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Executive Summary

W. E. Pennell

The Heavy-Section Swel Technology (HSST) Program i
conducted for the Nuclear Regulatory Commission (NRC)
by Oak Ridge National Laborsiory (ORNL). The program
focus is on the development and validation of a fracture-
mechanics-based technology for the evaluation of frac-
ture-prevention margins in nuclear reactc  pressure ves-
sels (RPVs), Prior phases of the program genersted the
required technology, which was then transferred
national consensus Codes and Stundards. Subsequent
large-scale fracture tests have revealed the need for
further development and refinemont of the technology.
Irradiation effects research programs and reactor vessel
surveillance programs have identified further areas where
exiension of the fracture technology is required. Recent
experience with licensing application of the technology
has also identified areas in whx  additional development
is required. Current HSST proge. m activities are struc-
tured to provide the necessary frac e technology Jevel-
opments and 10 support NRC in the licensing application
of that technology.

1 Program Managemeni

The HSST Program is organized in ter interrelated Tasks,
each with its own Level 2 work-breakdown-structure
(WBS) and milestone schedule. The individual Task WBS
elements and milestone schedules are combined into the
HSST Program Level 1 WBS and milestone schedule.
This is used in conjunction with a cost-schedule control
svstem to track performance against objectives down o
the individual Task milestone level and guide the imple-
mentation of necessary corrective actons. During the cur-
rent reporting period the overali program cost and sched-
ule variances were -0.6% and ~12.0%, respectively, The
~12.0% schedule vanance was due 1o an NRC-directed
change in the program 1o provide support 10 an ORZoINg
nuclear plant reactor vessel integrity evaluation. The
scope of this evaluation was greater than had been origi-
nally anticipated and was not fully reflected in the pro-
gram WBS and milestone schedule at the close of te

current reporting period.

The program is staffed with personnel from the
Engineering Technology, Metals and Ceramics, and
Computing and Telecommunications Divisions at ORNL,
with additional support from extensive university, consul-
tant, and resear -h laboratory subcontracts. During the

xv

current reporting period, HSST Program personng! puib-
lished 7 reposts and 12 papers and made numerous techni -
cal presentations.

The HSST Program management joined with personnel
from Framatome o organize sessions on Reactor Vesse!
Integrity at the ASME PV &P Division Conference held in
San Diego, California, in June 1991. The volume of
papers from these sessions was assembled and edited at
ORNL before its publication by ASME in a volwne enti-
ted "Pressare Vessel Integrity--1991," ASME-Vol. 213
{MPC-Vol. 32).

A program management review of the potential effect of
out-of-plane (OOP) stresses oo crack-tip constraint and
fracture toughness was completed. The review objective
was 10 determine if the poiential effect. of OOP stresses
on fracture toughness justifie § experimental investigation
of this loading condition, The primary conclusion from
the review was that the predicied eifect of OOP stresses
on fracture toughness was dependent on the modei used w
make the prediction. It was concluded that biaxial fracture
tests would be required to resolve this issue,

2 Fracture Methodology and Analysis

Principal fracture issues investigated in this task during
the current reporting period were (1) the effect of out-of-
plane stresses and strains on material fractwre toughness,
(2) the cfect of reactor vessel inertia on crack-arrest
behavior during & pressurized-thermal-shock (PTS) event,
and (3) the development of an engineering scheme for the
application of fracture mechanics principles o the analy-
¢ of inhomogeneous materials, Investigation of the latter
issue was by means of support provided by the HSST
Program 1o the Japanese Program for Elastic-Plastic
Fracture Mechanics in inhomogeneous Materials and
Structures (EPI).

