksi-in

12.2 Plastic Area under P-A: 6652 in lb

12.3 Plastic T). factor: 1.13

12.4 Critical J. integral, Jc: 1.49 ksi in

NUREG/CR-4219, Vol. 8, No. 2 74
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Appendix 10.1

Test Data for llSST SC 3

13. LEFM Toughtiess (ASTM E399-83h

13.1 Provisional LEFM Toughness, KQ: 96 ksiVin

13.2 Pc/Pq: 1.23

13.3 Validity Criterion,2.5 (Kg'a )2: 5.6 inys

13.3.1 Sufficient thickness, B ? No

13.3.2 Sufficient Crack Depth, a ? No

13.4 Valid Kie value? No

No'es:

1. Tensile and Yield Streng.h Values Estimated from room temperature values.

2, ASTM E813 not applicabic because en:k growth did not occur. J integral toughness

calculated according to Je = Jeg + J i, where Jpi = Tipi / (B(W-a))l(P A)pi .p

Auditional Information

Test data are available in electronic spreadsheet format in either Lotus for the IBM-lO or
Excel for the Apple Maantosh. Test data or additional information on any shallow crack
test can be obtained by ae Task Leader at the address below. Shallow-crack tests
conducted by HSST are distinguished by the program, SC (for shallow-crack) and beam
number (e.g. HSST-SC-1). A total of 14 beams were tested in the cevelopment phase of
the shallow-crack program, numbered HSST-SC-3 through IISST-SC 16.

T. J. Theiss
Martin Marietta Energy Systems, Inc.
P.O. Box 2009
MS-8056; Bldg. 9204-1
Oak Ridge,TN 378318056
(615) 574-0755
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CONVERSION FACTORS 8

SI unit Ect sh unit Factorli

mm in. 0.0393701

cm in. 0.393701
m ft 3.28084

m/s ft/s 3.28084

LN Ibf 224.809

kPa psi 0.145038

MPa ksi 0.145038

MPa + 6 ksle d 0.910048
J fralb 0.737562

K 'F or *R I.8
kJ/m2 in.-lb/in.2 5.71015
W n-3.g-1 Btu /h-ft2dF 0.176110
kg Ib 2.2LM62

3kg/m lb/in.3 3.61273 x 10-5
. mm/N ' in/lbf 0.175127

T(*F) = 1.8('C) + 32

*Wholy SI quantity by give f actor w otuin English quantity.
"
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Prior Heavy-Section Steel Technology Raports
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i0, SUPPLiutNT ARY NOTis

11. ASSTn Act q:io ,v, e, .us

The Heavy-Section Steel Technology (HSST) Program is conducted for the Nuclear Regula-
tory Commission (NRC) by Oak Ridge National Laboratory (ORNL) . The program focus is on
the development aad validation of technology for the assessment of fracture-prevention
margins in commercial nuclear reactor pressure vessels. The HSST Program is organized
in 11 tasks: (1) program management, (2) fracture methodology and analy'is, (3) material
characterization and properties, (4) special technical assistance, (5) fracture analysis
computer programs, (6) cleavage-crack initiation, (7) cladding evaluations, (8) pres-
surized-thermal-shock technology, (9) analysis methods validation, and (10) fracture
evalution tests. The program tasks have been structured to place emphasis on the |

resolution of fracture issues with near-term licensing significance. Resources to

execute the research tasks are drawn f rota ORNL with subcontract support from universitie :

and other research laboratories. Close contact is maintained with related research
programs both in the United States and abroad.
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