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Abstract

The lleavy-Section Steel Technology (llSST) Program is . mettats validation, and (10) fracture evaluation tests. The

- conducted for the Nuclear Regulatory Commission (NRC) program tasks have been structured to place emphasis on

by Oak Ridge National Laboratory (ORNL). %c program the resolution fracture issues with near-term licensing

focus is on the development and validation of technology significance. Resources to execute the research tasks are

| for the assessment of fracture-prevention margms in com- drawn from ORNL with subcontract support from universi-

mercial nuclear reactor pressure vessels. The llSST ties and other research laboratories. Close contact is main-

l- Program is organized in 10 tasks: (1) program manage- tained with the sister lleavy Section Steel Irradiation

ment, (2) fracture methodology and analysis, (3) material (ilSSI) Program at ORNL and with related research pro- 3

characterization and properties,(4) special technical essis- grams both in the United States and abroad. This repcrt
' tance,(5) fracture analysis computer programs, provides an overview of principal developments in each of
,

(6) cleavage-crack initiation, (7) cladding evahtations, the ten prograrn tasks from October 1,1990, to March 31,

(3) pressurized-thermal shock technology,(9) analysis 1991,
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Preface

The lleavy-Section Steel Technology (IISST) Program, which is spmsored by One Nuclear Regulatory Commission,is an
engmeering research activity devoted to cuending and developing the txhnology for assessing the marpm of safety against
fracture of the thick-walled steel pressure vessels used in light water-cooled nuclear p>wer reactors. The program is being
carried out in close cooperation with the nuclear p)wer industry. This repirt covers 1ISST w ork perfonned in October 1990-
h1 arch 1991.The work p rformed by the Oak Ridge National Laboratory (ORNL) and by sukontractors n managed by the
Engineering Technology Division (ETD) of ORNL h1apr tasks at ORNL are carried out by the ETD and the hietals and
Ceramics Division. Prior progress reports on this program are ORNL-4176, ORNI A315, ORNL4377, ORNL 4463, ORNL-
4512, ORNL-4590, ORNL-4653, ORNL4681, ORNL47M, ORNL-4816. ORNL-4855, ORNL-4918 ORNL-4971,
ORNL/Thl 4655 (Vol.11), ORN1/rhl-4729 (Vol.11), ORNL/I h14 h05 (Vol,11), ORN t/Thi-4914 (Vol.11), ORNL/Thl SO21
(Vol.11),ORNL/Thl-5170,ORNL/NUREG/Tht 3,ORNL/NUREG/Tht 28 ORNL/NUREG/Ihi-49,ORNL/NUREG/Thi.
64, ORN1/NUREG/Thl 94, ORN1/NUREG/Thi 120. ORNL/NUREG/1 hi-147, ORNL/NUREG/Thi 166
ORNL/NUREG/rN1194.ORN1/NUREGrrhi-209 ORNL/NUREG/Thl.239, NUREG/CR4M76 (ORNL/NUREG/Thi 275),
NUREG/CR-0656 (ORNL/NUREC/Thl 298), NUREG/CR-OSI8 (ORNt/NUREG/l hi 324), NUREG/CR41980
(ORNt/NUREG/Thi 347), NUREG/CR 1197 (ORNt/NUREG/Thi-370), NUREG/CR 1305 (ORNI /NUREG/rht 3S0),
NUREGKR 1477 (ORN1/NUREG/Thi 393), NUREG/CR 1627 (ORN1/NUREG/IN1401), NUREG/CR-|806
(ORNL/NUREG/Thi419), NUREG/CR-1941 (ORNL/NUREG/Th1437), NUREG/CR. 2141, Vol.1 (ORNl/l hi-7822),
NUREGER-2141, Vol. 2 (ORNL/Thi-7955), NUREG/CR 2141, Vol 3 (ORNl/l hi 8145), NUREG/CR 2141, Vol. 4
(ORN1/Thl 8252), NUREG/CR 2751, Vol.1 (ORN1/rht-8369/VI) NUREG/CR 2751, Vol. 2 (ORN1/Thi-8369/V2),
NUREOCR 2751, Vol. 3 (ORN1/Thl-8369/V3), NUREG/CR-2751, Vol. 4 (ORN1/1 hi 8369/V4), NUREG/CR-3334, Vol.
1 (ORNL/Thi 8787/V1), NUREG/CR 3334, Vol. 2 (ORNL/Tht 8787/V2), NUREG/CR-3334, Vol. 3 (ORNL/rh18787/V3),
NUREG/CR 3744, Vol.1 (ORNL/Thl-9154/VI),NUREG/CR-3744 Vol. 2 (ORNL/Tht 9154/V2), NUREG/CR 4219, Vol I
(ORNI/Thi 9593/VI), NUREG/CR-4219, Vol. 2 (ORNL/Thi 9593/V2), NUREG/CR 4219, Vol 3, No.1 (ORNl/Thl-
9593/V3&NI), NUREG/CR-4219, Vol. 3, No. 2 (ORNL/T hi 9593/V3& N2), NUREG!CR-4219, Vol. 4, No.1 (ORNl/Tht-
9593/V4&N1), NUREG/CR-4219, Vol. 4, No. 2 (ORN1/1 hi 9593/V41N2), NUREG/CR-4219, Vol. 5, No.1 (ORNl/Tht-
9593/V5&N1), NUREG/CR-4219, Vol. 5, No. 2 (ORNL/Thl 9593/V5&N2), NUREG/CR-4219, Vol. 6, No.1 (ORN1/Thi-
9593/V6&N1), NUREG/CR-4219, Vol. 6, No. 2 (ORNL/I hi-9593/V6& N2), NUREG/CR-4219, Vol. 7, No.1 (ORNL/Thi.
9593/V7&N1), and NUREG/CR-4219, Vol. 7 No,2 (ORNL/Tht 9593/V7&N2).

:
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| Executive Suminary

W,11. Pennell

The licavy Section Steel Technology (llSST) Program is 2 Fracture Metliodology anti Analysis
conducted for the Nuclear Regulatory Commission (NRC)
by Oak Ridge National Lateratory (ORNL). 'the program Work cont nued on the evaluation of the effects of usitivel
focus is die development and validation of technology for out-of-planc strains on fracture tought.csx Crack front
the assessment of fracture prevention margins in commer- contraction data were collected from the characterization
cial nuclear reactor pressure vessels (RPVr). Prior program specimens used for the wide plate tests. The intent was to
achievements include the generation and validation of a use t!Lse data to establish a relationship between transverse
fracture mechanics-based, fracture margin-assessment strain and fracture initiation in the plane streseto-plane
technology and the transfer of that technology to national strain domain and dien extrapolate this relationship into the
consensus codes and standards. Suhsequent data from beyond-plane-strain domain. Analysis of the test data,
materials-irradiation effects research, reactor venel surveil' however, showed that the transverse strains anociated wah s

lance programs, and large-scale fracture technology valida- popagation of the crack contributed substantially to the I
tion experiments have revealed allitional fracture technol- overall crack front contraction, making it im;ussible to
ogy issues with regulatory significance. Current llSST sotate the crack front contraction at crack initiation An
Program activities are structured to provide resolution of clastic-plastic, fmite-element analysis has now been initi-
those issues and suppirt near term licensing actions. ated in an attempt to isolate the crack front transverse

contraction at crack initiation.

1 Program Management
Studies of the effcct of ositive out-of plane strains onl

The llSST Program is organized in the following ten inter- fracture toughness continued, using a refined mcxlet of a 1T
related tasks- (1) pmgram management, (2) fracture compact test specimen. ' Die relmement in the crack tip
methodology and analysis, (3) materials characterization f nite-element mesh reduced the minimum crack tip radius
and properties, (4) special technical assistance, (5) fracture the model could simulate by approssmately one order of
analysis computer programs, (6) cleavage-crack initiation, magnitude. Lifects of out-of plane strain were measured in
(7) cladding evahutions, (10 pressurized thennal-shock terms of the cffect on the term Acg in the dual parameter
(I'l'S) technology. (9) analysis methods validation . and J-Acg fracture correlation. Acg is die area within a
(10) frxture evaluation tests. Research on these tasks is critical stress contour, in the cunent study the critical
conducted by staff from the Engineering Technology, stress is selected to correspmd with that mquired for frac-
Metals and Ceramics, and Computing and Telecom* ture in ferrite grains. Results obtained were similar m thme -

munications Divisions at ORNL with extensive suppon previously reported from the less refined analysis matel.
from university and research laboratory subcontractors. A A decrease in fracture toughness of only a few percent was
comprehensive cost / schedule control system is used to predicted when prototypical RPV out of plane strains were
monitor progress against objecuves. applied.

During the current reporting period, llSST Program per* Development continued on a modified loundary layer
sonnel pnxluced 8 reports and presentations, gave 16 pre" (MBL) malel for the study of crack-tip constraint effects.
sentations, organized a fracture technology exchange wah he model uses foundary conditions derived from single
the VTT research centei N Finland, and organized four ses- parameter K or j fields. During the current reporting
sions on Pressure Vessci Integrity for the American Society perimi benchmarking of a number of candidate Unite-
of Mechanical Engirurs (ASME)-PVP annual meeting to element computer programs was completed. Results from
be held in San Diego, Califomia, in June 1991, Cost and this work led to the selection of the AB AQUS program for
scbdule control measures implemented on the shallow- use in the further development of the MRL nolel. The
flaw program have been dectiw, The mtal llSST MBL mal:1 is intended for use in studies of the transfer.
Program cost and schedule vafances are +1.1% and -4% ability of fmeture-toughness data. It can also provide pre-
respectively, dictions of the cffeet on fracture toughness of beyond-
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plane-strain out of plane boundary conditions such as those llSST Program support of the multisponsor Japanese -
encountered in the analysis of circumferential flaws. program investigating clastic-plastic fracture in inhomo-

geneous materials and structures continued. The program
is under the direction of Professor G. Yagawa of the

Studies of crackaip constraint effrets are in progress at the University of Tokyo.
University of Maryland (UM) under an HSST Program 4

subcontract | These studies utilize a two-dimensional Gnite- -I
clement model of a reactor vessel with boundary conditions in the current reporting period residual stress measurements j
and applied loading adjusted to simulate plane stress, plane in welds were made using diverse techniques. The destruc- -

strain, and multiaxial stress c(mstraint conditions. The tive residual stress determination technique gave residual
model provides a dermition of the crack tip clastic-plastic stresses lower than those obtained from the nondestructive
stress and strain fields for cach of the constraint conditions techniques. Additional fracture tests have been conducted
analyzed. Results from this analysis are expressed in terms to determine the effects of specimen thickness and crack
of the O'Dowd and Shih Q factor. A somewhat surprising orientation and kication relative to the weld fusion line on
result was obtained from the case in which pressure loading fracture toughness, Measurements of crack tip strain ficids
was used to simulate the stress field that would be com- have been made using both Moire grid and interferometry '

prised primarily of pressure and thermal stresses in a PTS methods. Results showed the crack-tip fields to be divided
transient. A consequence of the loading approximation was into three zones, with characteristics clearly dermed by the
that high radial pressure loads were imposed on the model. strain-field slopes. Crack-growth experiments have been
These pressures dominated the Q ficid, resulting in lower run with surface cracks crossing a weld fusion line at right
values of Q for the biaxial case than for either the planc- angles. They showed no significant difference in crack-
stress or planc strain cases. While this result is clearly growth behavior in the wcld metal or parent material seg-
nonprototypic,it does indicate that at prototypic pressure ments of the crack,

loads, some reduction of crack tip constraint will occur for
all cracks influenced by the radial compressive stress field
in the reactor vessel wall. Round-robin, finite-element analyses of test specimens

were conducted to evaluate the various J-integral
formulations. Calculated and measured J values were found

Finite-clement analysis of the shallow-Haw fracture-tough- to agree to within 100 A single fracture test was
ness specimens has shown that the Rice-Corten Merkic completed under nonisothermal conditions, with the
single-specimen load vs load line displacement fonnula objective being to detect any effect of crack-t p temperaturei

cannot be used directly to interpret the shallow flaw frac- gradients on fracture toughness No cifcct was detected.
ture toughnen test results. Elastic-plastic, finite-clement analysis of three-dimensional

(3 D) cracks was performed to determine under what - s

conditions IIRR type singular crack tip fiekts exist.
A survey of the effect of constraint on crack arrest tough- Results showed that the ficka did not exist in many cases
ness has been conducted by G. R. Irwin at UM, The of practical import:mcc, such as the case where stresses in

- survey considered crack arrest data from small-scale the ligament are tensile across its entire width. Work
. specimens conforming with ASTM E1221 requirements, continued on the development of estimation schemes for
together with data from the large-scale llSST thermal- application of the program results.

~ hock and wide-plate experiments. The crack propagations
.

~ model used in the evaluation was based on the concept of a
" cloud" of cleavage fracture facets, which ultimately join 3 Material Characterizat,on andi ;

when the intervening material fails in a ductile manner to Properties
;

form an extension of the fracture surface. Under plane-
strain constraint, the cloud is clongated in the direction of Characterization of material for the shallow flaw fracture-
cracl propagation, Additional stresses parallel to the crack toughness testing program is in progress. Test specimen
fros, cause the cloud to thicken, and may cause crack types and kications within the test plate have been defined
branching, but do not influence the crack-arrest toughness. and plate cut up drawings prepared.

i
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Thermas aging testing of stainless steel (ladding materialis amount of irradiation embrittlement to differ for the crack
in progress. Aging for 1605 h at prototypical reactor vessel initiation and crack arrest calculations for a single vessel in

operating temperatures produced a 16% decrease in the the multiple vessel probabilistic failure analysis, w hereas
Charpy upper shelf energy, the OCA P program requires consistent material composi-

tion within a single vessel.

Work continued on the development of a common test
method that will permit requirements for K J c,J R, and The reviewers estimate the frequency of the dominant tran-k i
crack tip-opening displacement (CTOD) testing to le sients to be approximately one order of magnitude higher
combined in a single American Society for Testing and than that given in the report. They also concluded that the
hiaterials (ASTM) standard. A draft of a proposed specification of the dominant transient was less severe than
common test method was prepared and presented to the a best-estimate definition.
ASTM, A first draft of a proposed ASTM standard for

__

fracture-toughness testing in the transition region was also
completed. 'The reviewers concluded that the RTNITT shift for the

circumferential weld would be up to 22"C higher than that
given in the report. This difference was due to the low

Research continued to determine if a case exists for the K c irradiation temperature for this vessel. The RTNDT shilli
curve to be substituted in place of the KIR curve in the for this vessel exceeds the screening criteria defined in 10

fructure margin analysis required by Appendix G of CTR 50.61. The LUS toughness of the vessel was consid-
Sect.111 of the American Society of Mechanical Engineers cred by the reviewers to have little influence on the vessel

Boiler and Pressurc Vessel (ASME (BAN 4] Cale. Au failure probability estimates.
important finding was that the fracture toughness was not
reduced when the crack initiated from an arwsted cleavage
crack rather than from a fatigue-slurpened crack. The review concluded dial the vessel mean failua

frequency was 40 times higher than the acceptance criteria
failure frequency given in NRC Regulatory Guide 1.154.

Exploratory testing was performed to detennine if cyche
softening of the crack tip material would increase die frac-
ture toughness of irradiation-hardened rnaterial. Results Task 4 also pmvided auistarce to the ASME Sect. XI
obtained indicated no inercaw in fracture toughness beyond Wmking Graup on Flaw Evaluation in their ongoing cf fort
that attributable to warm prestressing. to develop criteria e govern the operation of reactor

_

vessels when the 50-ft lb LUS Charpy energy requirements
of 10 CFR 50, Appendix G, are exceeded, A major

4 Spec,ial Techn,ical An,istance challenge in the development of these rules has been the
unavailabihty of validated procedures for extrapolation of

At the request of the NRC, the liSST Program undertook a material 3-R curves. This bas been overcome in the
review of a report " Reactor Pwssure Vessel Evaluation proposed ASME 5ect. XI criteria by tusing die rules on a
Report for the Yankee Nuclear Power Phmt " YEAC No. demonstration of crack stability rather than on the
1735, July 1990. Review topics included a detailed com- demonstration of fixed margins on kiad carrying capability.
parison of the VIS A 11 computer program used in the The pressure loading used in the proposed rules renects the
analysis with the OCA-P computer program, the 17S frac- reactor system relief valve setpoint pressure and the relief
ture-mechanics analysis input and results, treaunent of the valve pressure-volumetric discharge characteristics but will
low-upper-shelf (LUS) fracture-toughness issue, estimates not exceed i10% of the vessel design pressure.
of the vessel material irradiation embrittlement, and speci-
fication of the number and magnitude of NS transients.

5 Fracture Analysis Computer

The review revealed some significant differences between
the treatment of crack arrest in the version of the VISA 11 Validation of the current version of the OCA.P computer
program used in the analysis and OCA-P. The VIS A 11 program for the probabilistic fracture-mechanics analysis of
program permits the material composition and therefore the

xvii NUREG/CR-4219, Vol 8, No.1
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reactor vessels subject to ITS loading was completed. Development of techniques for determining lower tound
Comparisons with results from the VISA II, ADINA-T, and fracture-toughness propcrties using small specimens
ADINA computer programs were ttsed in the validatlan continued at UM. De program uses Charpy and notched
process. One result from this activity was the identification tensile specimens, with the notches sharpened by precom.
of an area in which it appeared that the VIS A 11 computer pression of the specimen. Lower-bound fracture toughness
program required modification; this modification has since was successfully predicted for temperatures up to
been implemented. T-RTNDT = $0'C. A draft paper summarizing this work

has been prepared.

Dcyclopment of the OCA.P program to give it the
capabi!ity to perform PTS seuitivity analyses was com. 7 Cladding Evaluations
pleted. The revised program can evaluate sensitivity of the
ITS analysis result to subclad and embedded Daws and to At NRC request, an independent analysis was performed to
spatial variations in i Tadiation fluence. evaluate a vendors proposal for an Mterrate procedure for

demon <trating compliance with leu perature overpres-
surization protection (LTOP) requiren ats. A key element

Plans were completed for the development of the next gen- of the vendors proposal was the inclusion in the analysis of
cration ITS analysis computer program. The program will a crack-tip stress-intensity factor contribution due to clad-

) use the OCA P program as a point of departure and incor. base material differential thermal expansion. %e objective
v. parate the latest PTS analysis technology refinements. The for the independent analysis was to check the validity of

program will conform with the requirements of NQA 1 and this element of the vendor's proposal.
is designed to be " user friendly."

N he analysis was performed using both 3 D finite-element
6 Cleavage-Crack initiation models and the model incorporated into the OCA-P com-

puter program. Results obtained confirmed the overall
The development phase of the shallow-flaw testing pro- adequacy of the vendors analysis procedure for treating the
gram has been completed. Square test specimens (100 mm) efIccts of cladding differential thermal expansion,
have been selected for the production phase of the program Maximum differences between results from the proposed
since this will permit the use of prototypical crack depths. and check analysis methods did not exceed 15%
Results from the program can then be interpreted both in
terms of the absolute crack depth "a" and the relative crack
depth a/w. 8 Pressurized-Tlierinal-Sliock

Teclinology

Tests with beam thicknesses of 50,100, and 150 mm gave %crmal streaming in the reactor vessel downcomer
very similar results. His suggests that the current ASTM annulus has been reported in experiments performed in the
E399 requirements for test specimen thickness may be German HDR reactor vessel. Thermal streaming results
overly conservative. when cool safety system now is injected into a stagnant

inlet pipe. The resulting circumferential nonuniform
temperature can generate increased axial thermal stresses in

.- The shallow.naw fracture-toughness tests were conducted the circumferential welds. These stresses are not currently
at temperatures in the lower transition region. At neluded in the ITS analysis computer programs.
T - RTNDT of-25*C, the shallow flaw specimens showed

- a 70% increase in toughness relative to the deep-crack
toughness. This translates to an RTNDT shift of 30*C, During the current reporting period, finite-element analyses

of a reactor vessel shell under thermal-streaming toundary
conditions was initiated. Output from the analysis will

A modification of the Irwin factor is being studied as a pmvide the basis for a thermal streaming model to be
possible means for application of the shallow-flaw fracture- ncorporated into the updated OCA P computer program.
toughness data to pressure-vessel fracture margin analysis.

NUREG/CR-42198ol. 8, No. I xviii
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9 Analysis Methods Validation grade H class I material continued. The shallow flaw
program is structured into development and production

During the current reporting period, the focus for this task phases. Activity in the current reporting period was in both

has teen on the evaluation of results from the CSNI/FAO the development and production phase of the program.

project FALSIRE. Results from analysis of large-scale Fourteen developnent tests were completed.

fracture experiments contributed by an international group
of fracture technology research organizations wens
collected, compared, and evaluated by ORNL and GRS.
Koln. Application of JR methodology using small-speci. Two ahernate techniques for locating the tram center of

men data was generally successful in disti.iguishing rotation under conditions of nonlinear response were evalu-

between stable crack growth and tearing instability. He ated. A technique using strain gages located ahead of the

technology was much less successful in predicting the crack was demonstrated to give predictable and consistent

amount of crack extension caused by ductile tearing. De results and was selected for use in the pmduction phase of

analysis experience highlighted the problem of diagnosing the program. Clip-gage attachment techniques were also

the cause of a deviation between test observations and refined and finahnd, and tests were conducted on beams

analysis predictions when the test involves multiple vari. with out-of plane thicknesses of 51,102, and 145 mm (2.4,

ables. The need for more extensive characterization of the and 6 in.). Fracture toughness appeared to be insensitive to

test material was also detennined. A draft report on Pmject the thickness variation, A thickness of 102 mm (4 in.) was

FALSIRE is in preparation. selected for the pnx!uction-phase teams. The auxiliary test
fixture was delivered, as was material from the surplus

10 Fracture Evaluation Tests Midland reacim vessel. wis materiai is planned for use in
a later phase of the program to investigate structural weld

Fracture-toughness testing to determine the elevation of and chxiding weld c!Iccts on shallow flaw fracture tough-

fracture toughness for prototypical shallow flaws in A 533 ness.

<
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IIEAVY-SECTION STEEL TECilNOLOGY l' .OGRAM SEMI ANNUAL
PROGRESS REPORT FOR OCTOllER 1990-M ARCll 1991*

1 Program Management

W. E. Pennell

" ' " " " ' " "The licavy Section Steel Technology (ilSST) Program is
conducted for the Nuclear Regulatory Commission (NRC) man $to munm e mvmxuu

g

by Oak Ridge National Laboratory (ORNL). The program
focuses on the development and validation of technology
for the assessment of fracture-prevention margins in com. uMi
mercial nuclear reactor pressure vessels (RPVs).

Ma'1W Mt fM000t%v Ra/1Ufd ahAY1ll WitSURJ{ D ini kMal

Prior ilSST Program actions resuhed in the generation and ""*"u, '""'" """,\
~

'"""'"o
validation of a fracture mechanics-based, fracture margin.
assessment technology and the transfer of that technology wanw cauota- cua,aa tua aans unes
to national consensus codes and standards. Subsequent ""** *" " O ~ ' " * * * * - "***

n n
~

input from materials-irradiation effects research, rextor
vessel surveillance programs, and large-scale fracture tech- me= n cm.x cum, suam nawame,

'" "'#'" ~ "*
nology validation experiments have revealed addidonal ,, a , , , uu

fracture-technology issues with regulatory significance.
Current ilSST Program activities have been structured to

Figure 1.1 Lesel I work breakdown strurture fur
provide resolution of tinse issues and support near-term

IISST l'rogram
licensing actions.