A dual parameter J-Acg fractare correlation, developed
by 1. Keeney-Walker, is being applied o the investigation
of out-of-plane strain effects on fracture toughness. A
three-dimensional (3-D) elastic-plastic, finite-element
analysis model with the capability of providing a detailed
definition of the crack-tip stress and strain fields is used in

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

Management direction and control of the program are
implemented using a ten-element Level 1 work breakdown
structure (WRS) and a linked cost-schedule performance
monitoring system. The curreni HSST Program Level 1
WES is illustrated in Fig. 1.2. Each clement of the Level |
WBS represents a separate research or management task
with & designated task leader.

At the close of the current reporting per i the program
cost and schedule variances were -0.6% and —12.0%,
respectively. A midyear review resulied in the reallocation
of program resources to accommodate the need 1o provide
support 1o the licensing e aluation of the Yankee Rowe
RPV. The -12% schedule variance was primarily because,
at NRC request, the Yankee Rowe activities were extended
to include scope beyond that covered in the midyear
resource reallocation.

Siaffing for the research tasks is draw  from the
Engineering Technology, Metals and Ceramics, and
Computing and Telecommunications Divisions at ORNL.,
Subcontracts with consuliants, universities, and othar
research laboratories are used (o gain access (o special
expertise and capabilitics required for certain research
tasks. A summary of respurces applied to the HSST
research tasks during this report period is given in Fig, 1.3.
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Figrre 1.2 Level 1 breakdown structure fo HSST
Program
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During this report period, discussions werc held with fowr
subceatractors and three consultants 1o define the program
workscope for Y 1992, For FY 1992, consultng
arangements will give the program additional access 1o
experts in the field of constraint effects on iracture
toughness. Planned subcontracts will also provide the
capabiiity for performing large-scale fracture tests under
out-of-plane biaxial loading conditions. These
arrangements will permit the program (0 implement the
experimental phase of the invesugution of biaxial loading
constraint effects on iracture toughness. This research will
provide data to refine analysis of the response of reactor
vessels to PTS wansient loading,

Four sessions on various aspects of RPV mntegrity were
organized and chaired by S. Bhandari of Framatome and
W. E. Pennell ~f ORNL at the ASME PV&P Division
Summer Anni Aeeting in San Diego, California, in June
1991, Papers b um these sessions, together with pancrs
from two other sessions, were assembled at ORNL and
published :n ASME-Vol. 213 (MPC-Vol. 32), “Pressure
Vessel Integrity—19,1."

A number of program review presentations were given
during the current reporting period; the most significant of
these were (1) an overview of fracture issues relating 1o the
analysis of PTS fracture murgins given o USNRC
Comm.issioner Rogers and (2) an “®NL Showcase
Presentation on the role of fractur echnology in nuclear
plant life extension evaluations.

Proposals for the scope and objectives fora VTT
(Finland YORNL fracture technology exchanpre agreement
were prepared and forwarded 1o VTT after approval by
NRC. The HSST program 189, which defines objectives
and resource allocations for FY 1992, was also prepared
and forwarded to NRC for review and approval.

During the current report period, HSST Program personnel
published one semiannual progress report, ! two topical
NUREG/CR reports, 2 two presentationsS ( as
NUREG/CP docurents), two ORNL/NRC Leuer
Reports, 5.7 one paper in a peer-reviewed journal ¥ four
papers® 12 in technicz! society proceedings, and four
papers in international proceedings. 1316 Also, seven
presentations were given at technical society

meetings,! 7-23 three presentations?*26 were made at
NRC-sponsored or associated meetings, and one




‘ 18 NN oy Al MRS y M
\ AV ‘ AN gttt i . i i PRSI0,

L o 1 A — RS . i 13— T PO B 4 + e T €

r Y T
|
:
!
!
‘ | g
e e e A o s o vl L T TR RS- |

{ |
|
L !
S —— v v 5 0+ L~ U S m————.
I 1 i \
VIR ¢ Res €S &) t Ok | &Y v
k l‘ .
' ’ . . b Leterende
is
'
’
\ wra dl \ ! g A
{ i LR » L B ¢ i
i A \ ! »
" LI )  { M)
g 0 X ) i ] {
< 5 >
A
URN i i { |
\ D ‘ \ 5 A
~ . ' \ \
X v ! i
\
! N 3 )
b )
1 ey 1
v




Program

~J

10.

U S. Muclear Regulatory Comumission Esghieenth
Water Reactor Safery Meeting, October 22-24 1990,
Rockville, Md., USNRC Report NUREGATP-0) 14,
Vol 3, April 1991.°

W. E. Pennell, “Heavy-Section Sieel Technology
Program Overview," in Proceedings o/ /.S Wuclear
Regy 'atory Commission Eighteench Water Reactor
Safety Information Megting, October 22-24, 1591,
Rock “ille, Md., USNRC Report NUREG/CP-0114,
Vol. 3, April 19917

T. L. Dickson and R. D. Cheverton Martin Marieta
Encrgy Systems, 'nc., Oak Ridge Nad, Lah,,
“Probabi'istic Frtme Mechanics Assessment of
PWR Vessel Integrity Including Crack-Arrest Data
Abave MPasih Unstable Ductile Tearing,”
OR}L/NRCA TR-Q1/8, Apsil 29, 1991.°

B R. Bass, C. E, Pugh, and J. Keeney-Walker, Martin
Marictta Energy Systoms, inc., Oak Ridge Natl. Lab.,
“Assessment of Ductile Fracture Methodology Based
on Applications 1o Large-Scale Experiments,”
ORNL/NRC/LTR-91/17, September 16, 1991.°

1G. Merkle, "Au Application of the J Integral to an

Incremental Analysis of Blunting Crack Behavior,” pp.

392-432 in Defect Assessmeni in Components—

i umdamenials ana Appiications, ESIS/EGFY, J. G.
Rlsue! and K. H. Schwalbe, Eds., Mechanical
Engincering Publications, London, 1991,

T. L Dickson, "Potential Impact of Enhacced Fracune
Toughness on Fracture Mechanics Assessments of
PWR Pressure Vessel Integaity for Pressariced-
Thermai Shock,” pp. 101--108 in Proceedings of the
ASME Pressure Vessel and Piping Conference, PVP
Vol. 208, San Diego, Calif., fune 23-27 1991.*

D. E. McCab: “A Comparison on Weibull and Bic
Analysis in \ie Transition Range,” pp. 141-148 in
Proveedings of the ASME Pressure Vessel and Piping
Conference, PYP Vol 213, San Diego, Calif.,

June 23-27, '991.1

NUREG/ACR 4219, VoL B, No. 2

1L

12.

13,

14,

16,

17

1. G. Merkle, “A Summary of the Low-Upper-Shelf
Toughness Safety Margin Issue,” pp. X9-98 in
Proceedings of the A"ME Pressure Vessel and Piping
Conference, PYP Vol 213, Sar Diego, Calil',

June 23-27,1991.1

W. E. Pannell, “Heavy~§ecmn Stweel Technology
Program: Fracture Issues " pp. 15-24 in Proceedings
of the ASME Pressure Vessel and Fiping Confemw.
PVP Vol. 213, San Diego, Calif., June 23-27,1991

B. K. Bass ot al., “Assessment uf Ductile Fractur
Methodology Based on Applications to Lary
Experiments,” Pro, “edings of 11th Co». e 4
Siructural Mechanics in Reactor Ter~ ». -7, "7 |
Japan, August :8-22, 1991, August §

B. R Bass, 1. S. Panvout, and J. C. Thesken,
“Apphications of a 2-D Moving Finite Element
Formulation 1o Elastic/Viscoplastic Dynamic Fracture
Aralysis,” Proceedings of 11th Conference on
Structural Mechanics in Reactor Technology, Tokyo.
Japan, Angew 18-22, 1991, August 1991.°

T. L. Dickson and P, D. Cheverwon, “Fracture
Mechanics Assesment of PWR Vessel Integrity
Inzorporating Dynamic Crack Asrest Data Above 220
MPa.” Proceedings of 1 1th Conference on Structural
Mechanics in Reactor Technology, Tokvo, Japan,
Augist 1822, 1991, Augusi 19911