Metals and Ceramics, and Computing and Telecommuni-
Licensing issues of current concem include pressurized- cations Divisions at ORNL. In addition, extensive use is
thermal-shock (PTS), low-temperature overpressure protec-

ru de of university and other laboratory subcontractors and
tion (L'IDP) set point criteria, low-upper-shcif (LUS)

I"' raction with other research organizations to ensurec
material, and plant aging. Research tasks are selected and

crncient and timely achievement of the program's research
planned to provide NRC with timely input for the resolu-

objectives. In the current reporting period a contract was
tion of these issues. Specific research tasks in progress

pl ced with Prof. S. T. Rolfe of the University of Kansas
address shallow-flaw fracture toughness, FTS analysis

f r c nsulting services on the shallow flaw fracture-
methodology, development and validation of PTS analysis

toughness testmg program. Figure 1.2 provides a summary
computer programs, cladding effects, constraint effects,

of the msoumes appkd to the pmgram W
circumferential flaws and out of plane loading effects,
local brittle zones (LBZs), cyclic straining effects, ductile
tearing, reviews of industry reports, embrittlement issue
investigations, and the development of codes and standards. A comprehensive cost / schedule control system is used to

monitor pmgress against objectives, identify and quantify
variances, and guide corrective actions. At the end of the

The program is implemented in a series of tasks, each with mp rdng Fr(od de pmgram cost and schedule variances
wem an , asFctively, on a total plan-

its own task leader. A level I work breakdown structure ned exFnhum oWN W Wipalcondunon to
outlining the program is given in Fig.1.1, Staffing for the tk negah Muk Mann was bn me sMowaaw,
program tasks is drawn from the Engineering Technology,

fracture-touchness testing program (Task 10). Corrective
actions applied to that program corrected this negative
schedule trend and produced a significant recovery in both

Dhis report is wnnen in metnc unitt Cmvmims from SI to tinghsh the cost and schedule variances.
uniu for all SI quantities we hated on a fuldout page at the end of this

returt.

1 NUREG/CR-4219. Vol. 8, No.1

.

.
. . .



_

. - -- - --- - .. .. . . . - . . . . . .. .

-

i

Program

0% Dwo eiu rwen ETD

FE AVY LECTON STEEL TECHroloGY PROGRAM

WE Pennen, Mawger

i I

ENGifEERING COMPUllNG AND
1ECHNOLoGY DIVIStoN TEd ATONS

rONSUL1 ANTS

S I ID''J W Bryson D.K M. Shum D A Slane't
E1 wess'eR D Cheveren 1.J Thess B.R nasa

{ 3*{J G MeNa W F. Jackson

METAL.S HAMICS R & D SLUCONTRACTOHS

Battees Columtmas Div. Urwevsity of KansasDa haander DE McCaN Century Hesamicti Corp. Uewersity of Magiand
pj 980 Edison Weidmg Instiute Orwersity of Tennessee

S K. tamander IR. Swain

Figure 1.2 Resourecs applied to llSST Program R&D tasks

During the current report period, llSST Program personnel March 1990," USNRC Report NUREG/CR 4219, Vol.
published one semiannual progress report,1 two presenta. 7. No.1 (ORNI/l'M 9593/V7&N1), March 1991,*
tions .3 as NUREG/CP documents, three ORNL/NRC2

Letter Reports,4-6 ne paper in an international proceed-7o
ings,and ore articic in a peer reviewedjoumal. Two 2. J Keency-Walker, B. R. Bass, and R. II, Bryan,8

presentations ,10were made at the NRC 18th Water " Ductile Fracture Analysis of Low-Upper-Shelf Tearing9

Reactor Safety Information Meeting, one administrative Experiment V-8A," pp. 3-81 in Proceedings of the

reviewll was made for NRC, and three presentations 2-14 Seminar on Assessment of fracture Prediction1

were made to technical societies. ORNL organized and Technologyt Piping and Pressure Pessels, Nashville,

hosted a technology exchange with the VTT research center Tenn., June 18,1990, USNRC Report NUREG/CP-

= of Finland on Structural Safety Assessment of Nuclear 0037, February 1991,,

Power Plant Components.* The program management
joined with personnel from Framatome (France) in organiz- 3. J. Keency-Walker et al.," Fracture 1,ualysis of a Thick-
ing four sessions on Pressure Vessel Integrity for the Walled Pressure Vessel Under Pressurized Thermal-
ASME-PVP meeting scheduled for June 1991 in San Shk Loading (l'I'SE-2)," pp. 3-!31 in Proceedings of
Diego, Californta.

the Seminar on Assessment ofFracture Prediction |

Technology: Piping and Pressure Vessels, Nashville,

References Tenn, June 18,1990, USNRC Report NUREG/CP-
0037, February 1991,,

1 W. E. Pennell, Martin Marietta Energy Systems,Inc.,
Oak Ridge Natl. Lab.,"licavy-Section Sicel TeChnol- 4. E. F. Rybicki and J. R. Shadley, The University of Tulsa
ogy Program Semiannual Prog. Rep. October 1989- for Martin Marietta Energy Systems, Inc., Residual

Stress Evaluation of a K-Bevel Weld, ORNUNRC/LTR-

*ne llSST staff made ten presenistions at the Joint VVT-ORNt. Seminar 9/ tober 31,1990.,

tm Structural Safety Assessment of Nuclear Power Plani Componenis.
Oak Ridge,Tenn., December 10-11,1990.
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5. F. M. llaggag and R. K. Nanstad, Martin Marietta 10. W. E. Pennell,"Ileavy Section Steel Technology
Energy Systems, Inc., Oak Ridge, Natl. Lab., EfTect of Program Overview," presented at the Eighteenth trater
Thermal Aging c1 the AlechanicalProperties of Reactor Sqfety hfecting,0ctober 22-24,1990,
Stainless Steel CIadding, ORNLINRC/LTR-9 Il$, Rockville, Md.
March 6,1991,

11. W. E. Pennell, ORNL,"Ileavy.Section Steel Technol.

6. J. Keeney-Walker and B. R. Bass, Martin Marietta ogy Pr')gmm," presented to E. S. Beckjord et al. from

Energy Systems, Inc., Oak Ridge Natl. Lab., Analysis of NRC licadquarters as part of an revie v of NRC llSST

Low-Temperature Overpressurnation Transient in a Program at ORNL on November 28,1990.

Reactor Pressure Vessel ORNLINRCILTR-9116,
March 27,1991,

12. D. E. McCabc, A Comparison of Wcibulland fic
Amdysis of Transition Hange Data, presented at the

- ASTM E24 Committec Meetings in San Antonio,
7. J. G. Merkle,"An Application of the J Integral to an Texas, November 13,1990.

Incremental Analysis of Blunting Crack Behavior," pp.
319-332 in Defect Assessment in Components-
Fundamentals and Applications ESLS/EGF9, J, G. 13. T. L. Dickson,lmpact ofProbabilistic Fracture
Blaucl and K.H. Schwalbe, cds., Mechanical Afechanics b!cthodology, Enhanced Fracture Tough.
Engineering Publications, London,1991, t ness Data, and Thermal Streaming on P73 Analysis,

presented at the ASME Section XI Working Group on
Flaw Evaluation, San Diego, Calif., February 5,1991.

8. R. D. Chevenon c4 al.,*1mpact of an Apparent P.adia.
tion Embrittlement Rate on the Life Expectancy of
PWR Vessel Supports," Nucl. Safety 32(1),91-102 14. W. E. Pennell,lleavy-Section Steel Technology

(January-March 1991).t Program, presented at the ASME Section XI Working
Group on Flaw Evaluation, San Diego, Calif.,
February 5,1991,

9. T. L. Dickson,"PotentialImpact of Enhanced Fracture
Toughness Data on Pressurized Thermal-Shock (PTS) * Awaable for punhase inn Naumal Techmcal Information Semce,

Analysis," presented at the Eighteenth Water Reactor Sennsfield,VA 2:161.

Safety Afecting, October 22-24,1990, Rockville, Md. ^"d*bic in puhhc iechnical htwane.
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2 Fracture Methodology and Analysis

B. R. Bass'

2.1 Introduction suitable for comparison with analytical modei predictions.
In this context, work has teen undertalen to re-examine the

The following sections describe tecent advances made in ORNL wide-plate enhanced (WP-1) and nonenhanced
the coordinated effort being conducted under the llSST (WP-2) cleavage crac L initiation fracture-toughness data.
Pmgram by ORNL and sevemt subcontacting groups to Two distinct approaches to the interpretation of wide plate
develop the experimental data base amt the analytical tools data have been taken. Emphasis of the first approach is in
required to construct improved fracture models for RPV terms of T-stress efIccts, while the second approach is in
steels. terms of the thickness reduction correlation scheme (based

on work by George Irwin at the University of Maryland,
University of Maryland Technical * eport No. 90-3,

During this report period. work continued on (1) aa investi- May 1990),
gation of the reladonship between posidve straining
parallel to the crack front and crack. initiation toughness,
(2) studies of analysis methods for shallow cracks in beams Analyses based on a modification of the Ritchie Knott Rice
loaded in 3-point bending (3PB),(3) relationships between (RKR) cleavage crack-initiation nnxici in which T-stress
constraint and cleavage crack-arrest toughness, and (4) the and transverse strain effects are included are teing
joint Japanese /U.S. EPl Program for the development of an perfonned to determine if this appmach would provide an
engiricering estimation scheme applicable to explanation of the observed wide-plate cleavage initiation
inhomogeneous materials and structures. data for both series WP-1 and 2. De absence of valid

small specimen cleavage initiation data in the transition
region appears to preclude a similar analysis of the

2.2 Applicability of Plane-Strain cleavage reinitiation data. work is also progressing on the

Fracture Tougliness Toward the application of the thickness reduction correlation scheme to
senes WP-i and -2 daiaEvaluation of Circuinferential

Surface Cracks
Metals and Ceramics Division at ORNL has obtained

The objective of this subtask is the development of posttest residual transverse displacement measurements for
analysis methods for estimating the decrease in crAL- a number of small specimens for which the fracture
initiation toughness, from a refeience planc-strain value, toughness values are availabic. Specifically, transverse
due to positive straining along the crack front of a circum- displacement measurements were taken from the 1/2T to
ferential flaw in an RPV. His objective is accomplished 4T compact tension (CT) specimens previously tested to
by examining the influence of a given magnitude of the provide wide-plate series WP-1 characteritation data.
transverse strain on the near crack-tip fichis. De results Rese measurements were taken at two kications:
from the above stress and strain analyses are viewed in the (1) approximately 10 times the crack-tip-opening
context of various frac.ure prediction nnxicts, thereby displacements (CTODs) ahead of the original crack front,
providing a methodology for estimating the inuuence of and (2) a distance ahead of the original crxL f ront that
positive transverse strain on fracture toughness, appeared to yield a maximum value of the transverse

displacement. Most of the sma;l speMmens examined have
the common feature that the postlest transverse strains are

2,2,1 Compilation of Experimental Data much larger than those encountered during the wide-plate
Correlating Transverse Strain with series WP-1 tests, even though much higher initiation
Fracture-Toughness Data toughnesses are associated with the wide-plate tests. De

(D. K. M. Shum) primary difficulty encountered in data interpretation is that
the transverse strain contribution due to crack growth

A part of the transverse straining workscope in FY 1991 is appears to dominate the postlest measurements. As a

the preparation of available experimental data in formats result,it is not pc sible to extract the magnitude of the
transverse strain in the viemity of the crack front at the
onset of crack initiation in a straightforward manner.

*comruung sna Telecenwnic am Dwion. Muun M neu. I:nergy Transverse-strain vahrs at the onset of cmck initiation are
Systems,Inc..oA Ridge.Tenn.

5 NUREGK'R-4219, Vol. 8, No.1

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



_. _.

1
1

Fracture

. .o

- needed for the purpose of validating analytical model / - - - '

predictions against available negative transverse strain
experimental data. nree dimensional (3 D) finite-element s
analyses have been undertaken to determine an empirical
scheme that would identify and eliminate the contribution \g

-

,
to transverse strain due to crack growth from the postlest C-

~ ~ ~ ~

7 7]
! - } - ~ '}?

2.2.2 Fracture Analysis of a CT Specimen d b h "q "1 _
Subjected to Generalized Plane-Strain
Loading (B. R. Bass and J. Keency-

Y
Walker)

The effects of negative and positive out-of-plane strain on Z x
local crack-tip fields in a model of a IT-CT specimen an:
described in this section. Results presented here represent 1'igure 2.1 Three dimensional finite-element model of

an extension of the studies previously performed on the IT-CT specimen subjected to GPS
conditionsame specimen and reponed in Chap. 7 of Ref.1. In both

cases, analyses were carried out on a 3-D finite element
model of the CT specimen that assumed an incremental displaced uniformly in the direction nonnal to the surface;
elastic plastic constitutive formulation and generalized nodes midway between the midthickness symmetry plane
plane strain loading conditions. We present study utilized and the outer surface are displaced by half that amount.
a finite-element model having substantially greater crack- The model depicted in Fig. 2.1 consists of 5033 nodes and
tip mesh refinement when compared with the model 674 twenty-noded isoparametric elements. Collapsed-
described in Ref.1, The more refined model was employed prism elements surround the crack tip to allow for blunting
to generrte improved estimates of the crack-tip stress and and for a 1/r singularity in the strains at the crack front. De
strain fields corresponding to cleavage-initiation radial dimension of the collapsed-prism elements at the
condidons. A parameter based on the area, ACR, enclosed crack tip is r = 0.01524 mm (r/w = 3 x 104). A detailed
within a contour of critical maximum principal stress ahead plot of the crack tip region is given in Fig. 2.2. By com-

2of the crack tip was used to correlate these local crack-tip parison, the radial dimension of the collapsed prism
fields with applied loading at initiation. Resuhs of these element at the crack-tip in the finite-element model of Ref.
correlations from the improved model are presented for a I was r = 0.1I mm (r/w = 0.00215).
rage of imposed out-of-plane strain values.

2.2.2.1 Analysis Methods ne 3-D model of the IT-Cr specimen was analyzed using
material properties for A 533 B steel at-75 C (taken from

A 3-D finite-element model of a geometry having the Ref. 5). An incremental clastic plastic constitutive model

planform of a IT-Cr specimen was generated with the (Model 8 in ADINA) was used for these analyses. For all

ORMGEN mesh-generating program. From symmetry cases. Young's Modulus is E = 206.9 GPa and Poisson's3

ratio v = 0.3. The muhilinear stress-strain curves for tneconditions, only one-fourth of the specimen is included in
the finite-element model (Fig. 2.1). The specimen in Fig. material are given in Fig.6.3 of Ref.1. A material

2.1 has a thickness of 1.016 mm and was analyzed with the nonlinear only (MNLO) formulation (small-strain theory)

ADINA finite-element program using special constraints was used to model the strain response to deformation. A4

on the nodal displacements to approximate generalized 2 x 2 x 2 Gauss point rule was employed to compute the

plane-strain (GPS) conditions. At any planform location in global stiffness matrix, incremental loading was applied to

the model, the nodes (through the thickness) are the load pin hole of the model in the form of a cosine
functi n with a resultant maximum load of 0.035 MN, In

constrained to have the same in-plane displacements. To
model the effects of positive or negative out-of-plane strain, tests of IT-Cr specimens at T = -75 C (described in

the nodes on the outer surface of the specimen are Ref. 5) c!cavage initiation was achieved at loads of 0.029

NUREG/CR-4219, Vol. 8, No. I 6 I
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Table 2.1 Out-of. plane strain conditions imposed

on generallied planc-strain model of
i f CT speelmt n

/,
|

- - - Normallied
aLoad case cul.of. plane straln

..i i/7
- l(ta to)

_
- - 1 -1,05

\ 2 -4).5
~y

- o /3 3 0
- ,

s ..

4 +0.5-- -

r .

dMadmum/mimtvJm imponC41 Mitdomt lifam, m40mLah toad d
\f 0.033 hiN an cJ to had pmbole.a

_.iossmm 4
3|t 54 mm

Y
The relationship between the area. Acg, within the critical
maximum prmeipal stress contour and the applied J valuei

, y for tne ops model of the IT-CT specimen is shown in"

Fig. 2.3. The values of area in Fig.2,3 were determined
from the relatica A = V/II, where V is the volume for

Figure 2.2 Detall of crack tip region of finite-element which opt > 1400 Mpa is satisfied, and B is the thickness
im> del of IT CT speelmen of the CT specimen. If a critical value of Ji s measured ati

crack initiation under planc-strain conditions (cop = 0.0),
the criticyl J value required for initiation under GPS

and 0.035 MN. Equilibrium iterations were performed in conditions (cop e 0.0) can be estimated from Fig. 2.3.
exh load step of the ADINA calculations usmg a Generally, this approach provides a : estimate of the
convergence tolerance of I x 10-4 on an energy norm and elevation or reduction of criticalload required for achieving
1 x 10-6 on m Euclidian norm of the displacement vector' a critical area for initiation, A R, twd on the magnitudeC
For each load step of the calculations, energy release rates and sign of the out-of planc strain.
were determined along the crack front using a virtual crack-
extension technique developed by deLorenzi6 and

7implemented in the ORVIRT program. (The ORVIRT Comparis(m of the refined-mesh results in Fig. 2.3 with the
program functions as a postprocessor on a conventional corresponding results in Fig. 7.5 of Ref.1 indicates that
finite element solution obtained from the ADIN A mesh refinement did not substantially alter the J vs ACR
P'08 **) relation expressed as a function of out of plane strain.

Both sets of analyses imply that positive out of-plane
strains lead to a reduction in fracture toughness on the order ,

2.2.2.2 Analysis Results
of a few percent from the reference plane-strain value.
Additional resuln imm these calculations will be presented

The 3-D model of the IT-CT specimen depicted in Fig. 2.1
in a topical report on llSST circumferential flaw studies to

was analyzed for the load cases given in Table 2.1. In each
be issued in FY 1992.load case, the mechanical loading at the load pin hole and

the uniform out of-plane strains were applied simultane-
ously and monotonically in 35 equal increments up to the 2.2.3 Modified floundary Layer Model of
maximum / minimum values mdicated in Table 2.1. The Near-Crack .U. i lleg,mn (D. K. M. Shum)
out of-plane strains were imposed via equivalent out-of-
plane nodal point displacement. In Table 2.1, the

The primary focus of this subt k is on the development of
normalized out-of-plane strain for case 1 (r /c = -1.05)rc a finite element-based description of the near crack-tip
was selected to yield a computed J value equal to theJ

2 region and will provide a more detailed and realistic
experimentally determined Jg value (1 = 0.0263 MJ/m )

description of the near-crack tip fields than was available in1

reported in Ref. 5 for the initiation load of 0.035 MN.

7 NUREG/CR-4219, Vol. 8 No. I
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oin owo - op modified-boundary-layer model, is also expected to address""~
various issues related to the transferability of small and
large-specimen toughness data to RPV applicationN Spe-

I cifically, these issues include the problem of estimating the
0 005 - elevation of toughness that occurs due to transverse

yj contraction in a small surveillance specimen tested in the

;,. / / transition region, providing an explanation for the apparent*

_ o en , 4.- toughness enhancement obtained in tie ORNL wide-plate

} y[ tests, and the interpretation of shallow-flaw toughnes_

} values to be obtaincJ within the ilSST Program. De

7/)[([*o unifying feature m all these issues appears to be the role ofs
@ 0 015 - tie second parameter in the associated fracture problem. A.

{. e<nuumo sinm brief description of the essential features of steh an
a7 M) approxh was given in the previous semiannual report.

o +ose nio .
o es
' o0 Denchmarking of the finite-element predictions from the,

' * *" commercial finite-element code ADINA and the ORNL
0"~ Mcan too Wa) finite-clement code ADINA VPF against known solutions

was undertaken. The benchmarking was to verify the
accuracy of these codes and ascertain the suitability of

o.000 using these codes to generate detailed near-crack-tip Gelds, , , , , ,

o co c.ci om o os o c.5 c c5 o 06 and to study T-stress effects. .Also, work has begun to
enmeAt Ant ^ t=') acquire the commercial finite-element code AllAQUS to

Figure 2.3 Applied J vs area A within maximum prin, gerfonn these calculations,

cipal stress contour of o t n 1400 MPa forp
IT CI' specimen subjected to five load cases 2,2.4 Constraint Effects for Circumferential

Flaws (C. W. Schwanz, University of
FY 1990. kesults from these near-tip analyses will provide Maryland')
improved inputs to the various frxture-toughne:s-
prediction models developed in the first phase of this work. He Mode I crack-tip stress and strain conditions for a
thereby providing the framework for evaluating and circumferential flaw in a pressure vessel differ from tlose
modifying the various fracture models, in conventional laloratory fracture test specimens in one

potentially significant aspect: the strains parallel to the
crack front are tensila, as opposed to zero (plane strain) or

A modified-boundary-layer formulation has been adopted compressive (plane stress). It is reasonable to hypothesize
in the finite-element description of the near-crack-tiP that this condition may infinence the constraint at the crack
region. In a modified-boundary-layer formulation, the in- tip and, as a consequence, the resistance of the material to
plane geometry and loading conditions pertinent to a crack initiation.
circumferential flaw are naturally incorporated into the
taalysis as remote boundary conditions, such as the
imposition of remote K.or J-fields Such an approach he variation of cleavage fracture toughness with
permits the evaluation of near-crack-tip stress and strain constraint within the range between plme-stress and plane. '

fields with a degree of accuracy not economically strain conditions is well known.8-10 Conceptually, :

achievable with conventional application of the finite- constraint is a secondary characteristic of the crack-tip ;
element method to fmeture problems. stress and strain fields (the primary characteristic being the I

'

singularity in the fields) that promotes fracture mechanisms

In addition to its relevance to the transverse straining issut,
* Work spmored ty the llSST Program Subccrurut No.19X oTT78C

it is emphasized that the finite-cicment-based near-tip hetween Martin Manetta tincray System. Inc., and the University of
model develop.nent from this subtask,in the form of a Maryland.

NUREG/CR-4219 Vol. 8, No. I 8
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within the fracture process zone (e.g., increases crack- ne finite-element model of die assumed geometry
opening stresses) and inhibits energy-absorbing plastic flow incorporated sufficiently fine discirtiration to pennit
within the region surrounding the fracture process rone. adequate resolution of the stress and strain fields wit'iin
Constraint is usually associated with high triariality of the distances on the order of ten CTODs from the crack tip; the
crack-tip stress fields. Under ideal planc-strain conditions, radial dimension of the elements at the crack tip is
this triniMity develops because the contraction parallel to -0 02 mm (r/w = 0.000124). All finite-element calcu.
the crack front is prevented, producing tensile stresses par. lations were performed using the AllAQUS anal sis/

allel to the crack front, in addition to the tensile in-plane code.12

s' Jesses. In a circumferentially flawed pressure vessel, the
tensile hoop stresses also act parallel to the crack front,
further itercasing the triaxiality of the near-tip stress state. De material stress-strain tchavior was modeled using the

Ramberg-Osgoal power law-deformation plasticity
constitutive model:

In the present study, the nature of the crack-tip constraint
for a circumferential flaw in a pressure vessei has been t / r = c/c + n(o / c )" , (2.1)o o o

investigated through high-resolution, nonliacar finite-
clement analyses. His study is focused on the comparism with the following values for matenal constants: clastic
of constraint in the circumferential flaw configuration with modulus E = c /c = 300, Poisson's natio y = 0.3, a = 1,o o o
that in a corresponding plane-stmin reference condition, a = 1, and n = 10. Ecsc properties were selected,in part,
The flaw geometry considered here is the limiting case of a to permit comparisons with previously published results. A
continuous inner circumferential flaw in a cylindricai small strain formulation was employed in all analyses,
pressure vesse!. Ilowever, the insight gained f rom the
study of this idealized configuration has some iclevance for
the more realistic case of a finite-length circumferential J-ir.tegral values were computed using the virtual crack-
surface flaw, More complete details of this study nre given extension algorithm as implemented in A11AQUS.12.13
in Ref. I1. Ten contours were evaluated to establish path independcnce

for the J. integral values.