1. Keeney-Wailker, B. R. Bass, and W. E. Pennell,
“Evaluation of the Efiects of Iadiated Cladding on
the Behavior of Shallow Flaws Subjected 1o
Pressurized- Thermal-Shock Louding,” in Proceedings
of 11tk Conference on Structural Mecnanics i
Reactor Tevhnology, Tokyo, Japan, August 18-22,
1961, August 1991.7

0. J. Alexander, “Data Shifting and Curve Fitting tor
J-R Carves,” presented to the Task Groun on Jj Test
Method of E24 08, Indianapolis, Ind., May 6, 1941,






2 Fracture Methodol ey and Analvsis

2.1 Introduction

2.2 Applicability of Plane-Strain

Fracture Toughness Toward the
Evaluation of Circumferentiai
Surface Cracks
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upcoming milestone report on circumferential flaw studies
that will be completed in FY 1992, Ultimately, validation
of the methodology in the positive striun domain mast
depend on application to measured data from the planned
biaxial testing program.

2.2.2 Modified-Boundary Model of Near-
Crack-Tip Region (D. K. M. Shum)

The primary focus of this subtask is on th2 development of
a finite-element-based description of the near-crack-tip

NUREG/CR-4219, Vol. 8, No. 2
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region that will provide a more detaiied and realisuc
description of the near-crack-tip fields than was available in
FY 1990. Resuits from these near-tip analyses will provide
impyoved inputs 1o the various fracture-toughness predic-
tion models developed in the first phase of this work,
thereby providing the framework for evaluating and modi-
fying the various fracture models.

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

re, ton. In a modified-boundary-layer formulatior, the in-
plane geometry and loading conditions pertinedi © a cu-
cuinferential flaw are naturally incorporated into the analy-
sis as remote boundary conditions, such as the inposition
of remote K- or J-fields. Such an approach permiis the
evaluauon of near-crack-tip stress and suain Yields with a
degree of accuracy not economically achievable with con-
veritional application of the finite-eleiment method to frac-
tr: problems. The modificd-boundary-layer approach is
usid to evaluate the merits and implications ol various
fraciure-toughness prediction models within de transverse
strain context.

In addition 1o its relevance o the transverse sUaming issue,
it «& emphasized that the finite-clement-based, near-tip
model development from this subtask, in the form of a
modified-boundary-layer model, is also expocted v address
various issues related to the transferability of small- and
large-specimen toughness data o RPV applications.
Specifically, these issues include the problem of estimating
the elevation of toughness that occurs because of ransverse
contraction in a small surveiiance specimen tesied in the
transition region, providing an explanation for the apparent
toughness enhancement obtained in the ORNL wide-plaie
iests,” and the interpretation of shallow-flaw toughness
values obiained within the HSST Program. The umfying
teature in all these issues appears o be the role of the
second parameter and the degree of transverse strain on the
associated (racture problem. A brief description of the
essential features of such an approach was given in a
previous semiannual report,

" As an sltemate explanation, G. R. Irwin, from the University of
Maryland, has proposed that te elevation in crack-inilation toughness
for the ORNL wide-plate tests” is due to crack-tip blunting that occurred
wring specumen fabrication. Maximum cleavage-initiaton values of
KK =4 were computed for the WP-1 series of tests
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assumptions are given in Ref 9. The principal finding from
these analyses was that the crack-lip constraint, as quanti-
fied using the Q-stress approach proposed by O'Dowd and
Shih, !0 was lowest for the axisymmetric/combined loading
configuration, with progressively increasing constraint in
the axisymmetric/axial loading and reference plane-strain
configurations. The reduction in constraint in the axisym-
metric/oombined loading configuration was altributed  in-
plane stress biaxiality caused by the radial compressive
stresses in the combined loading case. For these pure
mechanical loading conditions, the in-plane influence
appears (o dominate any out-of-plane influence caused by
the tensile hoop strarr  ra'lel to the crack front. This
dominance will din ander PTS loading scenanos,
however, when the crack plane stresses are generated
primarily by thermal rather than mechanical loadings.