2.2.4.1 Analysis Model
2.2.4.2 Analysis Results

A circumferentially flawed pressure vessel was simulated
using two-dimensiona! (2-D), nonlinear finite-element O'Dowd and Shihl4 have formulated a two parameter ex-
analyses, ne vessel was treated as a cylinder having an pansion of the near-tip clastic-plastic stress fields in a

~

internal radius r; of 2171.7 mm (85.5 in.) and a wall Ramberg-Osgood power-law hardening materiah
thickness W of 215.9 mm (8.5 in.); these dimensions are
typical for RPVs. The circumferential flaw was assumed cdoe J[( o lnt)l/("+1)n;i(0)ocontinuous around the inner beltline of the vessel with a
crack length a equal to $3.98 um in the radial direction + Q[(r)/(J/c )f 6;j(0)o
(a/w = 0.25). No crack extension was considered in the + higher order terms * (2.2)g

He first term represents the usual llRR singularityU with
Three different loading con 6gurations were analy? d. ;M amplitude equal to J. The second-order term has the
reference plane-strain condition under axial loading onb dimensionless parameter Q as its amplitude. The functions
(2) axisymmetric conditions under axial loading only; ai a 6;j(0) and 6;j(0) capture the angular variation of the
(3) axisymmetric conditions under combined internal stress fields and are expected also to depend on the material
pressure, crack-face pressure,and axlalloading. Allloads hardenirg; the 6;j(0) functions are normahred such that
were applied incrementally from values corresponding to 600 equals I at 0 = 0. Note that the second-order
essentially linear, very small scale yiciding conditions to expansion in Eq. (2.2) assumes a small-strain formulation
levels just beyond general yielding of the vessel wall, because it is based on the IIRR solution.

9 NUREGK'R-4219, Vol. 8, No.1
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The second-order stress field for a crack in an infinite re- l> F' ' -

gion can be extracted by subtracting the llRR solution fron. * HRR SOLtfTION

c two-parameter boundary 1.iyer numerical soiution at the ; P,1 o,

$ 0.1same J value. The parameters Q, q. and b j(0) can then be 4 -

i
02evaluated. Ilased on their numerscal results, O'Dowd aid 4 ---

**., , * N
"**

Shih make the following arguments: (1) the variation of e .

the second order stress ficids with radial distance is very k3 '' '+ -
. , , *. , ,

"...,'""%weak, hence 1 1 e it (2) the 6 (0) functions vary weakly *
9 9 o. ,

with 0 over 0 s n /2; (3) the 6,o(0) tcrms are very small, -

P 'O 0 8 #Caid thus the o (0) and opo(0) terms correspond to the 2
' '

e en
principal stretses of the seconderder stnss field; and (4)
On (0) / 6 w(b) a 1 for 0 s n/4, that is, the second order g
fields closely approximate a state of hydrostatic stnss in , , , , ,

this sector. As a consequence of the atore arguments. Eq.
(2.2) can le reascmably approximated within the sector i ' ' ' '

!

0 5 n/4 as follows:

a 1/(uto oln )M"*I)dij(0)aij /c co

[0 W. mrg ., 01
-

+ QB j0 j(0) . (2.3)i i ,,

j '

?::_.:_-(-1.n.,.,...,-..
"*

In essence, the coidtant Q is a triatiality parameter, except b .1 -
P,1 o, . 0 4 ,

for the second-order fields,

Following O'Dowd and Shih's approach, the second order
crack tip fields along the crack plane 0 = 0 have teen g
extracted from the computed stresses for the three loading 3 . , , ,

configurations analyr.ed i.e tne present study. The in. plane 0 2 4 6 8 10

tangential and radial stresses are given in Figs. 2.4 and 2.5 e o /J
for the axisymmetric/ combined load c<mfiguration; the Figure 2.4 Total and second order tangential normal
results for the asisymmetric/ axial load and reference plane-

stresses along crael plane 0 = 0 for asin3 m.
strain configuration are qualitatively similar and can bc and/cornbined load configuration. Con-
found in Ref. I1. Figures 2.4(a) and 2.5(a) summarize the otours correspond to load lesels p.lo = 0.1.
total computed stresses and Figs. 2.4(b) and 2.5(b) give the 0.2. 0.3, and 0.4, Contained Ield conditions3second-order component only. All load levele in Figs. 2.4

obtain at allload levels shown
and 2.5 conespond to contained yield conditions. The
results shown in these figures are very similar to those
found by O'Dowd and Shih. There is a slight variation of thus,Q' = Q' . Q at (t /(J / c ))9 = 1. The results of thiso
the second-order stresses with radial distance-perhaps procedure are summarized in Fig. 2.6 for all three loading
somewhat more than observed by O'Dowd and Shih, but configurations. The Q values for all configurations and
'till quite small. Q is always negative for the three loading load values are always negative, with smaller (i.e., more
configurations considered here and becomes more negative negative) values indicating lower constraint. The constraint
with increasing load level and consequent yiciding, in the asisymmetric/ axial load configuration is slightly less

than that for the plane strain reftwence case at all load
levels. The constraint in the atitymmetric/ combined load

The three loading conf r rations considered in this study case, however, is substantially less than in both of the other
can be compared by ceNing the second-order tangen- two configurations.
tial stress field along the crack plane:

|
Q* = Q(r /(J /0o)]9 ; (2.4) The low constraint for the atisymmetric/ combined load l

configuration is quite the opposite of what is intuitively
J
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I'igure 2.6 Vurlation of Q with load leirl for all theet
loading configurallons under contained

0 -

01
- yltid conditions

+f;f ? ' ,' ' ;.; c. r. r . . 5 .;,; ,; ,,,.; f; ,;,.; ,,,,,e
'

1 , Pg o, . 0 4 - 11 = T(rta)l4 /K1 (2 5)

in which T is the magnitude of the second mder term of the

, , ,

remote linear clastic stress fields.16-19 For the plane. strain
configuration, the computed value for B is -R33. The
computed 11 value for the asisymmetric/ axial load case is
~ M smaHu (mme nega&c) dian that for die ninence

3 , , , ,

phnc strain confi uration; this is consistent with dieF0 2 4 0 e to
, og,; slightly lower constraint indicated in Fig. 2.6. The

cunputed B value for the asisynuncuk/annbined load
l'igure 2.5 Total and second order radial normal con 0guradon s - 4,m smaHu dian diat for du-

stresses along crack plane 0 a 0 for asis)m.
nfennce planc4 train case; this is consistent with the

metric / combined load configura:lon. Con.
O gn canth lowe1 constramt indicated for this

tours correspond to load let tis p,/o = 0.I.
con 0 gum n in h.g. 2 A0.2,0.3, and 0.4. Contained ltid conditions3

obtain at allload lesels shown
2.2.4.3 Conclusions

expected. llowever, other evidence supports this lower .N W Wi mous pWhe memrnf
constraint. In the axisymmetric/combmed loading case, g ,g ; g ; ,f on k M
there are also radial compressive stresses actmg parallel to gg g , g gg py g;, , g g,g
the crack plane that are not present m either the plane strain ku w c rcumferential flaw in a pressurized
or axisymmetric/ axial load configurations; these stresses

1 is M l Om h in muivalent planc4 train
are due to the internal prenure loading of the vessel. condition un[et axial loading only; by implication, the

apparent fracture toughness is corres1xmdingly elevated for
the circumIctential flaw configuration. This difference in. .

Compressive radial stresses cornspond to a more negauve
constraint is due more to in. plane than oat of planc effects,

in plane stress biaxiality, w hich m turn is associated with however. Spctifically,it is due to the nmre negative in-
lower constramt. The magnitude of dus m plane stress

h iMi lu hm dediM pm
el(cet can be quantified in terms of a dimensionless

applied to the inner surface of the vessel. This stress
biaxiality parameter B (itef.15):

biaxiality effect will be greatest for shallow flaws, whose
tips are nearest the inner smface where the radial

II NUREG/ Cit-4219 Vol. 8. No.1
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compressive stresses are the largest hus, shallow flaws in Results Imm the finite-elernent analyses indicate use of die

pressure vessels whkh already exhibit higher soughness RPM formula based on a dorp < tack formulation would I

simply because they are shallow, will exhibit an additional result in grossly overestimated J integral values for the

kiughness clevation luause of stress biaxiality. shallow < rack geometry a/w a 0.1. %e primary (
implication of these analyses to the shallow-crack testing f

program is that correction factors would need to Ic
Additional factors not yet considered will also offcct the develoird for the shallow crack gcumetries. Numerically
constraint magnitudes for circumferentially flawed pressure generated correction factors (t) Iactors) tosed on de area
vessels. Constraint can be expected to change with a/w under the kiad vs LLD curve have toen oWired for the
ratio (e.g.,laause of the diffcient T+ stresses), hardening geometries extunined to date. Use of these T) factors will

cnd other material properties, and the ratio of vessel allow appropriate J integral values to le detennmed in
intemal radius to-wall thickness (w hich changes the twp shallow crack specimens using the basic RPM formulation.

stress and strain magnitudes). Finite-width surface flaws
rnust also be considered particularly under ITS ksading
condidons and thermal strearning. Dese factors will te 2.4 ClenVage Crack dfrest Toughness
subjects of future analyses. and Constraint (G. R. Irwin, University

of Maryland')
2.3 Analyses in Sul)1) ort of'the Shallow-

he objective of this subtask is the development of an
Flaw ,I,estIng l>rogralii improved f racture model relating cleavage crack-arrest

(D. K M. Shum) toughness of RPV stects to levets of specimen constraint
ne approach focuses on interpretatkms of events implied

Elastle-plastic, plane-strain, finite elernent analyses were by fracture surfaces generated in tests of small and large-
performed in support of the shallow crack testing program scale specimens from the llSST Program. If the K value is
under Task 6. Rese analyses were performed in response large enough to support a substamial spreadmg of cleavage,
to ;he need to extend the length of the 3PI) specimens in following kicalized cleavage initiation,it mi ht tet

future tests. %c main objectives of these analyses are to reasonable to assume that the cleavage initiation K value is
at least as large as the K , value for cleavage anest in thedemmine the size and kration of plastie zones in a i

specimen with a 86.4 cm (34.in.) span as compared to a same material. A more cautious conclusion, allawing for

specimen with a 40.6-cm (16 in.) span. Preliminary variability of Kj,, would restrict the '' lower toond" natural
analyses were carried out for two specimen geometries: crack arrest toughness to the smallest possible vahes of

5.1 x 10.2 x 40.6 cm (2 x 4 x 16 in.) and 10.2 x 10.2 x K .. Actually, from available data, the average of iaultiple
K , determinations seems to provide a lower tamd for91.4 cm (4 x 4 x 36 in.) with a 86.4 cm (34.in,) span, and i

f or two flaw depths, a/w =r 0.1 and 0.5. Effects of vari. multiple K (initiations) tasts with small specimens,
ability in analytical boundary conditions were compared Possibly much of the observed scatter in the American

with experimental results so that proper analytical / Society for Testing and Materials (ASTM) E1221 tests of
K , is in the conduct and analysis of the tests radier than inexperimental correlations could te achieved. i
the material. A continued effort toward improved K ,i
testing is clearly desirable,

in addition, finite clement analyses were undertaken to
detennine the validity limits of the Rice Paris Mcrkle
(RPM) single specimen J integral estimation formula. He An additional feature of interest pertalning to cleavage
RPM formula was developed to determine the applied J- crack arrest toughness is the apparent insensitisity of the

integral value from a single experimental kud vs load-line- arrest K values to specimen thickness and constraint. %e
displacement (LLD) socord for deeply cracked, bend type cleavage arrest K vahics provided by ORNL diermal-shock
geometry, he finite-element analyses were undertalen to experiments pertained to long crack fronts. Due to thermal
examine the appropriateness of using the RPM formula for stress hoding, the temion near and parallel to the crack
determining the applied J integral value for shallow-crack
geometries.

, Wort mmunal t,y une it%T Program Sut,nsdrad h tVX4rm8C
tecen Manm Mancua Energy Synema. Inc, and une Univemty of
Maryland
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front was latEer than that pertaining to simple plane strain. oboved in small qecimen K . tests or in the NIST wide-l
The cleavage ancst K values provided by these ORNL plate tests. 'this is expected inause die increase of tension
ciperiments covered a temperature region of "T minus RT. parallel to the crac L front augments the tendency of
NDT," which overlaps de temluature region of K . values cleavage Iacets to form separations on planes that des iate1

(determined using essentially ASTM metful E1221) and largely from the average plane of die complete separation.
the temperature region of craL anet K values furnished in effect, an increase of constraint tends to diit ken the
by dynamic analysis of wide-plate tests it the National (rack front f acet " cloud" and increase the sire of the
Institute of Standards ark! Technology (NIST). If some " fracture pnicess rone." From de caperimental results
upward scaner of K-anest values in the wide plate tests is noted previously, the elevation of tensile plastic flow streu
considered, all of these resulu agree closely with a single- by constraint, as would be expeckd to assist (leavage, is
trend curve as a function of T- RTNtYg, despite very large cornpensated for because constraint has no significant
differences in degree of constraint. 'the ORNL thennal- effect upon crack-arrest K values.
shock-experiments (TSE) used A $08 steel, while die wide.
plate tests and the small specirnen (E1221) tests used
A $3311 steel. Possibly, the temperature shift (T- RTNtYf) Some consideration of the crack f ront plastic rone is
does not completely cornpensate for steel rnaterial merited because the forward spreading of cleavage must
differences. Ilowever, small specimens of the ORNL penetrate that region. During a perim) when " strain aging"
A $08 material were tested at llattelle Columbus Division was an active research topic, tests s ; tmide, using low-
and furnished K anest values that agreed with results from suength steels,of the shi!(of the Charpy % notch (CVN)
the TSEs, despite de use of a thickneas (25 mm) energy curve as a functicm of temperature in the brittle-
rn(xlerately less than specified in n.cthat E1221. In ductile transition range after various amounts of cohl work,
addition to these experimental results, there are mechanistic Significant influences of prior plastic deformation of 10%
reasons, relatcJ to cleavage behaviors, w hich indicate that or loss were never observed. In die NIST wide-plate tests,
an insensitivity of cleavage crack-arrest toughness to the the thickness reduction stn.in near the crack plane was
degree of constraint is quite piausible. <4%. Thus, the plastic strain lefore cleavage in the crack-

front plastic mne should have no appreciable effcet upon
the cleavage behavior.

Realistically, in a spreading cleavage fracture, die crack
front region is composed of an irregular array of incom-
pletely connected cleavage facets. During cleavage ex. 2.5 Elastic-Plastic Fracture in
tension, numerous reinitiations produce new facets, filling IIlll0ll10 gen 00US MaterlalS and
lagging regions of the average cruck front and pnxtucing
new forward bursts of sepa. Lion. *fhe cormections StruClurcS I,r0 grain (11. R. llass,,
between facets often undereut, defonn, and breal, mainly G. Yagawa, University of Tokyot)
with ductile fractures, during progressive opening of the
general separation. The average forward speed of the *Ihe principal purpose of the Epl program is to investigate
cleavage process is regulated mainly by the pause times at die clastic plastic crack. growth pherumena in
reinitiations. The array of cleavage facets com;msing the inhomogeneous mat: rials and structures, with the pul of
crack front somewhat resemble a flattened chmd. Also a developing estimation schemes for fracture resistance
contributing factor to the flattening toward an average through the cooperative work between United States and
crack plane is that stresses high enough to produce Japanese research consortia.
reinitiatior tend to occur close to an arrested edge of a
previous facet. In addition, the favored facet orientations
are those that deviate only moderately Inun being normal 'lhe Japanese consortium in charge of the EPl program has
to the direction of largest tension. been organized under the Century Research Center Cor-

potation since July 1988 as one of the subcommittees of the
Regarding the influence of constraint upon K values for Nuclear Engineering Research Committee of the Japan
crack anest, the effect of constraint upon the crack front
facet array must be considered. Note that the cleavage ,

" ' " * " * * " * " " " * " " " " * * " ' * " " " " 'fractures pnxtuced by the ORNL TSEs show fracture 1.nney s
surface out of-plane irregulan. ,ues, along lines parallel to twa , pons, Inc, oa R+,1cnn.ma on&,,un,n imagiy, gn gy og
the average crack front, that are mut h larger than those % A yo. h 4 0. J.run.
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Welding Engineering Society (JWES), h EPl sub- parameters such as the ) and T* integrals have been studied
committee members are from 9 universities,3 resca .h in the theoretical as well as numerical works.
Institutes, and 21 companies. Three working groups (WOs) The latter category includes the General Electric / Electric
have been set up under the following subcommittees: power Resean:h Institute (GE/EPRI) approach, the R(
Tleoretical Experimental,and Estimation Scheme. approach, and the LDD.NRC approach. This year, die EP!

Program also began assessing the applicability of dme
parameters and approaches to the evaluation of crack-

W experimental WO conducts tests and generates ex- growth resistance in the inhomogeneous material regime
perimental data of crack growth behavior in inhomo- ditough round-robin analyses,
geneous specimens. These data are used for numerical
analyses to examine the applicability of various clastic-
plastle fracture mechanics parameters to the inhomo- 2.5.2 Malerial and Welding l'rocedure
geneous material regime. This WO also examines the
effects of various factors on fracture khavior, including W specimens tested this year were machined from the
crack-tip location and crack orientation with respect to same plates used the previous year. 'the A $33 grade 11
fusion line (11), specimen thickness, and residual stress- class I steel was prepared, and the following plates were

produced: one base plate and seven welded plates with an
11 of 1000 mm in length and ~30 mm in thickness. W

The theoretical WO analyres the experimental results using configurations of all the plates are identical, that is,
various numerical as well as analytical medals not only to 1000 mm long, $00 mm wide, and $0 mm thick. The
understand the crack growth phenomena in inhomogeneous welding technique used is de submerged. arc welding
materials but also to provide the fundamental data for t!* (S AW) and the k type of bevel is adopted to obtain a phase

- development of the estimation schemes of crack growth boundary parallel to de thickness direction. The six
resistance, welded plates and one base plate were heal-treated at

60(FC for 2 h for of stre ' relief. Among them, one welded
plate is taed to obtain fun.lamental material properties, and

' Tie estimation scheme WG, which was established in the the other six stress-relieved p'ates are used to measure
fall of 1989, analyres the experimental resuhs using con- crack growth behavior under the residual. stress condition.
ventional estimation schemes to examine the applicability gge as. welded plate will be used to exarnine residual stress
of these methods to the inhomogeneous material regime. erree:3,
The estimation scheme WG also works on the investigation
ark! development of ahermdve estimation schemes based
on experimental as well as numerical results. 2.5.3 Itesidual. Stress Measurement

2.5.1 Lilcrature Survey One Japanese group performed nondestruedve measure-
ments of residual stresses in a heat-treated plate with a

in the last nscal year, the EPl Program selected the fol. ycidment using an acoustoclastic technique. *the

lowing two categories of estimation schemes of clastic, distribution of residual stress along the plane, that is, mean

plastic fracture resistance. t.1) J integral formula used in values in the thickness direction, was measured by this

2 D fracture toughness and resistance tests and (2)J inte, method. One U.S. group also measured the distribution of
residual stress in the thickness direction of an identicalgral formula for the integrity assessment of 3-D structures

with through wall and surface cracks. plate using a strain gage method. The mean values of
residual stress in the thickness direction measured by a
strain-gage method were much smaller than those of the

The first category involves the hierkle Conen's fonnula acousk> clastic method. On the other hand, the component

R or 3PB
of residual stress in the direction parallel to the it,JM-C or CT specimens and Rice's formula Jf f

specimens in stationary crack problems, and the J defor, measured by another Japanese group using the Lray

mation Jo and the J modified Ju in growing crack prob. method, agreed wc!! with that of t. acoustoclastic method.

lems. Through experir-ental studies. various arguments More careful comparisons of the results and procedures are i

have been made on the validity and applicability of jo and still necessary to examine the accuracy of these methods in

JM. On the other hand, incremental fracture-mechanics measuring residual stresses.
1
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'it . .t i. ; been estimated from these measurements that 2.5.4.3 1:ffnts of Crat L Orirntation on Initiation

if[ NM esses found in the heat treated plates are very Toughness

'q sman compared with Oc yield stress of the present

( material. 'the EPl Program plans to conduct fracture 'the initianon toughness of two Linds of CT specimens, that
analyses with residual stresses to confirm their effects is, trat L orientation parallel to the M. and nonnal to the
precisely. CT specimens taken from the as weld plate will 11, were comiured with each other. 'lwo kin Is of homo-
te also tested ard analyred for comparison. geneous CT s[wiment, in w hich initial crac Ls were

mac hined either parallel or normal to the rolling direction,
were tested for comparison,

2,5.4 Fracture Ihperiments on 2 D Specirnenst

2.5.4.1 Specimens
~

Significant effects of crack orientatien on initiation
toughness were observed, but it was confirmed that they

Some homogeneous and welded CT and 3PIl specimens might le caused by the anisotropic nature of rolled
were tested in addition to the experiments conducted last materials.
year. Side grooves were machined in all the addiuonal
quimens, and initial crack tips were pregured in three

J
locations: heat affected rene (llAZ),1% and wcid metal In the cracL growth experiments on the CT yuimens in
(WM). While fabricating the geeimens with a crack tip in which an initial crac L was set to be along the it,it was also
the llAZ, the initial crack up was located ~1.5 mm from the observed that a crack starting from the il turns gradually on
IL, with allowance made for some error. Oc IIAZ p:ut, which was harder but leu tough than the base

metal (!!M) and WM parts. It should be noted here that
mixed mode effects have to le taken into account in the

Most additional specimens are the CT type, where the plane above crack-growth phenomena,
dimensions are the same as those of the standard IT CT
specimen, but the thicknesses chosen wne 6,10, or 10 mm.
Imtlat cracks were set to be normal or perpendicubir to the 2.5.4.4 1:ffnis of Crack Tip location on Crack.
n,, Growth itesistance

To exa.nire the effects of crack tip kication, the following
A few 3PIl 19 mm thick specimens were also pregoird to three Linds of welded specimens were tested:(1) quimens
examine the ellects of specimen configuration. To avoid in w hich the crack tip is placed in the IIM; (2) q)ecimens

any confusion tecause of different testing procedurcs, in which the crack tip is placed in front of the it, that is ,in

these additional experiments were performed in only two tie liAZ part; and (3) giecimens in which the cra L is
research groups. placed across the 11. Initial cracks were normal to the 11

in all cases.

A multiple specimen method and an unlo: ding compliance
method were utilized to rneasure the precise crack growth The J-integrals evaluated here are the J-deformation Jo and

amount. the J mcMicd Jg. Tie results can le summariicd as
follows:

2.5.4.2 l'Eects of Specimen Thickness on Initiation
Toughness 1. 'Ihe initiation toughness of specimen I is greater than

that of giecimen 2, and dien its increasing rate of crack-

The exterimental results obtained last year from specimens growth resistance dJ/Ji decreases in the ll AZ part atd

without side grooves showed some variations of initiation again increases in the WM part.

toughness due to thickness effects, llowcver, tecause of Oc
2. ne n. .danon toupnen of ynimen 2 n. sinallestu

introduction of side grooves, such varianons in initiation among de we, u a tu a nad paws tk R., b
, toughness could not te observed for the wclded specimens

nac g wth resistance incream rnore steeply than
wbase thickness ranges from 6 to 19 mm.

twfore.
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it may le expected from these cycriments that the hical rncasured with a moire interferometry mellux! by A. S.
variation of material toughness along the enKL-growth path Kobayashi.
is detectable by monitoring crac k growth resistance by
means of the conventional J integrals. 3. In the case of type 304 stainless stect, the results for a

sufficiently small arnant of crack ettemion are con-
sistent with those of A 53311 class I steel. On the other

3.5.4.5 l'ffects of Specimen Configuration hand, tie llRR displacement fickt is replaced by the
linear clastic field for a large amount of crack growth.

To examine the effects of specimen configuration, similar Such difference of crack tip singular fields betwecn the
experiments were performed on welded 3Pil specimens in Iwo stects for large scale crack growth may be caused '

which initial cracks were pixed normal to the it, and by the dilferent capability of devckiping crack blunting
crack tip locations were varied in the llAZ,IL and WM. tefore stable crack growth.

4. It should also be emphasired here that no significant

Similar correlations between crack growth resistance and difference was observed in either displacement or strain

$ rack tip kication were observed in both 3PIl and G distributhms measu ed for homogeneous and wehled CT

specimens hi addition, toughness values obtained irom specimens macle of A 53311 class I stect.

toth 3Pil and CT specimens agreed wc!! with each other.
It was conclued from these results that a specimen
configuration such as tie CT or 3Pil type does not %c characterisdes of de moire interfemmetry medod in

influence cmck growth behavior even in the inhomo- de application to ductile materials such as A 53311 class 1

geneous material regime. %e experirnental results ob- steel were also clarified this year through preliminary

talrcl thus far are to le utilired for the generation phase, cyctiments, it was found that a relatively less sensitive

crack gmwth analyses. moire grid might te useful in the measurement of ductile
materials, and also that this method might have the cap-
ability of measuring caustic images without polishing the

2.5.4.6 Direct Measurement of Crack Tip llehavior specimen surface.

To establish measurement techniques of near crack tip
tchavior in an clastic plastic regime, we examined a grid These two methods will be used to examine experimentally
method and a moire interferometry method, loth of which the validity of incremental fracture mechanics parameters
were assisted by computer image processing techniques, suc h as the) and T* integrals.
This year both methods were applied to measure crack-tip
fields of welded specimens made of A 53311 class I steel.
Last year, the grid method was also applied to measure 2.5.5 Fracture Experiments on Surface.
cnck-tip fields in type 304 stainless steel. The resuks Cracked Specituens
obtained by the grid method can be summarized as follows:

A series of 3P11 specimens containing semelliptical surface
1. The crack tip displacement field can be roughly divided cracks were tested this year, For each sgreimen, a surface

into three regions in closest order to a crack tip: the crack was machined perpendicular to the FL. That is, half
nonlinear region wi.cre the slope is stacper than 1/(n+1), of the crack was placed in the llM and the other half in the
the llRR region where the slope is 1/(n+1), and the WM, with the 11 kcated on the minor axis of the crack,
linear region where the slope is 0.5.11ere n is a The aspect ratio of the crack is controlled by using a special
hardening exponent of power-law hardening materials, starter for a fatigue p ecrack. The crack mouth-opening
De slics of these fields strongly depend on hardening displacement (CMOD ;was measural using an optical
exponent and crack growth. rnethod. After kiading, the C10D was measured using a

silicon rubber casting method; the amount of crack growth
2. In the case of A 533 Il class I steel, the IIRR dis- (4 was measured directly using scanning electron

placement field is surrounded by the linear region at an microscopy (SEM). The crack-tip-opening angle (CTOA)
- initial loading stage. As a crack grows, the IIRR field was evaluated using both CTOD and Aa values,
shrinks gradually and disappears due to the extension of
the nonlinear region. Tic alove feature agrecs well
with those of some aluminum alloys (n = 4.12) ,

NUREG/CR 4219. Vol. 8, No. I 16
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1toth homogeneous and welded yiccimens containing a 3. s;rcimen l'50, in w hich die nacl dp is hrated on die
semielliptical surface crm L w cre tested to esamine the lihase loundary; and
cflects of inhomogeneity on crack. grow th behavior by

i bI W 'd m devaryir-ihe agat ratio ard cra< k depth. The resuhs can be
summariicd as follows: phase boundary,

1. No signincant difference due to inhomogeneity can be Young's matuli of material Nos. I and 2 me taken to be
obscrud in de distributions of crac L grow th and CLOD 106 and 175 GPa. resectively, ard yield stresses are 550
along the front of a surface nack in welded grcimens; ard 630 hiPa, requtively. Nine partici;nnis perfonned
that is, those distributions were symmetrical with de round. robin analyses. All the particigunts used eight-
regoct to the centerline of the surface crack, nak d isoparametric elements arul a nodal force release
irrespective of weldment. Let hnique to simulate stable um L grow th. The following

2. The CTOA values of welded specimens were mm h Iutun mahanin }wanwin wne ploued pnu h
smaller than those of homogeneous quimens.

. J integral calculated along integration piths,Jp th.

* J. integral evaluated by the hierkle.Corten's fonnula,
hiore experiments on various crack orientations will be j

,

performed nest year. The eaperimen'.at results wdlle
compared with 3 D chtstic-plastic, finite-element analyses. . J.nnhfied, JM,

. J defonnation,Ja,
2.5,6 Fracture Mechanics Analpes llased on

"" 8'" ""*
Elastic Plastic, Finite Eleinent Methods

. T'. integral.
Fracture phenomena of inhomogeneous materials are
influence i by several factors such as the inhomogeneity of
material properties, residual stresses, and kication of the it is well known that die conventional J. integral calculated

crack tip. It is difficult to quandfy de effect of each factor al ng integration paths tws phydeal rncaning and path

on fracture behavior solely through fnicture experiments. It indegendence w hen large scak nack growMuuurs.

seems that numerical analyses are very suitable for such Nevenhelu4 Jpath values were calculated along various
studies, integranon padas tuam (ire of the Wecdves of die

analysis was to study the correlation of J aih with JM C,p
JM, and JD uring crack growth in inhomogeneousd
materials. The resuhs can le summari/cd as folkiws:This year, round robin, finite-element analyses of stable

crack growth were [crformed on homogeneous and wehled
CT specimens in which initial crm Ls were oriented normal 1. Calculated and measured Jo values agree with rath
to the IL h',aterial properties were obtained from uniasial odict widiin 101
tensile tests nerformed last year. Generation phase, crack-
growth simuladons were performed using a measured 2. All J values increase monotonically in accordance with
relationship between crack (Aa), hiad-line displacement (S), crack growth, while the 1* vahic levels off after a
ard applied kiad (P). One homogeneous arut three welded certain amount of crack growth. The J. integral showed
CT quimens with different crack-tip kications were a trend similar to that of the T*-integral.
analyzed. Twenty percent side grooves were machined in ,

all the specimens. The specimens are identified as follows: 3. Tic orda of niagnhmks of die J values is Jgg > Jht C )
1 . Note that the Jgth values have shown simng path9

1. siecimen h15G, a homogeneous CT specimen of Ithi dCPC*IC"CC-

material; 4. Crack growth resistance of gaimen h15G is greater

2. gecimen 1150, in whic h the crack tip is kicated in front u an that of 1150 for all of die J integrals.

of the phase loundary, that is, in the il AZ; 5. The slope of the J.R curve for gecimen 115G is stec1rr
than that for specimen h150.

17 Nt! REG /CR-4219, Vol. 8, No. I
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6. Se T* integral always levels off after a certain amount small tem;<rature gradient. An increased temperature
of crack growth, and the magnitude of T* for specimen gradient will be tried next year,
M50 is greater than Omt for specimen 1150. In
specimen 1150, T' increases gradually aftei the crack
grows across the phase boundary, 2.5.8 Elastic.Phstic, Finite. Element Analpes

of 3.D Crack
7. The tchavior of specimen D50 is similar to that of

specimen M50, while the behavior of specimen F50 is nrce dimensional, clasuc-plastic, finite-cicment analyses
similar to that of specimen 1150. were performed on the following specirnens:

In interpreting these resuks, note that the llAZ has lower 1. CT specimen,

initiation toughness than both WM and BM. 2. center tracked tension (CCT) specimen.

3. Specimen with a semiciliptical surf ace crack subjected to
These analyses concluded that crack growth phenomena in bending moment or tension, and
inhomogeneous materials are predictable using the
conventional J integral concepts, although the conventional 4. pipe with a semiellipticalinner surface era L subjected

J integrals belove differently than die near crack tip to four point bending hiad.

parameters, such as the 'Itintegral and the J-integral,

nese analyses were performed malnly to focus on crack-

Dis year, crack growth simulations were performed only tip singular fields around 3 D cracks and to study the

for CT specimens in which a crack grew perpendicular to dicoretical basis of the J.integralin 3 D cases. The

the phase boundaty, Similar round rubin analyses will te J integral was evaluated using a line integration tec hnique,

performed next year on crack generated data obtained from ne resuhs obtained are summarised as follows:

welded 3pli specimens.

1. For the IT CT rpecimen, the llRR stress and displace-

2.5.7 Fracture Experiment Under ment fields exist in the vicinity of the crack in the

Anisothermal Conditions midplane of de specimens. For the 0.32-cm thick
(0.125 in.) CT sgecimen, the llRR stress field canno6e
observed ews) at the center of specimen,but the llRR

One of the fundamental problems related to the Epl displacemerit field exists at the center of de specimen.
Program was fracture under anisothermal conditions. A
fracture experiment under anisothermal conditions was 2. For CCT specimens, the !!RR stress and duplxement
performed using the single-edge notched (SEN) specimens ficids do not exist. Dis tendercy agnes with results
taken from the teat treated base plate of A 533 D class I obtained from 2-D analyses,
steel. He purpose of the present experiment is to examine
the effects of gradual change of material toughness on 3. For a plate with a surface crack, the llRR fields exist for

fracture behavior. Pressure vessel materials may le a deep crack, irrespective of crack agect ratio and

subjected to such situations on the occasion of PTS events. I aing type, that is, tension or ten &ng inoment. On

Tle ligament length of the specimen was 113 mm,and the die other hand, the crack tip fields of shallower surface
cracks are not the llRR fields-crack tip was cooled to -10*C using liquki nitmgen, w hile

the temperature at the end of the specirnen was set at 10'C. 4. For a pipe with an inner-surface crack,'Oic crack tip
he temperature gradient at the crack tip was fields are not the llRR fields.
-0.250*C/mm. For comparison, fracture-tougtmess tests

Iwere performed using Cp specimens at temperatures
varying from -50 to 10*C, The stress-intensity factor was
esaluated by neglecting thermal Stress encots. Only one it has teen clearly demonstrated that the llRR fields can le

experimental data point was obtaired this year. No teed only in the vicinity of cracks of limited types of

significant effects of anisothermal conditions on fracture srecinm his tendency seems to te correlated with

tehavior were observed; this may be due to the relatively stress distributions along uncracked ligament; that is, if
stress is distributed Inun ternion at a crack tip to

NUREG/CR-4219, Vol. 8, No. I 18
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l

compression ut the end of the specimen (just hLe a CT w hich a cract gruw s in homogeneous fields. To i.imulate
specimen), the HRR fields could be observed. On the othes t=chavior of cra,L grow th in the 1150 and i 50 spe imem,
hand,if tensile stress is dominant along the t,acrm Led the use of material properties of a single material may no
ligament (just hke a CCT specimen,a plate with a shallow. longer be seasonable; nuve analyses will be pe fooned
surface crack and a pipe with an inner 4urface crm L), the next year.
IIRR fields rould not Ic obsened.
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3 Material Cluiracterization anti l'roperties

it. K. Nanstad

Primarily for internal management mk! budgetary control, llSST Plate 013 was enanula,tured by Lukens Steciin
the llSST Program t reated a separate task (Tatt 11.3) f or amudan.e with ASTM Stanlud Specihcation for Pressure

i the work on material t tuuacteriration and gnopenies deter. Yessel Plates. Alloy Stect, Quenched and Temgered,
minations, llow ever, for the reader's convenicia e, some Manganese Mol> hlenum and Manganese Mol>lstenuin.
coninbutions to this tcport me placed within oiler chapters NicL(1( A 533), pade 11 claw 1. A (haracterization bhs L,
according to the larger tasks that tonespond to the parti,u- designated m 1311 A 5, wm flame-cut from the 187 mm-
htr material studied. thick llSST Plate 01311, as shown in I ig. 3.1.1he < harac-

ternation bhx k, together with other llame<ut material to
be inachined into the shallow.11aw team s;ecimem, wm

3.1 CllaracterIZation ofIISST l'latU given a imt*cM heat treatment (PWin) of (i2 P'C
01311Ili tile 1 S Orleniatlon (115019 for 40 h to simulate the PWitT riven to RI'V5,

""''""'*#"#""""*'" U"'"""# ""# ""'# L's
(S. K. Iskander)

orientaten m the 3Pil team testt ilSST Plate Ol3A (the
other half of IISST Plate 013) has been quite estensively

1 he characteritation of IISST Plate 01311 in the L-S orien- cham terited previously, but not in the L S orientation, and
tation for the Shallow flaws Task is under way. In the first apprendy no PWilT w as gisen.
phase, tests w ill le performed to obtain f ull CVN curves in
the L S orientation, RTNDT. and the tcosite prolerties in
the L orientation as a function of ternperature, for both sur- 'the complenn at of specimens to be mas hined is g,ven in
face and midthic kness material, in the second phase,

1able 3.1. 'the -187 x 710 x 835 mm (7 3/8 x 28 x 33 in.)
depending on w hether the results exhibit a dif ference c haracteriration bloc L 131t A 5 irom IISST Plate 01311 will
betw cen the surface and midthicknew propenics, crm L. gg, maluned into s[cciment for the first phase (harm ter.
initiation toughnen tests (K]c, K , or J R) w ill be per. i/Mion, m khown MhernadaHy in Pig. 3.2. In this lits!h
formed over the temperature range of interest using 25 mm phase of inting, w e intend to obtain f ull CVN curves in the
CT specimens in the L.S orientation Inun either or both

L S orientation determine RTNirM and determine thethickness positions.

Table 3.1 Spttimon complement for tharatterliing IISST Plate 01318
in L S oricntation for the shallow. flaws task

._

Machined from tharacterisation blo(L 1315-A5 and postucid heat treated
at 621'C (1150'I') for 40 h

_

25.mm
P3 cy

CYN CVN DWi d Tenslieb NIIII#y,.C(T)
__. _ __. __ __ _ _ __ , _ __

Orientation LS TLd L LS LSe

Surface material 20 20 10 10 30 /
Midthickness material 20 20 10 10 30 4

d
ih,th deyme4hi ND1 and RTypy wcre -2PC Iot 11%T Ptate Ot R

bpecamta gaps were f 35 inm m diarrieter.

'Smgle-edge 3Pil specmmns were M mm that arut $n mm deep lest tesults are reqmtcJ to detenmne whether gmmetry an.1 restrams base an
clic41 on cink uuhaimn boghnen

# egmred for RTR dNDT etenmnahan
'% appla able. |
/Crad up Ia iTCfD u 21 mm twlos the wefue
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Figure 3.2 Schematic showing cut up of characterliation bhwk 13II A 5 into specimens for first phase of tests

tensile properties in the L orientation, as a function of 3.2 Tlierinal Aging of Stainless Steel
temperature, for toth surface and midthickness material. Cladding (F. M.11aggag and

R. K. Nanstad)
In the second phase, detending on whet!ct the results
exhibit a dilference tetween the surface and midthickness lhermal aging at relatively kiw temperatures (343*C) has

properties,25-mm-thick, standard compact (l'IC(T)) speci. teen shown to significantly degrade the Charpy impact

mens will te machined and tested from either or toth toughness of tyge 308 stainless steel welds. The stainless

thickness positions. Crack initiation-toughness tests (Kle, steel cladding applied to the inner surface of RPVs is very

Kje, or J R) over tie temperature range of interest in the similar to that material. llence, an experimental progr.un

L S orientation will be performed. was initiated to evaluate the effects of thermal aging on
stainless steel cladding relative to its contritmtion to tough-
ness degradation during irradiation experiments as well as

E
A hardness traverse across the plate thickness will also te
performed as a confinnation of significant (or lack of) vari-
ations in the properties in the thickness direction. Previous Since tic irradiation of the three wire series arc cladding to
tests on llSST Plate Ol3 A in other orientations did not 2the highest fluence of 5 x 1019 neutrons /cm (>j gey)
show a significant variation in properties through the thick- was condected at 288'C 'or 1605 h, tensile, CVN, pre-
ness,

cracked CVN (PCVN), and compact fracture-toughness
specimens were thermally aged at 288'C for 1605,20,000,
and 50,(00 h. Test results from the 1605 h specimens are

In the final phase, a small number of 25-mm thick,50-mm- summarized telow. Tiennat aging of stainless steel clad-*

deep,3PB specimens will te tested to compare the crack- ding at 288*C, and the ferritic steel on which it is overlaid,
initiation toughness with that from 25 mm thick CT speci- to accumulated times of 20,000 h (expected to le com-
rnens, pleled by November 1992) and 50,000 h is in progress.

23 NUREG/CR-4219, Vol. 8, No. I
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Also, other clajding specimens are bemg aged at 34VC preparmg a draf t standard for testing in the tranution
togedier with type 308 siainless steel weld materials hom region,
arother NRC prog ;un.

1he Conunon hiethod has been w ritten und presented to the
Thermal aging of the three wire stamless steel welJ oscilay ASThi membership. As part of the desclopment, wveral
cladding at 288'C for 1605 h resulted in an appreciable sets of data have been gathered and distobuted for analysis.
decreaw (16%) in the CVN upper shelf energy (USE), but 'lhis paper round robin is intended to reveal gwible prob.
the ef fect on the 41 J transition temperature shdt was very lerns with the method and to point out areas of arnbiguity in
s nall(3T). The combirved cifect following neutron irradi- the draf t document. ORNL is participating in this round
ation at 288"C to a fluence of $ x 1019 neutrons /cm2 robin. We have tuched the data sets and converted them
(>l hicV) was a 22% reduction in the CYN USE and a into a compat ble Iormat for our existing analysis pro-
29T shift at the / l J level The of fcct of thermal agmg on grams. These data w dl be analyicd for comparison with
the tensile properties was very small or negligible, llow. the Common hiethod. In addiuon, we are augmenting our
ever, the combined effect after neutron irradiation was an analysis routine to include new des elopments f rom the
increase (6 to 34% at test temperatures from 288 to Common hiethod.
-125'C) in the yield strength and no apparent t hange in
ultimate strength and total elongation.

1he second working group is combining the J c (E813) and1

J R (Ell 52) standardo 1his group has also produced a
The preliminary analysis of the 0.51C(T) fracture- drait document that tombines the two carin r standards, and

toughness specimens indicates that thermal aging reduced they are presently working on new addiuons to the draf t to
the initiation fracture toughness (J c) at roorn temperature addrexs some of the problems not covered by the presenti
and at 120*C; however, there w as no apparent effect at standards. 'lhe two major areas of this elfon irnlude (1) a
288*C. The effect of thermal agmg on the tearmg modulus data 4hilting procedure for J R data that is off set frorn the
was insignificant for all test temperatures (room tempera- origin and (2) testing in the ductile to-brittle transition
ture,120, arxl 288'C). '!he ef fect of thermal aging at regime.
288*C on the Jic at a test temperature of 288*C will k
further clanfied from J e tests following the 20,000 hi
oging. Funhermore, the effect of thermal aging on the lhe data-shilting procedure will atternpt to bring data to the
dynamic fracture toughness (K ) will be reported shortly, origin so a better caimate of J ei can be made. Work fromid
following the testing of PCVN specimens that were ORNL was pesented thai used a polynomial expreuion to
thennally aged with the other specirnens. detent me the ofIset. In addinon, a praedure with a

power law expression proposed initially w as determined to
be unsuitable, lloweves, the workmg group decided to use

3.3 AS,FM I4 racture.,I,oughness ,I,estIng , iinea, rit m data, rather than the progised g4ynomial
,

Standards Development expression, primanly because the iinear procedure was

(D. E. McCabe, D. J Alexander, and simpler and easier to unplement.

R. K. Nanstad)

Testing in the transition regime is a great departure for the
D. J. Alexander, D. E. hicCabe, and R. K. Nanstad has e J standards, whien have heretofore not allowed analyus of
participated in two ASThi working groups for fracture- tests that fail by cleavage fracture. The present draft stan-
toughness standards. The first is a Common hiethod that dard w ould allow J c to k determined if there are enoughi
will combine Kle, jle,,' R, and CTOD test methods into a satisfactory di,ta points before the cleavage fracture event.
single method. The second will combine the existing J c The working group is aho considering including a cleav-i
and J-R test standards, hicCabe has also participated in age-toughnew parameter under specified limits. ,)

{

l
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)
3.4 Analysis of Transtilon llegion uw res iew article lus surrested out f ractme toughness or

'""*"'#d "*''d"' '"" I u Ww de m %trrfracttire Totagliness 11estills transposed Kic curve. On the other hand, the sirnilarly

(D. E. McCabe) translmed K . cun c w as -m c conservative comlured toi
K data but showed good wrres;ondence betaeen the1

A first drafI of an ASTH 1 standant, Test Practice for 41 J shif t and the K , shift.i
Fracture l oughnc ts in the Transition Range, was w ritten
for die use of ASThi Ta'.k Group L24.DSM on Ductile.
Brittle Transition.1he draft was based on published infor- 1he task at Uh1 was to evaluate de previously discuwed

mation, and many important issues were supported by inue oI whethes matermis show a delferent K ci toughness

esperimental data developed within the HSST Program. w hen the starting crac L tip is rrrested (natural track) vs a
_

The document was prepared to stimulate debate and pro- fatigue precrack. ORNL provided Uht with bend lur speci-
mote technicalinput by die task group, The practice con. mens of A SOS at a strength level comparable to dat used

tains features that are unique to transition range testing. in thermal shock experiments 1SH-5 and -5 A, Tests were
suc h as closer control of specimen precracking loads, made at three temperatwes with duplicate specimens of
specimen design to musimite valid K cJ capacity,and each crack ty pe. The results are sununarited in Fig. 3.3. In
recommended procedures for dealing with the Kjy data several cases the first event was a crat L popin and occur-
scatter (haracteristics in the miduansition range. A red inost frequently with the " natural cracks."If one Iavors
primary objective of this standard will be to rewmmend the fmal instabihties as the critical event, then this esperiment

number of replicate tests necewiry to locate the median of suggests that there is no dilferem e in toughneu due to the
the material K e toughness dn.tribution. Iwo initial track cmklitions.J

of% DWc,9W 3%D OD

bower. bound Njp (haracterit.ation w ill not be attempted 200 -

i i i ii

now but can be considered a long term objective, g
8

3.5 Study of Low Toughness Zones - * ~ ^ ~

LG 4 o
(D. E. McCabe) T X ,,

a
e 300 - -

The work in this subtask is a joint project involsing ORNL, f $
battelle Colurnbus Division, and the University of b 07

CRACKTYPE POP NS hhiaryland (Uhi). The objectives are to develop data and to / g ,

F ATrGUE ' A
,

study issues r(lative to a user request to mochiy
ARREST * OAppendix 0 of the Code of federa/ Regulations (10 CFR

50), The request was m use the Kic curve mstead of the , , , i i
D

K curve for establishing LTOP pressure / temperature o go ao co 80 100 troI

li'"ilS- T EMPERAT URE (*C)

l'igure 3.3 Itesults from Unisersity of hiaryland 3 Pit
A review article " Investigation of the Bases for the Use of tests of hardened A 508 steel. Tests wer e
the Kic Curve " was prepared and presented at the conducted with specimens pretracked in
American Society of hiechanical Engineers (AShtE) f atigue and with cleavage arrested cracks
Pressure Vessels and Piping Conference in San Diego.
Issues addressed were those relevant to the aforementioned
user request, Subjects reviewed were specimen site 3.6 Effeels of Cyclic Straining on
effects,detennination of the shape of the lower bound K c Irradlullon Ilardened Steeli
curve for irradiated rnaterials, evaluation of the significance

(D. li, McCabe and R, K Nanstad)
of crack pop ins, the ddference between ruturally formed
cracks (such as arrested cracks) vs latigue precracks on the
obsened Kic toughness, and the lowentound K . transition 1his study was undertaken to evaluate the effect of cyclic

l
toughness after irradiadon damage. Evidence gathered for strain, w hich might develop at the tip of a crack in a reactor

25 NUREG/CR-4219 Vol. 8, No.1
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vessel from normal operating cycles, on the fracture.tt gh. and the Knas t finish was kept telow 20 hiPa%111. Fora
ness behavior of the material. '!he working theory was that baseline K c, two specimens were tested at -1(O'C.
prior track tip cyclic strains might lead to kcal cyclic soft- S wimen 3 was cycled at I cycle per minute te ween 9i
ening of irradiation hardened material, resulting in letter and 32 htPa%ill for 1(O cycles at 160*C Subsequent kfracture toughness than that indicated by the usual material testing at -1(XFC gave a Kje of 47 hiPastil. Specimen 4
characterization studies. Typical applied K levels were was cycled at 160*C between 9 and 61 hiPa%iii for 1(O
used for a 25.4 mm-deep (1.in,) semielliptical surface cycles and tested at -IFC. The final test at -1(VC gave
crack on the inside diameter of a reactor vessel wall during aKel of 69.5 htPas111. S aimen 5 was similarly preparedt
an operating cycle. and tested, except it was given only one prior cycle, and the

test at -100'C gave 67.2 htPa%111. A summary of results
is presented in Table 3.2. Therefore, it was concluded from

Tests were conducted with ITC(T) specimens of A 508 these results that (1) prior kwling at upper shelf tempera-
steel heat-treated to a high strength, low toughness tures improves resistance to cleavage fracture, and (2) the
codition (yield strength of 620 to 689 h1Pa). Five mechanism of improved fracture resistance is warm
sperimens were fatigue preeracted at room temperature, prestress as opposed to that of cyclic sof tening.