However, some problems and/or apparent inconsisiencies
were observed in these anaiysis recalis. Specifically, the
urends in yield zone extent at the crack tip that should
mirror the wends in crack-up constraint were difficult o
determine because of details of the finne-element mesh
design. In addition and more important, the rends observed
in the hydrostatic constraint factor h = 0 5/0,¢r contradicted
the trends indicated by the Q-stress approach; in terms of h,
the axisymmetric/combined loading case exhibited the
highest constraint, with progressively decreasing constraint
in the plane-strain and axisymmetric/axial loading
configurations, These results have been re-examined to
address these points.

2.2.4.2 Yield Zone Extent

The original analysis employed a conventional focused-
element mesh design in the crack-tip region. The primary
criterion in selecting a mesh design is that the element
diumensions be sufficiently small to capuue the stress/strain
singularity at u. crack tip. Although the discretization in
the crack-tip region was very fine, with an ciement radial
dimension at the crack up of ~0.02 mm (r/a = 0.0000371),
the elements increased in size with distance from the tip.
For computing yield zone areas, the elements are thus the
largest——and thus the resolution of the solution is the
smallest—at the locations where the yield zones Jiffer most
among the three loading coufigurations, that is, the outer
extremes of the yield zones.

To obtain @ more precise calculation of yield zone extent, a
new mesh was designed that replaced the focused clement
mesh at the crack tip with an assemblage of square ele-
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ments. At the crack up, the element side length equals 0.1
tnm and increases somewhal through severai transition
zones with increasing distance from the crack tip.

Resolution of the crack-tip yield zone was excellent with
the revised mesh, permitting precise coculations of the
yield zone sreas. The trends in yield zone area with applied
load ) are summarized in Fig. 2.5 for the axisymmetnic/
axial load and axisymmetric/combined load configurations.
The range of J values in Fig 2.5 corresponds 10 intemal
pressure values up 1o and slightly beyond the maximum
allowable loading for a reactor vessel (~17.5 MPa or 2500
psi). Over thus loading range, the two loading configura-
uons exhibit vinually identical yield zones. T wo explana-
uons for this result are possible: (1) the differences in con-
straint between these two configurations are negligible, or
(2) the effect of the constraint differences on the yield zone
extant is insignificant. Although the implications for cor-
straint as given by the Q-stress approach and by the hyd:o-
statc constraint factor are somewhat contradictory, both
measures predict constraint variations among the three
loading configurations; thus it appears that the second
explanation given previously is more plausible. Because
yield zone arca is an integrated or more “global” measure
of constraint, it is conceivable that differences in

the details of the crack-tip fields—-particularly in the
regions away from the tip but still within the yield zone—
may produce similar aggregate levels of yielding while still
producing different near-tip {i.e., with r/{(J/og) - 10] stress
fields and associated constraint levels,

ORNL-DWG 91M-3646 £T0

30 i T T T
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Figure 2.5 Yield zone ar-a as function of load level.
Maximum load level correspends to maxi-
mum allowable internal pressure loading for
vessel
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Figere 2.8 Contours ol hydeostatic constraint factor,
Ca/Tety, i conck-tip region for axisym-
metric configuration under combined kad-
ing. Load kvel pg/ag = 0.28, J(acg) = | 54K
A, Contowrs corresnond to Ogy/Oepr eiqual to
4.5, 005 20, 2,25, 3.5, and 2.7 (0utermost
10 innermast oo Atours)

important implicagons for fraciure in .he wansitoa region.
“The hydrostatic constraint factor is maoit refevant for ductile
void-growth fractere mechnisms that ars governed largely
by stress triaxiality, while the (-stress approach 18 most
relevant for cleavage fracturs mechasms governed largely
by maximum principal stress. In the transition regicn, both
mechanisms “re active. Additional analyses of the very
near-Up fracw.re process zone [within r/(J/og) = 2|, using a
large strain formulation, may provide some additicnal
nsight into the relationships between these two constraiat
measures, However, the question of which mechanism
dominates, ductile void growth or cleavage, and thus which
constraint measure (or combination of measures) is most
relevant will require comparisons of analytical results with
measured toughness values from experiments conducied
over 4 range of constraunt conditions.