Table 3.2 Hesults of cyclic strain tests of hardened A 508 steel

Temperature (*C)/ Kci at-100'C
Specimen Test c<mdition number of cycles (htPa 6 )

I liaseline (as received) None 44.9
2 Baseline (as received) None 42.3
3 Cycle 9 to 32 hiPaw'fil 16(V100 47.0
4 Cycle 9 to 61 htPa%iii 160/l(O 69.5
5 Cycle 9 to 61 hiPa%Tii 160/l(O 67.2

;

(
t
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4 Special Technical Assistance

J. G. Merkte

4,1 OltN1JNltC lleview oflleactor 6. evaluate iracture iughness cunes for unieradiated

' ""'"i"' ' '"''"I "U "'"# " D DL "'d ' ""'' *""''
l'ressure Vessel Evaluation lleIwrt pregram;
for Yankee Nuclear l'ower Sta!!on ''""* " "" " U "'' "'"* d "3 """ N '"" ""d(R. D. Chevenon, T. L Dickson, estimate their frequencies;
J. G. Merkle, R. K. Nanstad, and

**"I""l' N* **U#"I"EY I"' **'i *"'I"8 **"" *"I"''
D. L SeIbY) of the calculated frequency of failure;

lin early August 1990 NRC requested that ORNL coor- 9. evaluate completeness of list of gustulated i TS tran-

dinate and participate in a review of a report entitled sients and review estimated frequencies;

Reactor Pressure Vessel Evaluation Reportfor Yanlee
10. evaluate the thermal /hydrauhc mixing analyses forNuclear Power Plant.2 The review was to cover primarily

uandents inm!ving stagnauon in me or more imps
the PTS analysis described in Sect. 6 ard the USE analysis
descrited in Sect. 3. The request also indicated that Idaho 11. evaluate the appropriateness of the RETRAN program
National Engineering Laboratory (INEL) would provide for OK'ITS trandent thermal / hydraulic analyses;
thermal / hydraulic input, and Pacific Northwest lateratory
(PNL) would provide input with regard to the VIS A mie, 12 comiure Yankee Rowe's version of VIS A.ll with
which was used by the Yankee utility for the probabilistic PNL's veision;

fracture-mechanics analysis.
13. evaluate input to de fracture-mechanics analyses;

" " "" """
The NRC request utso specified that s Nk would be
completed and a letter report delivered on September 17, 15. evaluate adequacy of modeling used for RETRAN

1990, as wc!! as a planning meeting to te held on August 9, analyses; and

1990. His meeting was held as scheduled, but locause of
16. (ompare RETR AN with ' crsion of RELAP 5 used for

prior commitments and delays in establishing a subcontract NRCORNL lits studies of II. LL Robinwn plant.5
ard in obtainir.g necessary information from the utility, the
completion date was changed to Novembei 5,1990.

The following team members contributed directly to die

'lle following technical tasks were identified as necessary
parts of the review:

ORNL: R. D. Cheverton, T. L. Dickson, J. O. Merkle,*

" I
1 check input to the fracture mechanics analyses;

SAIC: D. A. Bounh, J. W. MinaricL, and K. A.*

2. Investigate the validity of and compare results from Williams
3the probabilistic fracture mechanics codes OCA P

and VISA-II;4 PNL: F. A. Sirnonen and L. W. Ward*

3. evaluate appropriateness of Daw decsity, flaw-siec Science Applications lmernational Cor1mration (S AIC)
distribution function, flaw aspect ratios, vessel region personnel were included in this effort because of deir
division, and stress intensity factor influence coeffi- earlier involvement in the development of the integrated-
cients used in the Yankee Rowe VISA ll calculation; pressurired thennal shock (INS) methodology 5

4 calculate the conditional probability and frequency of
failure for the Yankee Rowe vessel using OCA P; To a large extent the adequacy and accuracy of the Yankee

cvaluation wert judged on the basis of the methodology
5. evaluate the methodology used for estimating upper-

developed as a part of the NRC/ORNL IPTS study;5 the
shelf fracture toughness;

NRC 14S rule (10 CFR $0.61); and the NRC Regulatory

27 NUREG/CR. 4219, Vol. 8, No 1
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Guide 1,154, which identifies acceptable llTS m . te w m
metintologies and a maximum pennissible value of the
ccleulated frequency of vessel failure (through wall- N. __

,7 p,,

cracking). . i4
_A

Primary sources of information pertaining to the review < -

were the Yankee report (YAEC No.1735); Regulatory ' '

"""Guide 1.99, Rev. 2 (radiation-damage correlations); Regu- /
latory Guide 1.154; 10 CFR 50.61; radiation damage 2"y * (
evaluationr performed by O. R. Odette (University of -~"~

m e',

Califomia) and A. L lliser, Jr, (NRC), who were not speci- ucm s f
- fied as mernbers of the ateve team; the Yankee Rowe

, Sam CC""F I
ernergency operating procedures (ElOs); and Refs. 3-5.

. 4.1.1 Scope of Review emm
uwEn &Htu

(contcounst a37 mA general view of the Yankee Rowe reactor vessel is
, |shown in Fig. 4.1, The scope of the review includes a

, -'teview of"alr' aspects of the PTS evaluation, USE con-
(/""*""\siderations, L10P, and vessel inspection. The PTS evalua.

tion includes (1) postulation of PTS transients and estima- 200 ** ~ *-

tion of their frequencies of occurrence;(2) ther- 8**
owt a sam

mal / hydraulic analyses to obtain the downcomer coolant counst
temperature, primary-system pressure and vessel inner-
surface fluid film heat transfer coefficient, each as a ! -j

function of time in the transient;(3) radiation induced in. d
crease in the reference nil dintility transition temperature
(RTNDT) for the vessel plate and wcld material [this re. Y
quires knowledge of the vessel fast-neutron fluences,
operating temperatures, and chemistry (copper and nickel));
(4) a probabilistic fracture mechanics analysis to determine - W5m
the conditional probability of vessel failure, P,(FIE) for
each transient believed to te a significant contributor to the l'igure 4.1 11PV weld and plate locations

frequency of iailure; (5) a summation of the frequencies of
failure for each transient to obtain the overall frequency of

The consensus of the reviewers is that insufficient in-
friture; and (6) an uncertainty analysis, or equivalent, to

formation was availabic to make an accurate judgement
obtain a "mean" value of the frequency for comparison with regard to the selection of transients. Even so,if
v: tith the maximum permissible values given in Regulatory consideration of a single transient or category of transients
Guide 1.154. Each of these items was considered in the ndicates an excessively high frequency of failure, thenreview,

consideration of other transients may not le necessaiy.
The reviewess followed this line of thinking in addnion to

4.1.2 PTS Transients and Their Frequencies nu, king numerous comments, suggestions, and estimates
regarding definition of transients and their frequers les.

,

There are two questions of particular concern regarding
I'TS transients and their frequencies. (1)llave the actual
dommant transients teen postulated? (2) Are the estinuited .lhe Yankee report identifies a small-break loss of coolant

frequencies of occurrence of the tranuents that are sus- accident (LOCA)(511LOCA 7) as the dominant transient,

pected of being dominant reahsue or at least conservative? and assigns a frequency of occurrence to this transient of
4~5 x 10 / year, iIowever, the reviewers suggest a more

NUREO/CR-4219, Vol. 8, No.1 28
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realistic value of 2 x 10-3, w hich is considered to be a " Dest estimate" values of RTNDT or the up;rt asial weldf r

mean value, if other LOCAs are included to account for were obtained using Regulatory Guide 1.99, Rev. 2, with
their contribution in a conservative manner, auuming that an addition of 24'C in the ORNL analyses to account for
SilLOCA 7 represents tie most severe of the LOCAs, the the lower inadiathm temperature (263'C compared to
elfcctive frequency is increased to 4 x 10-3 2WC). An irradiatior. temperature correction factor of

I'C/l*C h believed to be appropriate for the materials,
fluences, and temperatu .' mf interest.

'

4.1.3 PTS Translent Thernuil/llydraulles !

'*Ihe question of particular ccncern regarding the Yantec in the absence of specific data he the Yankee welds, the
thermal / hydraulic analysis is w hether the FIS transient test estimate of the copier concentratiott in the welds is
descriled by the calculated primary. system pressurcakiwn* 0.29 wt %, with to = 0.07 wt L liased on the 11R 3 data, '

comer coolant temperature, and vessel inner surface heat- the best estimate of the nicLei concentration is 0.7 wt E
'

transfer coefficient is likely to be more severe than lhe test estimate of fast neutron fluence for the inner
indicated. The reviewers believe that the cmlant surface of the upper asial weld is 1.24 x 1019 neu-
temperature is more likely to be lower than higher, and the trons/cm2, 'this fluence, with an appropriate attenuation
pressure is more likely to be higher than lower. Thus, with formula, and the above themistry were used to calculate
regard to these two psameters,the severity of the transient RDTNDr as a function of crat L depth in the ORNL ;

is mote likely to te greater than less. The heat transfer probabilistic fracturc mechanks analysis of Yankee Rowe.
crefficient, on the other hand, is more likely to le less, and
this would tend to reduce the severity, llowever, bawd on
sensitivity studies in Ref. 5, it is telieved that the reduction 4.1.4.2 Decreasein USE

,

would not le significant. Therefore, the reviewers con.
cluded that the calculated transient was less severe than a 'lhete are two specific concerns regarding USE. One is :

best estimate. whether the vessel satisfies the LUS analysis for levels A,
11, and C loading conditions in accordance with criteria
recommended by the ASME Sect. XI Working Group on

4.1.4 Radiation Effects Flaw Evaluation. *Ihe other pertains to the selection of
up;er shelf fracture toughness values for the probabilistle

4.1.4.1 Increase in RTNDT fracture mechanics analysis.

There are two values of RTNDT of particular interest with
regard to 10 CFR 50.61 and Regulatory Guide 1.154. For Time did not permit a review of the calculated Ki values '

10 CFR 50.61, a +20 value is reeded for comparis(m with corresponding to h)ad levels A, !!, and C. Ilowever, the i

the PTS screening criteria. For Regulatory Guide 1.154, a J R curves used for comparison with the K1 values were
mean value and a distribution are needed for use in a reviewed. ORNL believes there is adequate margin for
probabilistic fracture-mechanics analysis, each of the loading levels, assuming, of course, that the K|

values are correct.

- ORNL and Yankee estimates for 10 CFR 50.61 +2a values,
minus the 20, are given in Table 4.1 for 1990. Assuming ORNL estimated an appropriate upper. shelf fracture-
20 is -33*C,it is apparent that all values exceed die toughness value for use in the probabilistic fracture-
screening criteria, which are 132*C for asial flaws and mechanics analysis to be ~154 MPa*6 for the upper
167'C for circumferential llaws. As required by asial weld. *lhe Yankee repon used a value of 220 i

y Regulatory Guide 1.99, Rev,2, the copper concentration in Mpa.M. which was also used for the ORNL lirrS
the welds was assumed to be 0.35 wt % lecause studies! ORNL sensitivity studies associated with this
measurements are not available, llased on the llR 3 weld review indicate that the effect on P(ilE)of the dif ference
chemicab:omposition data, the concentration of nickel was between 140 and 200 6 is insignificant.
assumed to be 0.7 wt %

29 NUREG/CR-4219, Vol. 8, No,1
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Table 4.1 Licenste and staff estimates of asferente temperature
RTsur, without 42a margin, for YNPS brittine materialiin 1990

(llated on September 1990.reilsed fluences)
_

increase in ieferente
Unirradlated ieference temperature resulting Refe rence temperature

temperature from Irradiation RTspr in 1990
YNPS 1990 reihed pe) peg ' PC)

beltline peak fluentes -

(x 10 ' neutronvem2) OltNL Licenste ORNL Llrensee ORNL Licensee1material
estimate estimate estimate estimate estimate estimate

Upper plate 2.6 -13 -1 143 142 130 141

Lower plate 2.31 -1 -1 181 180 180 179

Upper asial welda 1.24 -13 -13 162 162 149 149

Lower asial weld' l.2 -13 -13 161 161 148 148

Circumferential 2.31 -13 -13 183 183 170-192 170
weld

_

8Dmd an Cu - 0 3M. Ni- 0 7E

4.1.5 PTS Fracture Mechanics ne input parameters for the Yankee calculations were
reviewed item by item for consistency with Regulatory

4.1.5.1 Comparison of the PNL and Yankee Versions Guide 1.154 and PNL's recommendaticms for application
- of VISA.Il of VISA ll.4 While several details of the Yankee inputs

dif fered from those used in previous NRC studies,
Four categories of differences can be considered for com. sensitivity calculations imlicate that thete differences
posing PNL and Yankee versions of VIS A: methodology, should not have a major impact on calculated failure
details, input, and errors. Formal documentation of the protubilities. Inputs for pressures, temleratures, and
Yankee Rowe version of the code was not available for re. radiation induced embrittlement do have very significant
view, and this prevented a comprehensive comparison of impacts; these are discussed later.

- basic methodology. A phone conversation, however, re-
veiled no differences in basic methodology, although die
Yankee versia included three differe:res in detail: he ORNL review of Oc PNL version of VISA l! revealed
(1) residual stresses in the welds; (2) a more accurate repre- Otree errors, and it is assumed Otal these errors also esisted
sentation of Regulatory Guide L99, Rev. 2; and (3) a in the Yankee verskm of VISA II. These c Tors are
somewhat different set of K values corresponding to discussed further in Sect. 4.1.6.2.1

pressure loading. Inclusion of the residual stress increases
P(FIE) for the welds by a factor of ~2 for the specific case
examined. 4.1.5.2 Comparison of OCA.P and the PNL Va r$ lens

of VICA Il

With regard to K calculations,it is not clear whether the llefore this review, the VISA Il and OCA P codes had not
i

K1 influence coefficients in the Yankee version correspond been reviewed in detail since 1984, Because both are being

to R/w = 7 (appropriate for Yankee) or R/w = 10 (built into used by utilities and others for evaluating vessel integrity.

the PNL version of VISA II). A comparison indicates that and especially tecause VIS A Il is tving used in connection

. this difference would not affect initiation and arrest of with the Yankee relicensing application, it is prudent at this j

shallow flaws (a/w < 0.5) but could be significant for a/w > time to carefully review and compare both codes for further

0.5. validation.

NUREG/CR-4219 Vol. 8. No.1 30
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Reviews of both codes were performed by flow-charting, to 4.1.5.3 OltNL OCA.P Arialpls of hill:) for Yankte
a fine lesel of detail, the pobabihstic methalologies and llow e

comparing calc ulations f or wall temperatures, stresses, and
K values, the temperature and stress nunparisons,wluth The ORNI. OCA.P analysis of Yankee Rowe used thei
involved comparison with independent vahdated neutum fluences, w hith toriespond to IWO and region
unnmercial codes, indicated that de VIS A 11 and OC A P del'mitions and volumes gisen by Y AEC.* P(l'IE) was cal
subroutines are valid, culated for the upper utal w cid only, and the copper and

nicLei concentrations for this region (Cu = 0.29,1o = 0,07;

Ni = 0.7) were test estimate values taken from a Itaka L
i

OCA P and VIS A.Il both u>e influence usefficient and and Wilcos Owners' Group regirt . 'the number of flaw s

superposition techniques fur calculating K values, but the u nespoding to a mean value of P(l'!E) was essentially die
1

details are dif ferent. The OCA P puicedure is more same as that used in the Yankee analysis (one flaw in the

accurate, but the dif fereneet nonnally are not significant, legion). A uniform stress of 41 MPa was included to
and, for the Yankee analysis performed thus f ar, the simulate a residual streu, and the transient calculated was

differences also are believed to be insignificant, the SitLOCA.7 trandent described in Ref 2. liased on
4dicsc conditions, P(I IE) = 4 x 10 , Adding the conuibu-

I tion of all regions, anuming uniform flaw dendty and
The detailed comparison of the two codes by means of accountmg for double counting, increases P(11E) to >H x

10 , if repressurization to 1049 MPa occurs and the time4flow <harting revealed duce erners in VIS A.II,Iwo of
which were almost trivial, but one results in an escesdve of occurrence is 20 min, P(FIE) increases to >l x 10-1-

number of stable arrests and thus an underestimate of 'these values are less than the conesponding mean values,

P(FIE), These etnirs have ken corrected in the PNL cven though the mean llaw density w as used, because the

version but presumably were not cortccted in de Yankee calculated primary system pressure and downcomer
version. One coinprison calculation indicates that cor. emlant temictature are believed to le less severe than
recting the errors increases P(FIE) by a factor of -10, but Oiose contsomding to mean vahies.

for the specific Yantec analysis, the diff erence is believed
to le less. 4.1.6 OltNL Estimales of Frequency of

Failure for Yankee Itowe
After the corrections discussed above were made to
VISA ll, OCA.P and VIS A Il were comparmi by udng The frequency of vessel failure is calculated us f ollows:

i both to calculate sie " Rancho Seco" trandent with R/w = i
10. All input was the same, smd only (me region of the 9(F) = F, e,(E) P,(IjE),
vessel containing a single flaw was considered, "the
temirrature and stress distributicms agreed very well, and where
the K values agreed reasonably v.cll, particularly for a/w <1

0.5. The nurnber of initial initiations agncd within 12% e(F) = total f requency r,t failure (failures /

and the valtes of P(FIE) were within 31. *lhe number of reactor yeat),
arrests for OCA P was three times greater than for VISA ll
but was a factnr of -10 less than tirnumber of initiations, 9 (E) = In pney of the ith Irl'S trandent

*in which case the dif ference in anests has very little effect (eventVrcador yea 4

on P(FIE). Thus, the tentadve concludon is Ont OCA-P P (FIE) = probability of failure for the ithi
and the corrected PNL version of VISA !! agree well, and event (failures /even0.
both appear valid for ticit irneadad purpose. It is imputant
to remember, however, that tiere are choices to be made in
important input /modeling parameters Otat can result in
significantly different vahes of P(FIE). Flaw density and

- - ~ ' ~ ' ' ~

its uncertainty are two of the more irnp>rtant choices.
'Wnnen unnmunn anon Inn Yansee Aamuc 1:ledoc Cinupany
to W 1 ham Ruur11 ut the US NRC, Srpember 2s, im6

'E li Mo,ve and A 5. Ileuct.*ltaW 177 l- A Renmv Veisd lichhne
Wcld Chemistry StuJy,"IMW-17W, ILAW ow ne(s Onwp Mairnali
Cunmince Ouly 19s%
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For the SBLOCA 7 transient,ip(E) = 2 x 10-3/ year or 4 x rity, it seems unlikely, howwet, Otat aas*cis will
10 3 if We transient conservatively bounds all other similar substantially alter the above estimated vidues of sp(F).
LOCAs. Both values are considered to be reasonable rnean
vdues.

4.2 LUS Criteria Developliient
Using the lower of the two, (J. G. Metkle)

9(F)(SDLOCA 7) > 2 x 10-3 x 8 x 104 'Ihe ASME Sect. XI Working Group on I' law Evaluation
(WGl'E) has recently completed the development of safety

4= 2 x 10 /ytar . criteria for nuclear pressure vessels containing LUS
materials. 'Ihc llSST I rogram and NRC stalIs have

With repressurization as described above, participated actively in this process. Example calculations
have shown that the required USE is sensitive to several

9(F)(SDLOCA 7R) > 2 x 10-3 x I x 10'l factors, which therefore must be considered carefully.
'these f ac tors include vessel wall thickness, pressure in the

4= 2 x 10 / year , crack, diermal stress, plastic tone site cffccts, the j

assumption of plane strain vs planc stress (plane strain is
These values are less than the mean tecause of the transient more accurate), flaw orientation, the reference piessure for
system pressure and coolant temperatures used, as the salety Iactor calculation, and the statistical significance
mentioned previously, flowever,it is apparent that they are of the toughness values (mean or lower bound). Since
substantially greater than the value of 5 x 10+ failures / calculated instability pressurn are going to be above the
year given in Regulatory Guide 1.154 as a masimum safety valve sc4 tings and therefore of low probability,it
permissible vahie of the mean frequency of vessel failure seems reasonable to consider reducing the re4piired safety
for PTS loading conditions. factors on pressure as the probability of execeding the

required toughness value increases.

4.1.7 Tentative Conclusions
Some vessels may have only cirrumferential LUS welds.

1. Values of RTNDT calculated for Yankee Rowe in For those vessels, an asially oriented quarter thickness
accordance with the rules in 10 CFR 50.61 for com- deep surface crack in the beltline region is highly
parison wiA the FTS Rule Screening criteria are sub- mprobable. For this case, a more reasonable set of naw
stantially greater than the screening criteria values, configurations would be an asially oriented dirough crack

naoss die LUS weld with a total length equal to the
2. The PNL vers;on of VIS A-li and the OCA P proba-

maximum width of the wcid (and therefore with the crackbilistic fracture mechanics codes, which are referenced

in Ecgulatory Guide 1.154, are in gmxt agreement and fonts n base metal) and a circumferentially oriented
mwrnal qu rtcMness parthmgh surf ace crxl in the

valid for their in' ended purpose. (During this review,
*# '"EE#N" *"5 E ""U "" "

an error was found ir VISA Il and has subsequently
ASME by a utility, with no qualifications conceming

been correaed. The above statement pertains to the Imcture mm ,and die NRC objected.1he idea seems
corrected version ) sound for Oc upper shelf temperature range, but less so for

3.1hc 1990 mean frequency of failure calculated by lower tempermures. This is because the postulated flaw

ORNL for de Yankee Rowe vessel is >2 x 10-4/ year con 0guration is not likely la be pmduced by stable tearing

and thus exceeds the value corresponding to the originating in the weld,if the base metal has good upper.

" primary acceptance criterion'' in Regulatory Guide shelf toughness, but could more easily be praluced by

1.154 (5 x 10 / reactor year). As stated in the unstable cleavage. This proposal was reconsidered by the4

Regulatory Guide, however, this does not necessarily ASME WGFE for the upper-shelf temperature ta

mean that the vessel is unsafe to (perate. nge only. Such consideration implicidy couples the sede-
fined reference flaw geometries to die results of the manda.

4. There are many unanswered questions regarding details tory reinspection of an LUS vessel to guard against prior
5of the Yankee ll'TS typc evaluation of vesselinteg- pop-ins as well as fabrication defects.
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Special

Considering the merits and hmitations of peliminary and the same thermal hud.ducide Oaw growth must
proposals, guidelines w etc formulated for the des clopment remain stable.
of firm criteria. It was recognized that criteria are needed
both to limit the amount of dactile crack extension and to
prevent tearing instabihty. It w as also recognited that J.R For levels C and D, the reference Haw deph range ik imm
curves exhibit scatter and Liic ef fxts only gurtially rero to one tenth of die base metal wall thic Loess, plus the
understood, making extrapolations for imtability cladding thickness, but is ruit to exceed 25.4 mm (1.0 in.).
calculations subject to error. Therefore,it w as decided to llaw shapes and orientatiom are the une as hv lesels A
formulate criteria in terms of conservative measures of and D. the reference toughness for level C is conservative,
toughness for levels A, D, and C and to replxe the w hile for level D it is the rnean toughness. Imts are as
instability ca.culations necessary to determine full safety determined by plant specific analyses for the s[wificd load
margins with calculations demonstrating Har stabihty for categories, with no additional safety f actors. I or level C,
specified load margins.1he latter calculations will rey;8 ,* stable crat L growth must not cxceed 2.5 mm (0.10 in ), and
less J R curve extrap>lation. Compensating adjusunents the flaw must remain stable. For level D, the Haw must

have been made to the specified hud margins, based on the cuher remain completely stable or it must not extend
expected ratio of lower-bound toughness to mean beyond an n't of 0.75, and tbc ternaining ligament must be
toughness, so that results in terms of safety will remain safe against tensile instabihty.
roughly the same as those obtained by using pres sously
proposed criteria based on mean toughness.

Referenees

in developing the criteria for levels C and D,it was deemed 1. Letter from L C. Shao, NRC, to W. D. Adams,ORO,
desirable to specify dif ferent safety enteria for the two hud "FY 1990 Nuclear Regulatory Research Order No. 60-
categories because of the dif ferences in the associated event 90476 for Oak Ridge National Laboratory," August 2,
probabilities and structural performance requirements, it 1990.*
was also dectned undesirable f or the code to deal exphcit'y
with IrTS kiadings, or to specify system analysis 2. Yanker Ammic Elattic Co..''Rexmr Pressure Vessel
pmeedures or definitions, because this might interfere with Evaluation Report he Yankee Nuclear Power Plant,"
the regulatory proecss for individual plants. Decause the YAEC No.1735, July 1990.*
criteria being developed apply only to upper. shelf
conditions, meeting these criteria cannot be a subsatute f or

3. R. D. Cheverton and D. G, llall, Union Carbide Corp.,
rnecting the PTS criteria described in USNRC Regulatory Nuclear Div., Oak Ridge Natl. Lab.,"OCA P, A
Guide 1,154

Deterministic and Probabilistic Frxture Mechanics
Code for Application to Pressure Vessels," USNRC
lleport NUREG/ CR 3618 (ORNL 5991), May 1984.t

For levels A and 11, the reference flaw is the Appendit G
flaw, oriented along the weld of concern or having w hat-
ever orientation in LUS base metalis most conservative. A 4. F. A. Simonen et al., Pacific Northwest Lab., Richland,

conservative measure of toughness is also employed. A Wash.,"VIS A 11 - A Computer Code for Predie ing

reference Fessure, called the accumulated pressure, P,u, die Protability of Reactor Pressure Vessel Failure "

is used for safety margin venfication. The accumulated NUREG/CR-4486(PNL 5775), March 1986.t

pressure is the highest pressure that can occur in the
system, as estimated by a calculation that includes the 5. D. L Selby et al., Martin Marietta Energy Systems,
effects of pressure relief valve settings and fluid discharge Inc., Oak Ridge Natl. Lab.. "Pressurited 1hermal
rates thmugh those valves. The accumulated pessure is Shock Evaluation of the it D. Robinson Nuclear
limited to 10% above component design pressure, so for a Power Plant," U.S. NRC Repwt NUREG/CR 4183
vessel design pressure of 17 MPa (2500 psi) tae (ORNI/FM 9567), September 1985.'
accumulated pressure cannot execed 19 MPa (2750 psi).
The limited crack growth criterion requires that at a * AudaNe m NRC 1%ht th ument Ra un for inspecuan and torg mg
pressure of 1.15 P cc and specified thermal loading, stable for a fee

crack growth must not exceed 2.5 mm (0.10 in).1hc * ^vadable ha surtha*e in=n Na*=i=1 Te<hnnal tahmnau=> Serme.
S "ngnc U A 2 mstability criterion requires that at a pressure of 1.25 Pm P
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5 Fracture Mechanics Coluputer l'rograins

T. L Dickson

5.1 Ilackground Inforination 5.2.2 l'robabliistic validation of OCA l'

This is the first reput period since Task $ was changed Sigmficant ddlerences were found between the

from Crack Anest Te(hnology to Fracture Mc(hanies probabilistic solutions of VIS A Il and OCA P.OCA P

Computer Programs, predicted a conditional protability of f ailure higher than
VIS A ll by an approsimate factor oI 8. OCA P was
et harced to pint out a more detailed summary of the

During this period OCA P.I a fracture rnechanics prolobilistic analysis results (e g., numler of initiations,

simulation code pcvioudy develiped at ORNL, was used remitiations, c:ack anests, and terminating stable cratL

in the review of the polobilistic fracture mechames portion anests) to fatihtate a more rigorous comparison of the

of the Yantec Rowe Pressure Vewel Evaluatmn Report, protubilistic solutions.

OCA P is based on Linear Elastic Fracture Mechanics
(LEFM) principles and is capable of performing loth
detenninistic and probabilistic fracture analyses of RPVs An esamination of the probabdntic methodologies of

subjected to PTS h>ading conditions. VISA Il and OCA-P was p rformed, he medalologies of
both codes w cre flow <harted dow n to a fine level of detail.
The esamination revealed three dilferences between the

A work plan for enhancing OCA P to rueet NRC protabilistic mehtologies of \ .5 A ll and OCA P. Two
specifications required to perform the PTS Sensiti"ity of the ddferences were relatively minor,but one was of a

Analyses for Yankee Rowe was completed. fundamental namre.

5.2 Yankee Itowe Itcview vis A.ii was predicting considerabiy more stabie cruk
anests than CCA P. These differentes were discuued in

The probabilistic fracture mechanics portion of the Yankee detail with the VIS A ll code developers at Pacific

Rowe Pressure Vessel Evaluation was perfonned with Northwest Laloratories. They were in agreement with the

VIS A II,2 a fracture-mechanics code developed by NRC ORNL ruggested nahfications to the VIS A ll code. After

and Pacific Northwest Laboratories. The imtial scope of die modifications were made to the VIS A ll code, the ,

the Yantec Rowe review was to lerfonn a rigorous probabilistic solutions of VIS A ll and OCA P were in

comparison of the metho<kilogies and results of VISA Il reasonably g(ul agreement.

and OCA P. When this effort uncovered r.ome differences
in the probabilistic mediodologies and results of OCA P
and VISA-11, the workscope was enlarged to include using 5.2.3 Independent OCA.I' Analysis of i,unkee
OCA P to independently analyic the Yankee Rowe vessel. IIUMC

In order to apply OCA P to the Yank ec Rowe vessel, the
5.2.1 Deterininistic Validation of OCA l' methodokigy specified in Regulatory Ouide 1.99,

Revision 2 (Ref,5), for calculating the amount of radiation-
Although die deterministic methodologies used by VISA ll induced embrittlement was incorporated into die code.
and OCA P are quite different, the deterministic solutions
(thennal response, stress analysis, and stress intensity
factor solutions) were found to be in goal agreement. 5.3 Yankee Itowe Sensitivity Analyses
OCA P thermal ressmse and stress analysis solutiorn were
also found to be in excellent agreement with solutions During this perimi.a work plan for enhancing OCA P to
obtained us ng the general purpose, finite-element solution perform IrfS sensitivity analyses for Ynnlee I owe to mect

3 8codes, ADINA T and ADINA/ providingiurther NRC specifications was completed. The primary
validation of OCA P, enhancements are to include in OCA P the capability to

model subsurface flaws (subclad and embedded) and
variational fluence fiekh. 'Ihe ASME Sect. XI(Ref. 6)
methodologies for calculating stress intensity factors for

3$ NUREG/CR-4219, Vol. 8, No. I
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Fracitire

surface and subsurf ace ibws willle incorporatcd into the 2. F. A. Sunonen et al., Pacific Northwest Lab., Richland, '

OCA Pc4de. Washington," VISA Il-A Computer Code for
Predicting the Probability of Itcactor Pressure Yessel
Failure," USNRC Report NUREO/CHJ486 (PNL-

5.4 Concluslons $ns), Marth 1986.*

Durit g the Yankee Rowe Resicw, the deteiministic
solodons of OCA P were validated against VISA.ll, 3. K.J.11atte, Massachusetts Institute of Tnhnology,
ADINA T,and ADINA.1he probabilistic ructhodology Carnbridge, Mass.,"ADINAT-A Finite lilement
wts closely scrutinlied, and it appears that the probabilistic Progr.un for Automatic Dynamic incremental ,-
niet!Kdology of OCA P is compatible with the revised Nonlinear Analysisof Tsmpceatures,"Decemler (
version of V15 A II. 'Ihese are imgortant steps toward 19D3 '

developing a new N-QA probabilistic fracture mechanics
ccde, a task scheduled for next fiscal year.

4. K. J. Itatid, Manachusetts institute of Te<hnology,
Cambridge, Mass.,"ADINA-A Finite Element
Program for Automatic Dynamic incremental

A continuing einxt is under way to develop a well- Nonlinear Analysis," December 1978.t
structured, validated, well-documented, and " user friendly"

- probabilistic fracture mechanics code 1his will enable
incorporation of future iracture technalogy advances (such 5. U. S. Nurtrar #rgulatory Commisalon, Regulatory
es thermal streaming induccd stresses, ductile tearing Guide 1.99, Rev. 2 " Radiation Embrittlement of
analyses, shallow Haw, fracture. initiation enhancement.

Reactor Vessel Materials," U. S, Nuclear Reputatory
etc.) to proceed in an orderly and systematic manter, Commisison, Washington, D.C., May 1988.+

Referetices 6. 'the American Sociciy of Mechanical Engineers lioiter
and Pressure VesselCode, Section XI,Rulesfor

1. R. D.Cheverton and D. G Itall, Union Carbide Corp. Insernre !ny>ccrion o/Nuricar l'ower l'laN
Nuclear Div., Oak Ridge Nat. Lab.,*OCA P, A Conponents,1986.1

Determini tic and Probabilistic Fracture Mechanics
Code for Application to Pressure Vessels," USNRC . ^ * [, , f,$[$' "'" "''""'" """*"""''"'' ***#

3
Report NUREG/CR.3618 (ORNL 5991), May 1984.* tAnJabl%bhc edinial tdsson.

* Anil.we in Nuc puic micwneni um
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6 Cleavage Crack Initiation>

T. J. Theiss

6.1 IlitrollVCllon fied by testing albliorul nait depths durmg tie produn
tion phase of the projc(t.

This task ernphasites cleavage-initiation toughness and the
specimens that are used to evaluate cleavage-fracture

To pniperly transf er shallow-crAL f racture toughnen data
toughness. The task was begun in FY IWO and is tunently

to die RPV, de cflect of out of plane constraint on the
divided inte duce subtasks: (6.1) Shallow CracL Frac ture- toughnen inuu le wcH undnumi. To investigate the
Toughnen Testing, (6.2) t ower llound initiation Tough-

CUC't"'I out+ft ane umstnunt in de h'auns dw leaml
ness, end (63) Gradient Elfccts on Fracture Toughnen. thkkum m s aned to esamine the cf fcct on toughncss. EA testing pation of subtast 6.1, Shallow Crack Fracture- 11 ace Ostnews were used: B = 50,10'), and 150 mm (2,
Toughness Testing,is repirted as a part of Task 10

4, and 6 ini At leau one decp< rart specimen and twoFracture Evaluation Tests. In conjunction with the
shadowcad sininn'ns were terd unng beana of emh

shallow crack fracture toughness testing program,ilSST
thicknew. The span for the 50 nau thick leam is 4W m

continued supNrt for the joint Edison Welding Inuitute "' nun 06 ini 'He Spans for the m and Nnun
(EWI) and 1hc Wcidhg institute 1wl) project to develop

~

beanu was irmased to hM mm (34 in.) to auure failure
shallow-crack fracture mechanics tests. without esccedmg the load capacity of the beam fisture.

6.2 Sliallow Crack Fracture. I
D '""W"""'' I"' "U "'I"P"#"I"I IC "i"E ** ' i'Tougliness Testing (T. J. Theiss and within the lower transition region for A $33 D uccl.
RT nT or this materialis-35eC (-307)? 'The teuingS. T. Rolfe) N f
temperature for all the tests escept one was T = -6(rc

(-7VF). T- RT DT was therefore -25"C ( 4&F). OneThe cunent testing portion of the shallow-crack pogram is N
divided into two phases: a development phase and a pro- test was tun at RTNDT. During the production phase of de

duction p!mse, During the development phase the esperi- project, tening u ill be perIonned at multiple temperatures

mental techniques necessary for shallow crack testing are in the lawer transition region to f ully quantif y the tempera-

to be verified. A limited data base of shallow-cratL ture range in whi h the toghness elevation takes place,

fracture-toughness vahrs appropriate for application to
RPV analyses will be generated as a pu1 of the production
phase. During this reparting p'riod, the development phase 6.2.2 Test Restilts
of the experimental Shallow Crack Program was cun-
pleted. Previous shallow crack work has been detailed in load vs CMOD curves were generated and examined for
prior semiannual trports and in opcn literature.3-3 Details

cach imam tened Tuinnahie the load betwecn Ivams ofof the testing are reported in Chap.10, Fracture Evaluatica
different spans, thk knesses and slightly ddierent beam

Tests.
depths, the applied stress (rather than upphed load) that
would exist m an uncracked beam was plotted vs CMOD,

6.2.1 Test Mtitrik The apphed stresses for the test and analyses re.ults were
t alculated from the applied loads and the beam geometries

Two crack depths (one shallow and one deep) were tested according to clastic strength of materials equations. The

during the development phase of the project. The nominal stress vs CMOD tc st data are consistent and agree well with

crack depth chosen was a = 9 mm (a = 0.4 in.), w hich is the analytical data, providmg additional confidence in the

prototypic of the flaw depths that resulted in initiation in teu data. lhe analytical streu vs CMOD curves were gen-
*

the IPTS studies." One specimen was tested with a flaw crated using a planc strain, clastic plastic, f nite-element
7depth of 14 mm (0.55 in.) for companson Presently, the ADIN A model. The test data represent beams of three

relative influence of absolute crack depth a or normalize 41 dif ferent thickneues. The consistency of the test data and

crxk depth a/w is not fully underst<oi For the specimen dw agreement with the plane-grain analytical data indicate

sizes tring considered in this project,it is belicved that litdc loss of cut of plane constraint due to insulficient

absolute crack depth rather than a/w will b- the primary specimen duckness in the test data,

variable of interest. Ilowever, this anumption will be veri-

37 NUREG/CR-4214, Vol 8, No. I
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Cleavape Crack

The toughness data expreued in terms of CLOD vs *""*"
3,g,, .g

temperature are presented in Table 6.1 and shown in ex . i so .ix so , so no
Fig 6.1 along with the material characterization cun e 8 ' ' ~1 ~' T 'a T~'-P

Data f rom three crack depths ( n'w = 0.50,0.15, and 010 ) "' "" O N
and three thickneues (Il = 50,100,150 mm) are presented. os - - v*amam - P0

The deep-crack toughness salues are slightly higher than * N ,,T'" *

the inaterial characterization curve and are consistent with a 0 So 50
9 N$ ~ tsprevious CT specimcn data irom the same heat of material '' '

*tested before this program. 'The trend of the results m [ gQ y [**

Fig. 6.1 indicates a significant increase m the nicasured gi e s - e o to im g
fracture toughness for shallow-crack specimens in the d - io y

0 60 '*

lower transition region. The a/w = 0.15 datum also appears ',g _ g,,,
to exhibit a shallow crack toughness elevation. The ratio of
the mean shallow crack toughnen to deep crack toughness F

,

is 4.4 for the beams tested at -6(FC (-76T). The ratio of oi
~ ~ ^

the shallow to-deep lower bound toughnen is 2.9, w hich is ed,,, , 3
consistent with the shallow sack clevated toughness for 4_

-

, , y
A 36 and A 517 stul determined at the University of -iso .tw so o so
Kansas.10.11 As indicated in Refs.10 and 11, the shallow- 4""'aW'Cl
and deep crack toughness for A 53311 is expected to Figure 6.1 IISST test data ulth material characterira-
converge on the lower shelf, tion curse and pretious CT data

Table 6.1 IISST test dataa

Measured Measured
clastic Failure failure Toughnew

IISST Temperature S 11 W a Itotation compliante load CMOD CTOD
beam CC, Onm) (mmi (mm) (mm) alw fatfor Onm/LN) (kN) (mm) (mm)

.

3 -35.6 406 50.6 99.7 10.0 0.102 UA7 3.09 x 104 (o0 0.808 0.587
4 4 0.6 406 50.7 99.5 51.8 0.520 0.30h 3.38 x 10 3 118 OA61 0.(4 69
5 -55.3 406 50.6 99.1 51.2 0.517 0. 30'' 3.14 x 10 3 140 OA42 Om8x
6 -59.2 406 50.6 99.5 51.9 0.522 0.30h 3.52 x 10 3 185 0.758 0.109
7 -59A 406 50.7 94.2 10.2 0.108 0 4gb 3.27 x 104 483 0.250 0.138
8 -59.5 406 $0.8 94.2 9.63 0.102 0 50 3.12 x 10 4 657 0.652 0.478
9 42.3 406 50.9 94 0 9.52 0.101 0 47 3.09 x 104 $$2 0.508 0352

10 40.2 406 50.9 94.3 14.0 0.149 OA5h 4.77 x 10 4 489 0 434 0.232

11 -56.7 HM 102 93.9 8.36 0.0S90 OA8 3.0S x 104 472 0.312 0.198
12 -56.7 8M 102 94.7 49.8 0.526 0.26 4 A4 x 10 3 117 0.574 0.0560
13 -59.6 864 102 94.0 8.81 0.0938 0;gh 3.29 x 104 502 0.514 0.360

14 -57A 8M 152 92.5 8.69 0.0939 OA8 2.25 x 10'4 723 0.534 0.349
15 -58.5 8M 153 94.5 8.66 0.0917 0 47 2.14 x 104 684 0.257 0.147
16 -57.8 SM 153 94.0 50.0 0.532 0.33 2.81 x 10-3 170 0.530 0.0576

''Yacid surns = 468 MPa at 1 = -WC and 4 40 MPa at T -WC 'Ihe pelJ sans ni estmutcJ from rann temperature salues and aJpsted for the lowce
temperatures.

b
Raat * factor ora explaitly determmed for these speumens. R<naam fru taed n average o' nmdar tnto

NUREG/CR-4219 Vol. 8, No.1 38
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Cleavage-Crack

" " " "
CTOD and tne plane-strain stress-intensity factor K c are s.am wmu mi
related according12 o 2 3 4 s 6t ,,

.

Egp@sN. -so c tas *r>C .*Y$'s*NE"C;OD= Kf,(1-v )/(2a E) . (6.1)2
y hmwm

,e4 -

*
. e

The ratio of shallow-to-deep toughness in terms of K e ist
equal to the square root of the ratio in terms of CTOD. %c [ '#

~ [,

ylower-bound shallow-crack toughness is ~70% greater than g ,

bthe lower-bound deep < rack toughness at 40*C. %c b o2 - e

spread of the data is also reduced, expressing the toughness
- s

,
*

in terms of K e. _ ,i

o o
3

if it is assumed that the shallow crack toughness curve has i i i i i
e

the same shape as the deep-crack toughness curve, the shal- 40 m to a tro 14o iso
''****"M

low-crack toughness increase can be expressed as a
temperature shift. Predous A 36 data supports this
assumption.10 The lower tound shallow-crac!. datum at Figure 6.2 IISST test data at three thicknesses tened at
T = -60 C (-76 F) and the single datum at T = 35*C -60*C
(-30 F) are shifted 46 to 48*C (83 to 87 F) from the
characterizadon curve, respectively. The lower-bound
deep-crack datum is shifted about 16*C (28 F) from the 6.2.3 Modified Irwin Correction
characterization, indicating a temperature shift for the
shallow. crack specimens of 30*C(55*F). He toughness data were converted to Kc, critical stress-

intensity factor values according to the following equa-
tion:13

Beams 50,100, and 150 mm thick (2,4, and 6 in.) weg

[moy *CTOD}l/2 , (6.2)tested to investigate the influence of differing out-of plane- ( E
constraint levels on the toughness of shallow and deep-
crack specimens. Toughness data are plotted as a function

lt was decided to set the constraint factor m to 2 for deep-
of beam thickness for all of the tests conducted at T =

and shallow-flaw specimens until additional information
-60*C (-76*F) in Fig. 6.2. As shown in Figs. 6.1 and 6.2,

was avad, able on the variation of the constraint parameter
the toughness values for the shallow- and deep-crack speci-

f r shallow flaws. Exammation of die K data and ASTM
mens from the 100- and ISO-mm-thick (4- and 6-in.) beams E399 revealed that only the 150-mm (6-in.) deep crack test
are generally consistent with the 50-mm-thick (2-in.) data.

result would meet the validity requirement for sufficient
llowever, there appears to be slightly more data scatter

beam thickness, and none of the data would meet the valid-
associated with the 50 mm thick (2-in.) beams than with ity requirement for crack depth. Therefore, the plane stress
the 100- and 150 mm-thick (4- and 6-in.) beams. It is I rm f Eq. (6.2) was used because the data did not satisfy
interesting to note that the lowest shallow and deep-crack

the ASTM E399 validity requirements. The goal of the
toughness values were both from beams with the least

shallow-crack program is to investigate the toughness as a
thickness (B = 50 mm). Beams of three thicknesses were I""Cd n of c xk depth and apply the results to an RPV,
tested to select the appropriate beam size for the production

which is a highly constrained application. The deep-crack
.

phase testing. The testing temperature is expecTd to be
test resuks, krefore, should maintam plane-strain con-

greater for many of the beams tested in the production
stramt r be adjusted to estimate the planc-strain toughness.

,

phase of the program. As the temperature increases, addi-
Because specimens required to maintain planc-strain con-

tional loss of out-of plane constraint is anticipated. There.
straim are prohibiuvely large, the data taken from the deep-

fore, even though the 50-mm beam thickness might be
cr ck specimens have been adjusted for loss of out of plane

sufficient at lower temperatures, the 100 mm beam thick-
constraint via Irwm's correction.34 Application of theeness was chosen for future testing because the greater thick-
Irwm pcc rrecti n reduces the average deep-crack critical

ness might be required at the higher temperatures.

39 NUREG/CR 4219, Vol. 8, No.1
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Cleavage-Crack

toughness from 109 MPa 6 (99.2 ksidin~) to a cor- dimension, the Irwin Decorrection can be modified to 9
rected plane-strain value of 90.5 MPa 6 (82.4 ksiM) account for both loss of out-of-plane constraint (insufficient

- as shown in Table 6.2 'Ihe magnitude of the reduction is thickness) and loss of in-plane constraint (shallow crack
i relatively minor.ld The small magnitude of the correction effect).15 As shown in Table 6.2 and Fig. 6.3, the modified 4

and the consistency between the data of different thick- Irwin correction applied to the llSST data adjusts both
nesses indicate thai little loss of out-of plane constraint is deep- and shallow-crack toughness data to the same value.
present in the deep-crack data in spite of the fact that the
validity requirements have not been met.

Since the shallow and deep-crack toughness data can be
adjusted to the same value, the modined correction could

Relaxation of crack-tip constraint in either direction (in. potentially he used to " predict" the shallow-crack fracture-
plane or out-of plane) has the effect of elevating the critical toughness from deep-crack toughness data. Although the
toughness. The Irwin correction successfully accounts shallow-crack toughness data were available, the modifiede

for loss of out of-plane constraint, and, therefore, a modifi, itwin correction was applied to the data to detennine if
cation (of the correction) proposed by Merklel5 o " predictions" could te made of the shallow-crack tough-e t
account for the loss of in-plane constraint associated with ness using only deep-crack data. The " predicted" shallow-
shallow flaws was applied. 'Ihis modification is based on cract toughness was determined from the adjusted plane-
the assumption that the critical dimension in the constraint strain, deep < rack toughness according to:15
of a beam is the distance from the point of greatest con-
straint to the nearest free surface, not including the crack K = K ge * (1 + 1.4 fc)U2, (6.3)e
surface. In deep-crack beams, this distance is half the team
thickness; in shallow-crack specimens, the critical dimen-
sion is the crack depth. By using the appropriate critical

Table 6.2 Actual and " predicted" toughness values t: sing modified Irwin pccorrection Aa

a 11 Ke actual Kc Ke predictedi
IISST beam (mm) (mm) (MPa 6) (MPa 6) (MPa 6)

4 51.8 50.7 95.2 79.1 120
$ $1.2 50.6 97.3 80.1 120
6 51.9 50.6 145 99.7 120

12. 49.8 102 IN 94.2 98.7 !