2244 Quantitative Effects of Constraint for A S13 8
Steel

Application of the Q-stress approach W the analysis resulis
for the circumferential flaw configurations under pure

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

mechanical loading indicates that the Q value for the
adsymmetnc/combined loading condition may range down
1o -0.25 or 0.3 Tor J values corresponding (o maximumn
allowable internal pressures in an actual reacior vessel. The
neat fogical guestion is “Wiat is the magnitude of the
expected apparent toughness corresponding 1o this con-
straint loss”" A preliminary answer can be obtamed by
considering the experimental data obluined by Theiss and
Bryson!! on shallow-flaw SENA specimens of A $33 B
sicel.

Figure 2.9 shows the comparison between the K¢ values
measured by Theiss and Bryson' ! and the compuied Q. All
data are for A 533 8 steel v - 50'C, The Q values weee
inerpolated from the - Al-Ani and Hancock!?
obtained from a 2-D1 .~ of the SENB configuration
for a power-law constitutive model with & hardening

¢ ponent n eqaal to 13, The expenmental data for &/W
eqaal 10 0.1 and 0.5 have eaci. seen averaged; in Fig 2.9,
these data are represented by boxes, with the center of the
box representing the average ang the exient of the box
indicating the data range. For #/W = 0,15, only one data
point is available and i3 indicated by an open circle on the
figwe. Uppar and lower bounds for the K, vs Q trend are
also delimited on the higare

CIENL - DWG 912600 €70
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Figure 2.9 K as function of constraiat measure Q as
inferred froea experimental data by Theiss
and Bryson'! for SENB specimens of
A 533 B steel
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Figure 2,87 Com, rison of K vs &"W fur static a0 d generation-mode dynan s aanlyses

A comparison of needicred crack-arrest depths for all ihe
anelyses is depicwed in Fig. 2.13. The o bally constraned
static ar~lysis woderpredictud the (st crack-aerest depth
from the applicazion- mod. dynamic analysis by 17%, while
the OCA P satic analysis uverpredicd the second aiest
value from the dyuanic analysis by 9%,

The curment anal sos provide what is prol..biy 8 lower-
bound estisate of the influence of vessci 2 jaamic 1 vponse
effects oni crack arrest. The plas e-~wain analysis modet of
Fig. 2.10 incorporates (he assumption of w a:finite law
length. Prior analyses “524 higve shown that the stess-
intensity factor at the deepest poing ot a somieliptical sur-
face cruck minging less than that fur a0 infinite flaw even
when the flaw surface dim=nsion b scon.es very long. The
stress-ntensity factor tme history fo7 the period following
the initial crack wrrest will thersiore be conservative for
Naws of finite length. Incorporation of finite-length flaw
stress-intensity {aciors into the analysis, logether with a
statist'cal rather than a lower-bound represeatation of Kig,
would preclude crack rinitiation in many cases. The initisl

NUREG/ACR-4219, Vol. R. No. 2

emck arres would thea become the final arrest at that tinse
in the PTS iransient.

‘ihe analyv.is results of Fig. 2,13 show that without reinitia-
ton, e orack oepth-w-vessel wal! thickness ratio (WW, al
wrest would he 1,36 rataer than the value of 0.5 presicted
by the OCA P static equilibrium medel, This difterence
could b very important in o probabilisuc fracture-

me hanics anaiysis because, heyond s coitical dopth, the
arvosted cleavage crack becomes unsiue due 1o the onst
of ductile teanng.

Another postareast consideration 1s the effect of high-
pressure transients, which have *een detesmined 10 be the
muost preable from tie IPTS stwdies, In these transients, K|
can exceed Ky for deeper crack depths, increasing the
probability of crack reinitiation at a later time in the an-
sieat. Thus, even if an initigl cleavage crack arrest wkes
place as a result of dynamic effect, a series ol reiniia-
tion/arrest events can lead to vessel failure,

e e e e e e =t s i S
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Figure 2.13 Comparison of K vs /W for static and application-mo’e dynamic analyses

2.4 Elastic-Plastic Fracture Mechanices
in Inhomogeneous Materiale and
Structures (B, R Bass® and O, Yagawa®)

A meeting was held on Aagust 20, 1991, in Tokyo, Japan,
W review the planned workscope of the Joint Japanese/U 3
EM Program for the current fiscal year (Apnl 1, 1991
thmugh March 31, 1992), ‘The meeting was chaircd by
Professor G, Yagava, University of Tokyo, who also
serves as principa’ coordinator of the EPI Program.,

The principal objective of the EPI Program is © investigaie
slastic-plasuc erack-growth phenomena in inhomogeneous
materials and structures, amming &' the development of
estimation schemes of (racture resistance applicable 10
inhomogeneous stuctures. The Japanese consortium
responsible for the EPL Program was organized in July
1988 as » subcommittoe 0. the Nuclear Engineering
Research Comuaintee of the Japan Walding Engincering
Society JWES), The EP] subcomeitses in Japan consists
of 9 universities, 3 rescarch insututes, and 21 compaiies.
*Computing msf Telecommunicatins Division, Martin Marictia
‘Fmgy Systems, Inc., Ouk Ridge, Tenm.

Ussivanrity of Tokyo, Tokye, lepez

N I L e N L L D R gL o e DR g Y =

19

The HSST Program, on behalf of NRC, is the sole Uniwed

States participant in the EPI Program, The EP! Program i«
scheduled 1o be completed in August 1992,

Three working groups (WGs), Theoretical, Experimental,
and Estimation Scheme have been set up under the EPI
subcatnmities 1o carry cut the objectives of the program,
The Experimental WG generates expernimental data on
crack-growih behavior in inhomogeneous specimens to be
used in evaluating the applicability of various fracture
models o inhomogencous materials and 1o provide the
fracture models necessary for developing engineering esti-
mation schemes. The Este ation Scheme WO (s responsi-
bie {0 r the development of engineenng schemes o deter-
mine crack-growth resistaroe based on experimental and
analytical resuis. Results from studies of the three WGs are
reported in detail in biterim EPI reports. 2337

2.4.1 "xperimenial WG Workscope

At the Tokyo meeting, Prolessor H. Homma (Tokyohashi
University of Technology) presented a raview of the work
plan currently being performed within - : Fxperimenial
WG, The highlight of this plan is & new testing program

NUREG/CR-4219, Vol. 8 No. 2
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thiat & suitable time for the meeting would be June 1993,
either before or afier the scheduled A mencan Society of
Mechanical Engineers Pressure Vessel and Piping
(ASMERVP) Conference, in Denver Colorado. This ume
table would allow for completion of a final report on the
EPI Program before the meeting. A discussion on the daie,
iocation, agenda, and invitees for the meeting will be final-
ized following additional negotiations involvii.g the EPI
Coordinator, the HSST Program Manage:, and the NRC
Technical Monitor.
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3 Material Characterization and Propertics

R. K. Nanstad

Primarily for internal management and budgetary control,
the HSST Program created a separate task (Tosk H.3) for
the work on material characierization and propertics
dutermiaations. However, for the reader's convenisnce,
some contributions (o this report are placed within other
chapters according to the larger tasks that correspond to the
particular material studied.