16 50.0 153 -105 99.6 94.2

' Average deep flaw 109 90.5 111

7 10.2 50.7 163 81.0 216-
8 9.63 50.8 3N 101 127
9 9.52 50.9 261 95.0 229

10 14.0 50.9 212 99.0 169
11 8.36 102 1% 81.9 256
13 8.81 102 2M 93.0 245
14 8.69 152 260 92.0 247
15 8.66 153 168 78.1 248

Average shallow flaw 229 90.1 230

8
Average of deep crack adjusted values was used to " predict" toughness for shallow naw specirnens,

bonly tests conducted at T = -60"C m included.

NUREG/CR-4219, Vol. 8, No.1 40
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cmt owa , am tested with multiple crack depths and at seve al tempera-
uns wiWin me transWon regi n. Dese us are pl nnedtg o uunausuo

d' aoo - o o AususTLD - as a part of the pmduction phase of the experimental testing

$ 1rMPERATunE= +o c program. The results generated to date are encouraging but

g 2'>o
-

- not conclusive ns to the manner in which to apply the data

F o ~

to an RPV. Prior experimental work within the llSST

$#' ~ O Program has included tests on thick walled vessels that

9 ,g _
0 _

have contained relatively shallow flaws.16 These tests0
g

5 offer a means to validate the technology of applying
shallow-flaw toughness data to an HPV.$100 o Avo M wsuDS mtowke m g_ g,,

AVG MuuS1E D OfI.P R ,. 90 %

so _ _

5 la acklition, numerical analyses of the test specimen and the
, , , , a

'o io to 30 e w to application (i.e., an asially oriented flaw in an RPV) need

CRACK DE PTH (m) to IC performed and intelpreted. Dese analyses will pro-

Figure 6.3 Application of modified IrwIn pc correction vide a means for checking transferability of the test results
to an RN ne conditions under which the modified Irwinto shallow and deep-crack-toughness data
correction can le used in reactor vessel analyses need to he
established.

when:

K3c = 90.5 MPa 4 (82A ksi6), (i.3 Lower-llound Initiation Toughness
Dic = (K lo 9/2a.ic y (W. L Fourney, G. R. Irwin, J. W. Dally,

X. J. ? hang, and R. Donenberger, University

The agreement between the " predicted" shallow-crack of Maryland)
toughness estimated using the modified Irwin correction
and the actual toughness from the shallow-crack specimens A new experimental method has trea developed by the
is good. The average " predicted" shallow-crack toughness research group at UM to measure the lower-bound
using the deep-crack data with the modified Irwin e cor- initiation toughness in reactor-g nde stect. The medal
rection is 230 MPa6 (209 ksid); the average actual uses two relatively small specimens (Notched Round-Ilar
shallow-crack toughness is 229 MPa6 (208 ksid). and Modified Charpy) subjected to dynamic kniing as the
Examination (Table 6.2) of the actual vs " predicted" tough- fracture specimens.lbl9 Lower-bound initiation
ness for each shallow-crack test shows good agreement toughness is achieved through enhanced constraint in the
between the individual" predicted" and actual shallow- specimens and dynamic loading. %c notched round-har
crack toughness values, it should be noted that the modi- specimen pmvides enhanced constraint compared with
fied Irwin correction " predicted" the shallow-crack tough * similarly siicd plate specimens. The modified-Charpy
ness for crack depths ranging between a = 8.36 to 14.0 mm specimen is side-grooved, which enhances the constraint.
(0.329 to 0.553 in.). The" predicted" shallow crack tough-
ness shows little scatter because the individual values only
vary with the crack depth. The ability of the modified 6.3.1 Nolched Round Bar Testing
Irwin pccorrection to predict the cicvated shallow-crack
toughness from deep-crrk data depends on similar out-of. Current research at UM has developed a systematic proce-

plane constraint being present in the data of different thick. dure for precompressing the notch to produce first a pseudo
crack and then a natural crack. The amoun' of precompres-nesses.
sion on a specimen to be tested at a specific temperature is
empirically detennined, llowever, metints for interpreting

6.2.4 Future Work SEM photomicrographs and strain-gage traces af ter the test
permit verification of the adequacy of precompression.

The apphcation of the shallow-crack, fracture-toughness
data to reactor vessel analyses remains the final goal of the in the precompression study of notched round bars it was
program. To reach that goal, more specimens should be observed that specimens tested during the last series of tests

41 NUREG/CR-4219, Vol. 8, No.1 I
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were more difficult to break (successfully) than specimens 3. T. J. Theiss, G. C. Robinson, and S. T. Rolfe,"Prelimi-
tested during the previous round bar program. A snecess- nary Test Results from the ficavy Section Steel
ful break means that the primary failure mode is by Technology Shallow-Crack Toughness Program," Proc.
cleavage, with little or no prior ductile tearing. This diffi- of the ASME Pressure Vessel and Piping Corference
culty was apparent at both test temperatures (20 and 42*C) Pressure Pessellntegrity Session, Vol. 213, San Diego,
but more pronounced at the higher temperature, it was Calif., June 23-27,1991.t
confirmed that the A 533 D material employed in the last
series of tests was different from the material tested during 4. R, D. Cheverton and D. O, Ball, Martin Marietta Energy
the previous round bar program. la particular, the RT DT Systems, Inc., Oak Ridge Natl. Lab., " Pressurized.N
for the new material was -23*C, while the RT fNDT or the Thermal Shock Evaluation of the 11. B. Robinson -
material used earlier was -2*C, This difference in RTNDT Nuclear Power Plant," USNRC Report NUREG/CR-
effectively means that the new material will exhibit more 4183 (ORN1/FM 9567/VI), pp. 263-306, September
ductility than the prior material at the same testing 1985.*
temperatures. This difference in material explains the
difficulties encountered in successfully breaking the recent
round-bar specimens. 5. R. D. Cheverton and D. G. Ball, Martin Marietta Energy

Systems, Inc., Oak Ridge Natl. Lab.. " Pressurized-
Thermal-Shock Evaluation of the Calvert Cliffs Nuclear

% hile the experimental results from the round bar speci, Power Plant," USNRC Pqort NUREG/CR 4022,
mens of A 533 B suffer to some degree because of the (ORNI/rM 9408), pp,101-44, September 1985.

differences described above, the results are usable. h is

possibic to plot Kid as a function of T- RTNDT and to 6. R. D. Cheverton and D. G. Dall, Martin Marietta Energy
obtain lower bound crack-initiation toughness for . Systems, Inc., Oak Ridge Natl. Lab.," Preliminary
T-RTNDT up to 50*C. Development of an Integrated Approach to the Evalua-

tion of Pressurized Thermal Shock as Applied to the
Oconce i Nuclear Power Plant," USNRC Report

6,3.2 Modificd-Charpy Specimens NUREG/CR 3770(ORNL/rM 9176),pp.5.1-5,51,
May 1986.*

The final draft of a paper,Lont-Boundinitiation Tough-
ness with a Afodified Charpy Specimen, was submitted to 7 K. J. Bathe, Massachusetts Institute of Technology,
ASTM and will be presented at the ASTM meeting held in ' Cambridge, Mass.,"ADINA47, A Finite Element
Indianapolis, Indiana,in April 1991. Program for Automatic Dynamic Incremental Nonlinear

Analysis " MIT Report 82448-1,1975.
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- 1. T. J. Theiss, Martin Marietta Energy Systems. Inc., Oak Using A 533 Grade B Class 1 Material: WP CE
Ridge Natl. Lab.," Recommendations for the Shallow. Series," USNRC Report NUREG/CR 5408
Crack Fracture Toughness Testing Task Within the (ORNL/rM 11269), November 1989.*
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7 Cladding Evaluations

J. Keency-Walker *

7.1 Objective emirrties, and loading conditions. The OttNL and CEOG
analysis results are then compared and discussed.

The objective of this task is to achieve a more compre-
hensive representation of the effects of cladding in the 7.3 Analysis Input
probabilistic analysis of vessel fracture, in addition to the
scheduled subtasks, a high-priority, unbudgeted subtask
was trquested by the NRC llSST Program monitor. 7.3.1 Geometry and Materiall'roperties
Analyses were perfonned in this task to evaluate a vendor's
proposal for including clad-base material differential Finite-element methods were used to analyze a generic

8RPV with cladding; the through wall dimensions areexpansion stresses in a proposed alternate procedure for
performing the analysis required to demonstrate shown in Fig. 7.1. The vessel has an inner radius of

compliance with the Sect. XI LTOP requirements. 22(b.6 mm (86.875 in.), a wall thickness (tb) of 219.1 mm
(8.625 in.), and a clackling thickness (tc) of 7.9 mm (0.3125
in.) Two semielliptical axial surface flaws were analyzed.

7.2 Introduction with lenge-to-depth ratios of 6:1 and maximum depths of
18.9 mm (0.744 in.) (tc + 5% th) and 40,8 mm (1.606 in.)
(te + 15% tb). The vessel base materialis SA 533 grade B

Analyses of LTOP in an RPV were performed under the class I steel, and the cladding is type 3(M stainless steel,
HSST Pmgram at ORNL at the request of the NRC. The e vessel material properties reported in Table 7.1 are
objecthc of these analyses was to compare the ORNL assumed to be temperature mdependent.
analysis results with values previously calculated by the
Combustion Engineering Owners Groupt (CEOG).
CEOG's results remain proprietary and cannot be onNt.owa osu asse rTo

disclosed.
Ct AD

v- DASE
\The ORNL analyses employed 3-D finite-element b'

techniques and a thermoclastic constitutive formulation to
model a clad RPV containing two different surface flaws.
The Kg values for these surface flaws were determined for
conditions at selected times in two LTOP transients 0.3125 in. ,
previously defined by CEOO.t Contributions to the Kg (73 mm),

8.625 in.
values were calculated separately for loadings that were a = ,

(2W mm)
4%(22E6 mm)B8.875 in. ,result of internal pressure, crack-face pressure,

cladding / base metal differential thermal expansion, and
weld residual stresses. These components of crack loading

t 'were compared with CEOG results obtained from LEFM
using superposition and influence coef Acients for
generating stress-intcasity factors.

i ,7
In the following sections, the ORNL analysis methodology
is described, including finite-element models, material

Figure 7.1 Dimensions of generic RPV used by ORNL

' Computing and Telecommunicanons Divinon, Martin Manetta Fnergy and CEOG for LTOP analyses
Systems,Inc.,OA Ridge,Tenn.

iComtmstion Engineering Owners' Gnup." Low Temirrature
Overpressurizauon Transient Pressure Temperature limit for
Determmation of low Temperature Overpressure Punection Scipomts." % D. J. Ayves.Cantenon Engineenng. Inc., penonal cunmunicauon to

Proprietary Report CEE381-P, Detember 198R. H. R. B ass, ORNI., December 7,1990.
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Cladding

Table 7.1 Material properties for (-ladding and base metal #

# ' * "' ' "" "IElastic modulus Poisson's Density Specific heatMaterial expan on c nductMy (kg/m2) (J/kg K)(GPa) expension
(*C) (W/m.K)

Base 196.5 0.3 13.5 x 104 42.7 7833.0 502.4

Clad 186.2 0.3 16.4 x 104 17.3 7833.0 502.4

* Film cucmciem = 567.3 W/mk

"'D*G " "DThe following three models were used in the ORNL __

analyses: (1) a 3-D finite-element model of a cylinder,
'

(2) a 3-D finite-element model of a cubic element from a '

cylinder, and (3) an influence coefficient model imple- N
1mented in the OCA P probabilistic fracture-mechanics

code. Both models 1 and 2 used generalized planc strain x
boundary conditions to impose displacement restraints X
appropriate for conditions in an RPV. This methodology '\

'

permits the use ofincreased mesh refinement in the crack-
tip region of the model. i

\
The ORNL 3-D finite-element model of the cylinder is
shown in Figs. 7.2 and 7.3. The model consists of 6768 1

nodes,1234 twenty noded isoparametric brick elements,
'

and 192 wedge elements at the crack front, with the
midside nodes shifted to the quarter-point position for a
1//r singularity in the stress and strain fields. One quarter /
of the cylinder is modeled due to symmetry, and a genera- /
lized plane-strain condition is applied in the axial direction. /

2Mesh convergence studies for RPV cylinders containing y
shallow flaws demonstrated that meshes on the order of s

8700 degrees of freedom produced converged K1 values
within 1%. 'the finite-element model of the cylinder #~#

caployed in this study has >15,000 degrecs of freedom and
is estimated to provide comparable accuracy in Kg values.

Figure 7.2 Three-dimensional, finite element model of
clad cylinder

The ORNL 3-D, finite-element model of the cube shown in
Figs. 7.4 and 7.5 has the same through-wall thickness as the The model implemented in OCA P utilizes influence
cylinder. This model consists of 6763 nodes,1184 twenty- coefficients for an RPV having a slightly different geome.
noded isoparametric brick elements, and 240 wedge try from that given in Fig. 7.1 'Itc OCA-P vessel has an
elements at the crack front with midside nodes shifted t inner radius of 2047.2 mm (86.0 in.), a total wall thickness
the quarter-point position. A generalized plane-strain of 215.9 mm (8.5 in.), and a cladding thickness of 5.4 mm
condition is applied on two surfaces to approximate the (0.2125 in.). (Constraint imposed on the scheduled

I displacement boundary conditions on a cube of material :.n completion of this study precluded the generation of
the RPV containing a surface crack, influence coefficients for the geometry of Fig. 7.1.)

NUREG/CR-4219, Vol. 8, No.1 46
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"g' 4

'

A __ p )>
-

~~'

x [Four different load cases were applied to the 3.D cylinder
model: (1) thennal stress due to a temperature gradient and % .

.

/ /
differential thennal expansion coefficients for the clad and {\\ j j
base material (2) internal pressure, (3) crack-face pressure,

and (4) weld residual stresses in the base material. The , ,m in

W7 0 m DASEchd stress-free temperature was taken to be the operating
temperature of the vessel.

\ l
Cooldown rates of-7'C/h (20*F/h) and 38aC/h (100"F/h)

fwere used to define thermal-loading for the ORNL analy.
Mses.1 hermal analyses were performed using the ORNL

Iheat-conduction program ONE-R to determine the Figure 7,4 Schematic showing portion of RPV with
temperature distribution through the wall as a function of naw modeled using finite element
time. These were based on the vessel dimensions in Fig- techniques. (a) RPV containing surface
7,1 and the material properties and film coefficient in crack and (b) 3.D nnite-element model of
Table 7.1, the results of which compared well with clad cube
CEOO.*,t Through-wall temperature profiles were used to
interpolate temperatures for the 3-D cylinder and cube
models at two time points (warm and cold end) of each The intemal pressure and crack face pressure were applied

cooldown transient. The temperature of the inner surfac.c as unit loads to the 3 D finite-element models in separate

of the vessel for the -7'C/h (20#F/h) cooldown was 148*C cases. For the cylinder,3-D pressure elements were

(297.6 F)(warm end) and 19'C (84.3'F) (cold end), and ernployed on the inner surface, and a force applied in the

195'C (383.3'F)(warm end) and 103 C (217JTF) (cold axial direction on the generalized-plane strain toundary

end) for the 38'C (100*F/h) cooldown. The temperature provided a statically equivalent endcap loading. The 3 D

distributions through the wall of the vessel for the two cube model had generalized plane-strain toundary

cooldown rates at both wann and cold ends are shown in conditions imposed on the vertical surfaces of the m(xici to

Figs. 7.6 and 7.7. simulate deformation restraint consistent with that found in
an RPV shell, that is, planc surfaces remain planc. Loading
due to imemal pressure was apphed on eese sudac es b me

*D. J. Ayres.c unbusti= Ensincerins.Inc., perianal commumcanon to
form of resultant forces derived from a Pr/t stressR. R. Bass. ORNt, December 7,1990.

tD. J. Ayres, Combuidon Engmeeting. Inc., perustal communicanon to
B. R. Bass, ORN1, December 20.1990.
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Figure 7.7 Through wall temperature distributi m of

38*C/h cooldown transient at warm and cold
ends

1 1 1

the specified pressuies d o obtain Kg values for com-
*

tFigure 7.5 Close-up view of crack tip region of clad
par s n with the CEOO analyses.

cube

ORNL DWG 9tM 3557 ETD %c residual stresses in the base metal (due to welding
300foooodoooodocoodoooodooo when the vessels are fabricated) are generally tensile on die

inside and outside surface and compressive in the midwall.

6 $ 76 em sus were pmducM in tk 30 cwa &r by
(WARM END)' applying a fictitious temperature distracion through the

200 - A 1400 min (COLD END) _
vessel wall in the form of a cosine functio- (Fig. 7.8).E!

h.150 -

Ei 7.4 Analysis Results and Discussion
n.:E joo -.

N Hermoelutie analyses were perfonned for the 3-D
50 - -

3cylinder and cube models using the ADINA/ORVIRT 4

i i i i system and the material properties from Table 7.1. %e four0|
0 30 100 150 200 250 different load cases were applied to the cylinder, and all but

tie residual stress case were applied to tic cube. The !

WALL DEPTH (mm) OCA-P analyses consisted of the internal pressure loading

Figure 7.6 Through wall temperature distribution of and the crack face, pressure-loading cases.

-7'C/h cooldown transient at warm and cold
ends

distribation in the hoop direction and Pr/2t stress *D.1 Ayres.Onhuntion ragineering. Inc., personal conununication to
distribution in the axial direction. De crack face pressure R R. Hus. ORNI., December 20.1990.

iwas applied to both models using 3-D pressure elements, Canbustion Engineering Owners' Group," low Teroperau,re

The K values computed for a unit load were multiplied by Overe'tauriwion Transieni Preuure. Temperature tinit for
1

Determinauon d tow Temperature Overpressure Protection Setpoints.''
propiietary shden inan presentation to the U.S. Nuclear Regulatory
Cornntission. June 1990.
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relatively shallower (tc + 5% tb) flaw: 10% for the -7'Coguogg 3 , , , , , , , ,
(20*F/h) unidown and 15% for the 38*C (l(XPF/h)

~ ~ cooldown. %ese dilferences could le greater for
shallower flaws (tc or 2tc) analyzed by CEOG.'t- -

g - -

B o o References
IE
m - -
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1

This discrepaacy cannot be explained without obtaining propneiary sinks Insn pmntatum io the (LS Nuclear Regulatory

additional information conceming the CEOG analysis [{"""'"""[""(' m p enn inwrwat - eamin
techmques. n. R. Dass, ORNI., December 20.1990.

4 vailablefor purcha e Inun Nathmal Technk alinfonnatum Servke.A
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7.5 Conclusion '^"d**'"'"d"""'5*''''*"""-

For this set of analyses, the differences between the ORNL
and CEOG calculations of K values were larger for thei
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8 Pressurized-Thermal-Shock Technology

T. L. Dickson* and D. K. M. Shum

8.1 Background 8.2 Task Objective

The OCA P computer program incorporates an axisym- The primary task objective, within the HSST Program, is
metric model of the reactor vessel's thermal. hydraulic the emphasis on development of the OCA P computer

bou .dary conditions existing during a PTS transient. The program to permit the effect of thermal-streaming plumes

one-dimensional (1 D) transient heat-transfer model to be incorporated into the ITS analysis of circumferential

incorporated into OCA-P calculates the radial temperature welds. One aspect of this development is the formulation

profile in the vessel wall at cach ' ae step throughout the of a closed form solution for the stress intensity factor that

PTS transient. The radial temperature profile is then used considers the effects of a nonuniform circumferential
to calculate equibiaxial thermal stresses that vary in the temperature distribution in the RPV wall within the context
radial direction only. At the time OCA-P was written, the of LEFM. This closed. form solution will provide the

axisy.nmetric model was believed to provide conservative stress-intensity factor as a function of vessel geometry and
results because all beltline welds were subjected to the crack length. De closed-form solution will,in tum,
maximum effect of thermal stresses resulting from the PTS involve closed form solutions for the clastic stresses within

radial temperature profile, the RPV wall due to nonuniform circumferential cooling
and the stress-intensity factor influence coefficients as a
function of crack length. This section focuses on the

Recently published results from thermal-hydraulic generation of benchmark solutions for the clastic stresses

experiments performed in the decommissioned HDR RPV under thermal-streaming conditions using the finite-

in Germany have raised concems that thermal streaming element method. Rese benchmark solutions will be used
may repsesent a significant source of additional thermal to validate the closed fonn clastic stress solutions discussed
stresses not currently included in the OCA P analysis.1-4 previous"y.
Thermal streaming beneath the RPV inlet nozzles can occur
when cold safety coolant is injected into a stagnant reactor
primary coolant loop. Flow stagnation in the primary 8.3 Finite-Element Model
coolant loop may occur during a LOCA if the primary

$
system leak size is such that the water level in the steam he general-purpose, finite-clement code AB AQUS ;3
generators falls below the level of the U-bends, thereby used to generate the benchmark solutions. De finite-
breaking the primary coolant loop siphon. element mooc! is formulated to examine the general

thermal-streaming problem in two dimensions with the
capability to incorporate (1) a variable-convection, heat-

Thermal streaming in the RPV downcomer annulus flow transfer coefficient at fluid-to-solid interfaces with respect

generates a nonuniform circumferential temperature to vessel temperature and/or location amund the

distribution in the reactor vessel wall. Thermal stresses circumference of the vessel, and (2) pressure loading

resulting from the nonuniform circumferential temperature concurrent to the thermal-streaming loads, ne finite-

distribution could be important in the ITS analysis of flaws element model can be used to examine planc-strain or

in circumferential welds. Thermal-streaming stresses in the generalized planc-strain conditions subject to elastic or

vessel wall are proportional to the stream plume strength, clastic-plastic material response assumptions.

Analysis and testing required to characterize the plume
strength are conducted within companion elements of the
NRC research program. De H. D. Robinson vessel geometry considered has an

outer radius of 2.22 m (87 in.), an outer radius-to-wall
thickness ratio of 9.4, and a cladding thickness of 0.56 cm
(0.22 in.). The thermal-streaming transient considered is
periodic with respect to the circumferential direction of the
vessel with a period of 120*. The threc. loop vessel was
modeled because well-defined data existed from the IPTS

*Compuung and Telecommunications Dwision, Manin Mancum studies.6 Future studies may consider four-loop designs.
Energy Systems Inc., Oak Ridge. Tenn.
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Pressurized

*he finite-element model, which, from symmetry ,
conditions, models a 120' circumferential section of the ' ' '

vesul, is shown in Fig. 8.1, he finite-element model in
Fig. 8.1 is made up of 240 generalized plane-strain

_

B
clements and 791 nodes. Rese elements behave as y 250 - -

- conventional eight. node isoparametric elements, except for R
an extra degree-of-freedom that allows for uniform I
straining in a direction perpendicular to the plane of the (
mesh. In a plane-strain analysis, axial displacement of the id 200 - -

vessel is trevented. in a generalized plane-strain analysis g
uniform axial displacement of the vesselin response to the <
imposed thermal loading is permitted. 5
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k Figure 8.2 Thermal transient designated as event 9.2211

i in IPTS studies

%

T(y,t) = Tw(t)- (TCL(0 -Tw(01 ce 2y2 ,'

L where Tw(t) is the well-mixed temperature according to
event 9.22B, [TCL(0 - Tw(t)] is by definition the plume

; strength, and y is the circumferential distance along the- ~ . . . . .

inner surface of the vessel as measured imm the centerline
Figure 8.1 Finite element model of the 11.B. Robinson of the cooling water in units of inches.

RPV. A 120' circumferential section of
vesselis indicated he German publications have suggested plume strengths

of considerably larger magnitudes; however, Dr. T. G.
Theofanous is of the opinion that U. S. Pressurited-Water

The severity of a thermal-streaming transient is
Reactor (PWR) designs have smaller plume strengths than

characterized by (1) the difference between the well mixed
those in the German publications. The 13.9 C (25'F)

cooling-water temperature and the vessel operating plume strength was arbitrarily chosen for the studies but is
temperature, (2) the difference between the centerline and 7believed to be consistent with REMIX predictions for U.S.
the well-mixed temperature of the cooling water referred to

PWR designs. It is anticipated that the methodology for
as the " plume strength" of the thermal-streaming transient, ncorporating thermal streaming into OCA-P will use
and (3) the variation of cooling-water temperature from the plume strength as a user-specified input parameter.
centerline to the well-mixed region. Analysis results have
been obtained for the following thermal-streaming
transient: (1) the operating temperature of the vessel prior

%c convection heat-transfer coefficient is assumed to be
to the imposition of the transient is 288*C (550*F), and constant at a value of 400 Blu/(hraft .op), De me-2
(2) the thermal transient, designated as event 9.22B in the

6 chanical and thermal properties of the cladding and the
IFTS studies and considered to be a dominant transien% is base material are independently specified. Thermal prop-
assumed as the well mixed cooling-water temperature, erties are prescribed in terms of thermal conductivity k,
Event 9.22B is indicated in Fig. 8.2. Als thermal transient

mass density p, specific heat c, and thermal expansion
is modified to include a plume strength of 13.9 C (25"F) coeff cient a. Analysis results have teen ottainc4
according to the equation

assuming clastic material response in terms of Young's
modulus E and Poisson's ratio v. The material properties

NUREGiCR-4219, Vol. 8, No.1 52
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for the claddin are k = 10 Dtu/(hr.ft#F), E = 27,000 ksi, "* D* ''"'*D
*p = 489 lbm/ft , y = 0.3, c = 0.12 Blu/(IbmeO,and a = 1 x ' ' ' ' ' ' '

410 /'F. The material properties for the tuse material are
lk = 24 Blu/(hr fteF), E = 28,000 ksi, p = 489 lbm/fi , y =

0.3, c = 0.12 Utu/(IbmeF), and a = 8 x 10 5 >p-f 300
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8A Finite-Element Analysis Results a f 'NWm s -

In considering thermal streaming effects on initiation of $ 's
circumferential flaws, the axial stress component is of i

'
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primary interest. Analysis results up to 7200 s into the 300 .

-

postulated transient have been obtained. The axial stress
component at the centerline and wcil-mixed locations on

fthe inner surface of the vessel are indicated in Figs. 8.3 and

i$oo 2doo a$00 4$o0 5$o0 0500 7$00 80008.4 for the cases of planc strain and generalized planc. 0
0

strain conditions, respectively Analysis results indicate
TRANSIENT TIME (r.)

that both the magnitude and the time of occurrence of the
maximum value of the axial stress is very sensitive to the Figure 8.4 Aslal stress component at centerline and
assumption of plane strain or generalized planc strain wetg.mised locations on inner surface of
conditions for the present combination of thermal transient vessel for case of generalized plane strain
and vessel geometry O, the other hand, the axial stress conditions
distribution appears to tic relatively insensitive to the
thermal streaming aspect of this analysis, as characterized

by the plume strength of 13.9'C (25*F). Whether this
Msens ty to tkrmal-streannng cUects wp conunue monm owc siu ami m
hold for more severe transients, as characten7ed by higher

' ' ' ' ' ' '

values of the plume strength, has not been investigated.
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' Further multidimensional, Gnite-element analyses will be

n / WELL. M:XED performed. 'Ihe results from these analyses will be used to
incorporate a methodology into OCA P to include the-$ / '

etfccts of thermal streaming.{*
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9 Analysis Methods Validation

B. R. Bass *

During this report period, work was perfonned in support These statements formed the basis for evaluations that were
of the Project for Fracture Analysis of Large Scale performed by an international group of analysts using a
International Reference Experiment (Project FALSIRE). variety of techniques. A three day workshop was held in

Analyses of large scale experiments performed for the I oston during May 1990, where all par'icipating analysts

Project FALSIRE Workshop were compared and examined these evaluations in detail,

evaluated. Results from the comparisons are being used in
preparation of an interpretive report summarizing results,
conclusions, and recommendations of the workshop. Comparative assessment of the solutions presented at the

Preparation of an invited technical paler to be presented at Project FALSIRE Workshop are being carried out by GRS.

the 11th International Conference on Stmetural Mechanics Koln, ORNL, and other participants in the workshop. A

in Reactor Technology (SMiRT), scheduled for August in comprehensise report of the findings, conclusions, and

Tokyo, Japan, was completed. recommendations Imm the workshop is being prepared on
the basis of these assessments as a cooperative effort
hetwecn GRS Kuln, ORNL, and other memters of the

9.1 Project FALSIRE Workshop CSNINAG. From this material, an invited paper was

(B. R. Bass,* J. Keeney Walker,' prepared for presentation at the 1Ith SMiRT Conference in
August 1991 in Tokyo, Japan. A letter report on Project

C. E. PuE , C W. Schwartz,t it Schulz,* FALSIRE will also le issued to the NRC in Septemberh

and J. Sieverst) 1991 by the llSST Program. At the end of 1991, the
comprehensive draft report is scheduled to be completed by

Project FALSIRE was sponsored by the Fracture the CSNINAG and forwarded to the CSN!/PWG-3 for final
Assessment Group (FAG) of Principal Working Group No. review.
3 (PWG/3) of the Organization for Economic Cooperation
and Development (OECD)/ Nuclear Energy Agency's
(NEA's) Committee on the Safety of Nuclear Installations During March, plans were reinstated to meet with Dr.

(CSNI). On behalf of the CSN1/ FAG, the HSST Program Schulz and members of his staff at GRS Koln during late

and the Gesellschaft far Reaktorsicherheit (GRS), Kolt,, May 1991. The meeting was originally scheduled for
Germany, had responsibility for organization arrangements March 1991 but was cancelled due to an NRC pmhibition

related to Project FALSIRE. The CSNI/ FAG was formed on intcmational travel during the Gulf War. The purpose

to evalute fracture prediction capabilities currently used in of this meeting is to discuss plans for (1) completion of the

safety organizations in Western Europe, Japan, and the draft report on the Project FALSIRE Workshop and (2) a
United States. II. Schulz from GRS 1;oln, Germany, is second round of international analyses sponsored by the

chairman of the CSNI/ FAG. CSN!/FAO that will focus on upcoming large-scale fracture
experiments. During this trip a meeting is also scheduled
with the staff at UKAEA Risley to discuss using recent

The CSNI/ FAG planned Project FALSIRE to assess spinning-cylinder tests in the second phase of the

various fracture methodologies through interpretive CSN1/ FAG project.

analyses of selected large-scale fracture experiments. The
reference experiments eventually selected by CSN1/ FAG
for detailed analysis and interpretation are given in Table 9.2 Discussion of Project FALSIRE
9L ReSultS

Although analysis results from the Project FALSIRE
The CSN1/ FAG established a common format for com- Workshop are still being evaluated, several observations
prehensive statements of these experiments, including can be madc conceming predictive capabilites of current
supporting information and available analysis results. fracture assessment methodologies as reflected in the large-

scale experiments described in the previous section.
Generally, these experiments were designed to verify

comm ng and Telemnmunicatime Division. Marun Manett,u

thergy Sptems.Inc., Oak Ridge,Tenn. fracture methodologies under prototypical combinations of
f University of Marylar.d, cottese Park. Maryland geometry, constraint, and loading conditions. Ilowever,
*GRS. K6tn. Federal Republic of Gennany.
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Table 9.1 Large-scale fracture experiments analyzed in CSN!/ FAG
Project FAl.SIRI'

Faperiment Testing organization Country

NKS-3 Material Profungsanstalt (MPA) FRG
der Universitat Stuttgart

NKS-4 Material Pr0fungsanstalt (MPA) der FRG
Universitat Stuttgart

WSE 2 Oak Ridge Nationallaboratory USA

Spinning Cylinder 1 Atomic Energy Authority (AEA) UK
(SC-1) Risley, United Kingdom

Spinning Cylinder 11 Atomic Energy Authority (AEA) UK
(SC-II) Risley, United Kingdom

'

Step B NS Japan Power and Engineering Japan
Inspection Corp. (JAPEIC)

because complexities of the experiments do not permit a partially successful in some cases (NKS experiments) but
clear separation of the effects of the many variables not in others (MSE 2, spinning-cylinder experiments.) In
involved, it has proved difficult to interpret those transients NSE-2, differences between pretest characterization data
for which expected results were not achieved. Modeling and postlest in situ data for material and fracture-toughness
requirements for the experiments incorporate history. properties gave rise to questions conceming whether JR
dependent mechanical, thermal, and body force loadings; curves from CI' specimens were representative of the
temperature dependent material and fracture-toughness flawed region of the vessel. None of these temperature.
properties; residual stress states; and 3 D effects. dependent JR curves were consistent with all phases of
Interactions of both cleavage and ductile modes of fracture ductile tearing observed in MSE-2 It should be pointed
must te modeled for certain tir.nsients. For these reasons, out that the PTSE-2A transient included load-history (i.e.,
it could be anticipated that comparisons of analysis warm-prestressing) effects that were not incorporated into
predictions with available structural data fmm the the JR methodology. The substantial differences between
experiments would yield results that vary significantly, fracture toughness curves generated from the spinning
Examples of comparisons that produce substantial cylinders and from CT specimens focused attention on
difference between measured data and computed values are other factors, including the possibility that crack-tip
found in CMOD vs time plots for experiments NKS-4 and behavior in the spinning cylinder is not characterized by a
PTSE-2. The largest differences occur in the NSE-2 single correlation parameter. Alternative criteria under
transient. These analysis results highlight the importance consideration include two-parameter models in which K or
of obtaining high-quality material properties and structural J is augmented by the next higher-order term T or Q* inl

response data (CMOD, strains, etc.) from the experiments the series expansion of the stresses around the crack tip.
to model structural behavior of the specimen prior to Other measures considered in dealing with the transfer of
performing fracture-mechanics evaluations, small specimen data to large structures include the stress-

triaxiality parameter q, which is proportional to the ratio of
hydrostatic to effective stress.2 Also, the local approachs

In applications of JR methodology based on small- have been applied as an alternative to JR methodology for
specimen data, all analyses correctly distinguisned between performing fracture-toughness e zaluations. For the
stable crack growth and ductile instability conditions for spinning cylinders, chirification of the initial stress state in
each experiment. 'Ihese included both estimation schemes
and detailed finite-element analyses. However, as a 'H. Clausrneyer. K Kunsmaut. and E. Roos," Der 13ntluss des

technique to predict crack extension. JR methodology was spannunguusanaci auf den verngenseblaar angerissener nuncinc aus
Suhl," Mar wkr. v. H'erkstoffruh 20,10bil7 (1989).
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front of the crack tip (due to cyclic fatiguing) may be an ]{c[erellCOS
import:mt consideration.

1. A. M. Al Ani and J. M. Ilancock,"J Dominance of
Short Cracks in Tension and Ilending,"1. of

Preliminary evaluation of the analyses presented a: the Afechanics and Physics of Solids 39(1),23-43 (1991).*
CSN1/FAO Workshop in Iloston showed valuable results.
Interpretation of discrep;mcies revealed in comparisons of
these analyses is still ongoing. Additional details 2. N. P. O'Dowd and C. F. Shih," Family of CracbTip
concerning comparative analyses of the contributed Fields Characterized by a Triasiality Parameter: Part
solutions will be included in the forthcoming final report on 1-Structure of Fields,"1. of Afechanics and Physics of
Project FALSIRE, Recommendations will be made for Solids 9,983-1015 (1991).*
future development of fracture methodologies to improve
these predictive capabilities.

, Available m pibhc technical htwines
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10 Fracture Evaluat10n Tests

T. J. Theiss

he purpose of this task is to provide experimental support Table 10.1 Test matis for llSST development
for all remaining tasks within the llSST Program. beams .ba

Currently, the only testing under way is the shallow-crack
fracture-toughness testing program described in Chap. 6, N m W of M m M MIleam* Cleavage Crack Initiation." he motivation for the dep ths, a.,w, ofthicknessesshallow-crack program and the test results and in-
terpretation are detailed in Chap. 6. his chapter describes (mm) 0.50 0.15 0.10 Total
the details of the testing in support of the shallow-crack
fracture-toughness program. 50 3 1 4 8

100 1 2 3

150 1 2 3The specimen configuration chosen for testing shallow
cracks in the shallow-crack project is the single-edge- Total 5 1 8 14

notch-bend (SENB) specimen with a through-thickness
crack (as opposed to surface crack). The bend specimen aAu tums weie tenea ai T - -ec (-76*i > ews = or ibe

*""" "I* * O W ***' * h"h * ** tened ai T - -3 5 *cbetter simulates the varying stress field in a reactor wall
under PTS conditions. In addition, previous shallow-crack ([u7.i w.m denh . W mm (3.7 in.).
work has utilized SEND specimens.l.2 The straight-
through notch simulates an infinitely long. axially osiented
crack in an RPV. To better simulate the conditions of a
shallow flaw in the wall of a reactor vessel, the specimen toughness. The J-integral is determined from the LLD

depth W and thickness B should be as large as pract cable. tising the reference bar technique. CTOD is beingi

pWR vessel walls are nominally 200 to 280 mm thick (8 to determined from CMOD using clip gages mounted on the

11 in.). An -100-mm-deep (4 in.) beam has been selected crack mouth of the specimen. Currently, toughness data

for use in the llSST shallow-crack pmject. Beams 50,100, are being expressed in terms of CTOD according to ASTM

and 150 mm thick (2,4, and 6 in.) were tested to E1290-89, Crack-Tip Opening Displacement (CTOD)

investigate the influence of differing out of plane- Fracture Toughness Measurement,

constraint levels on the toughness of shallow- and deep-
crack specimens. The stress state in beams of this size
simulates the stress state in a flawed vessel wall. To he plastic component of CTOD is detennined

main:ain consistency with ASTM standards, the beams are experimentally from the plastic component of CMOD and

being tested in 3PB. All testing is being conducted on the mtation factor, The plastic displacement of the crack

reactor material (A 533 grade B, class 1)2 with the cracks flanks is assumed to vary linearly with distance [ nun the

oriented in the L-S orientation to maintain consistency with plastic ccmcr of mtation. In this way, the plastic CMOD

the conditions of an RPV. Figure 10.1 shows three of the can be related to the plastic CTOD. He plastic center of

specimens tested in the shallow-flaw pmgram, rotation is located ahead of the crack tip a distance equal to
the rotation factor (RF) multiplied by the remaining
ligament (W-a).1 Numerous experimental and analy tical

Table 10.1 gives a summary of the development phase test techniques have been used to determine the RF(Refs. 3-7).

matrix, showing the number of tests performed at each although no single technique seems to be universally

condition. Fourteen specimens have been tested to date. accepted. The RF in ASTM E1290 is given to be 0.4 but is

Of the 14 beams tested,5 were deep cracked and 9 were a function of specimen geometry and material. In this

shallow (a/w = 0.10-0.15). Eight of the beams tested were study two experimental methods were used to determine

50 mm (2 in.) thick,3 beams were 100 mm (4 in.) thick, the RF. The first method was the use of dual clip gages
located at different distances from the crack mouth, and theand 3 beams were 150 mm (6 in.) thick. All beams except
second was to locate the neutral a# of the beam ahead ofone were tested at -60*C (-76'F). The fmal beam (B = 2

in., a/w = 0.1) was tested at -35'C (-30'F). the crack tip using strain me:, assuming that the plastic
center of rotation was kicated at the neutral axis of the
beam. The strain gage method resulted in much more

Instrumentation is attached to the specimens to make consistent and acceptable values of the RF than the dual

possible J integral and CTOD measurement of fracture
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Fracttire

all remaining requirements in ASTM E813 or E1290 for 2. J. A. Smith, and S. T. Rolfe, "The Effect of Crack
crack profile and orientation. Depth to Width Ratio on the Elastic. Plastic Fracture

Toughness of a liigh. Strength law. Strain liardening
Stect," ll'RC Bulletin 358. Welding Research Council,

An auxiliary beam fixture was procured as a backup in the New York, November 1990.*
cvent the primary fixture was unavailable. De fixture was
delivered during the current repr.ing period. The fixture is

3. B. Cottrell et al.."On the Eff ect of Plastic Constraintcapable of either 3 or 4. point loading using either a $50-kip
Instron machine or a 220-kip MTS machine with a static on the Ductile Tearing in a Structuru,1 Steel," Eng.

Trac. Mech. 21(2),239-244 (1985).capacity of 220 kips. The beam fixture is capable of testing
beams with a maximum span of 910 mm (36 in ) and up to

127 mm (5 in.) thick. 4, q,p, g,i,,,A Study Aleut Ji and Si n Three-Point Hendi

Specimens with Deep and Shallow Notches," Eng.
-

'

Several pieces of the Midland Vessel were received during
this reporting period. Welds in the Midland vessel are
being investigated by the Metals and Ceramics Division of 5. D.-Z. Zhang and 11. Wang,"On the Effect of the Ratio

a/W on the Value of S and Jj in a Structural Steel,"ORNL. Surplus weld material was received and stored for i
future use. The test pieces are 460 mm (-18 in.)long, Eng. Trac. Mech. 26(2),247-250 (1987)*
127 mm (5 in.) deep, and 76 mm (3 in.) thick, with the
weld in the center of the beam. Cladding is intact on all of
the beams. Approximately 12 beams have been stored. 6. G. Matsoukas, B. Cottrell, and Y. W, Mai,"On the

Pl .< tic Rotation Constant Used in Standard C
Tests," Int. J. Fract. 26(2), R49 -R53 (1984).,ODThese beams are being considered for future use in the

shallow-crack program because they are from an actual
reactor vessel and are almost identical in site as the
smallest beams tested to date in the shallow. flaw fracture. 7. T. L. Anderson,11.1. Mclienry, and M. G. Dawes,
toughness testing program. " Elastic-Plastic Fracture Toughness Tests with Single-

Edge Notched Hend Specimens," pp. 21(b229 in
Elastic Pla.stic Fracture Test Methods: The User'sReferences Experience, ASTM STP 856, E. T. Wessel and F. J.
Loss, eds., American Society for Testing and

1. W. A. Sorem, R.11. Dodds, Jr., and S. T. Rolfe, The Materials, Philadelphia,1985.* ~

University of Kansas,"An Analytical Comparison of
Short Crack and Deep Crack CFOD Fracture
Specimens of an A36 Sicci," WRCBulletin 351,
Welding Research Council, New York, February %;ia,i,4,blic technic i hbraries.
1990.*
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CONVERSION FACTORS'8

Eng11sh
SI unit 7 9,

,,;,

mm in. 0.0393701

cm in. 0.393701
m ft 3.28084

m/s ft/s 3.28084

kN lbf 224.809

kPa psi 0.145038

MPa ksi 0.145038

MPa * 6 ksio 6 0.910048

J ft lb 0.737562
K 'F or 'R 1.8,

kJ/m2 n -lb/in.2 5.71015

W.n-3.K-1 Btu /h-ft .oF 0.1761102

kg th 2.20462
3 lb/in.3 3.61273 x 10 5kg/m

mm/N in/lbf 0.175127

T('F) = 1.8('C) + 32

eMuldply Si quandty by given factor to otuin F.nghsh quanuty.

i

63 NUREG/CR-4219, Vol. 8, No. I

" '

',
_ . . . . . . . .

. .. ...



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

|

I
i

NUREG/CR-4219
Vol. 8, No.1
ORN1/rM 9593/V8&NI
Dist. Category RF

Internal Distribution

1. D.J. Alexander 19. J. G. Merkle
2. B. R. Bass 20-21. R. K. Nanstad
3. J. W. Bryson 22. D. J. Naus
4. E. W. Carver 23. C. B. Oland

5-6. R. D. Cheverton 24-29. W. E. Pennell
7. J. M. Corum 30. C. E. Pugh
8. W. R. Corwin 31. G. C. Robinson
9. T. L. Dickson 32. D. K. M. Shum

10. F. M. llaggag 33. R. L. Swain
i1. J. J. Henry 34. T. J. Theiss
12. W. F. Jackson 35. E. W. Whitfield
13. J. E. Jones Jr. 36. ORNL Patent Section
14. S. K. Iskander 37, Central Research Library
15. J. Kecacy-Walker 38. Document Reference Section '

16. W. J. McAfee 39-40. Latoratory Records Depanment
17. D. E. McCabe 41. Lateratory Records (RC)
18. E. T. Manneschmidt

External Distribution

42. L. C. Shao, Director, Division of Engineering, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

43. C. 2, Serpan, Jr., Division of Engineering, U.S. Nuclear Regulatory Commission,
Washington, DC 20555 -

44-45. M. E. Mayfield, Division of Engineering, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

46. A. Taboada, Division of Engineering, U.S. Nuclear Regulatory Commission, Washington,
DC 20555

47. W. L. Fourney, Department of Mechanical Engineering, University of Maryland, College
Park, MD 20742

48. J. D. Landes, The University of Tennessee, Knoxville, TN 37996-2030
49. S. T. Rolfe, The University of Kansas, L.awrence. KS 66045-2235
50. A. R. Rosenfield, Battelle Columbus Division, Columbus, Oli 43201
51. C. W, Schwanz, Department of Civil Engineering, University of Maryland, College Park,

MD 20742
52. E. T. Wessel,312 Wolverine, llaines City, FL 33844
53. Office of Assistant Manager for Energy Rr carch and Development. 00E--OR, Oak Ridge,

TN 37831
54-55. Office of Scientific and Technical Information, P. O. Box 62, Oak Ridge,1N 37831

56-305. Given distribution as shown in category RF (NTIS-10)

65
|

_ _ _ _ _ _ _ - - - -____ _ _ -___ _- - - - - - - -_
_



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

I u smuctt AR Riout AioRy coMwsseow t gP sytg,ow an
" ""

UEEE BIBUOGRAPHIC DATA SHEET
isn onsturem en ts. re vut NURiiGICR-4219

ORNt/IM-9593/V8&NI
L mit AND bUSHitt \ ol. 8, No.1

Heavy-Section Steel Technology Program ) oAirRtPo n eucosnto

)
om ,t..

Semiannual Progress Report fot October 1990-March 1991 rebruary 1992
[IIN OR GR ANT NUM$t R

liOI19
k AUTHORM 61WE OF RtPORT

Semiannual
W. E. Pennell

u tnioo w ventou~, om.,

October 1990 to
March 1991

t Pt n omNG,,ORG,ANil A DON - N AMt AND ADOR E S$ Ut NAf piew Owenee DHo ar Repm U1 hwtar agemeen Cememers, en.d messig e**rou sf ossew#m. pmve-. =o

Oak Ridge National Laboratory
Oak Ridge, TN 37831-6285

9. SPO.NSORING ORGAN 11 AT|ON - N AME AND ADDRLS5 tri knc. tror
sone . esne or a tractar. o.evuse h oc o.eu.or, on o er aner v 1 kasa nosuoore, commawon.a

aa r ,a

Division of Engineering
Office of Nuclear Regulatory Research
U. S. Nuclear Regulatory Commission
Washincton. DC 20555

10. $UPPLEMcNTARY NOTES
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The Heavy-Section Steel Technology (HSST) Program is conducted for the Nuclear Regulatory
Commission (NRC) by Oak Ridge National Laboratory (ORNL). The program focus is on the
development and validation of technology for the assessment of fracture-prevention margins in
commercial nuclear reactor pressure vessels. Reorganization of the original HSST Program into
separate programs with emphasis on fracture-mechanics technology (HSST) and materials-irradiation
effects (HSSI) was previously completed. The revised IISST Program is organized in 10 tasks: (1)
program management, (2) fracture methodology and analysis, (3) material characterization and
properties, (4) special technical assistance, (5) crack-arrest technology, (6) cleavage-crack initiation, (7)
cladding evaluations, (8) pressurized-thermal-shock technology, (9) analysis methods validation, and
(10) fracture evaluation tests. The program tasks have been structured to place emphasis on the
resolution fracture issues with near-term heensing significance. Resources to execute the research tasks
are drawn from ORNL with subcontract support from universities and other research laboratories.
Close contact is maintained with related research programs both in the United States and abroad.
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