A1 Characterization of HSST Plate
0138 in the L-S Orientation
(S. K. Iskander)

Much of the first phase of characterizing HSST Plate 0138
for the Shallow-Flaws Task has been completed. Tests 1o
determine the Charpy Venot* VN curves in the L-S
and T-L onentations, the drap-weight nil-2uctility
transition (NDT) wemperature and the reference
temperature, RTnp, for booh surface and midthickness
materigl have bsen completed. Tests o> being performed 1o
determine the wnsile properties in the L-onentauion as a
funcuon of wemperature for both surface and midthickness
material, thus completing all the tasks planned for the first
phase. In the second phase, crack- initiation-toughness (ests
(Kje: Kig, 0r J-R) will be performed over the temperature
range of interest using 25-mm compact specimens in the
L-§ orientation from the m'dthickness positions. A small
nnmber of 25 mm-thick, 50-mm-deep, singic-edge, three-
point bend SE(B) spimens will be tested at a singie
temperag, v¢ and the results compared with those from the
C(T) specimens o determine the effect of specimen
geometry on the inRiation toughness,

Results of the tests performed 10 date show a signiiicant
difference in the CVN impact energy test results between
seecimens 10om the inidthickness and those from the
surface of the churacterization biock. The results of the
drop-weight tests have confirmed this difference in
toughness properties. A detiled report of this study is
being prepared.

HSSY Plaie 013 was manufactaed by Lukens Steel, melt
CA4453, in accordance w h ASTM Specific ation for
Pressure Vessel Plutes, Alloy Sweels, Quenched and
Tempered, Manganese-Molybdenum and Manganese-
Molybdenum-Nickel Grade B, Class 1 (A S33B(11). A
characterization block, designated as 13BA/S, was Jame

cut from the 187.mmthick (7 3/84n,) HSST Plate 0138,
The characterization blogk, together with other flame cut
maierial des. U 1o be machined into the shallow-Naw
beam specimens, was given a postweld heat treatment
(PWHT) of 621 £ 14°C (1150 4 25°F) for 40 h 10 simulate
the PWHT given 1o RPVs. The characienzation has been
performed in the L-8 orientation, the same orientation as
that in which the Shallow Flaws Task three-point bend
heam tests are porformed. HSST Plate 013A (the of! er hall
~f HSST Plate 013) has boen quite extensively charag-
terized previously, but nol in the L-S onentation,

Figures 3.1 and 3.2 show the results of the CVN esting in
both the L-S and T-L orientations, respectively, and

Table 3.1 gives a summary of the CVN impact energy test
results as well as the resuits of drop-weight NDT ternpera-
ture. The values of RTnpyr are <43 any - 15°C for material
from the surface and midthickness material, respectively.
The RTnpT determination was performed in accordance
with Section 111, subarticle NB-2330, of the 1986 Edition
ol ASME Boiler and Pressure Vessel Code. For the PWHT
HSST Plate 0138 material, it was the CVN impect energy
test results and not the NDT temperature that dictated the
values of RTypr.

3.2 Thermal Aging or Stainless Steel
Cladding (F. M. Haggag and
R. K. Nanstad)

Thermal aging & relatively low temperatures (343°C) has
been shown to significantly degrade the Charpy impact
toughrass of type 308 stainkess steel welds, The stainless
steel cladding applied w the inner surface of RPV ¢ is very
simular o that material. Honce, an experimental pro gram
was inttimied to evaluate the effects of thermal aging on
stainless steel cladding relative o its contribution 1o
toughness degradation during imadiation experiments as
well as long-term eftects.

Since the irradiation of the three-wire series-arc cladding 10
the hignest fluence of § » 10'Y neutronsiom? (>1 MeV)
was conducted at 288°C v 1608 h, tensile, CVN, pre-
cracked CVN(F ", anad compact fracturs-toughness
specimens were © nally aged at 288°C to times of 1608,
20000, and S0 . Test results from the 1605-h
specimens are summarized below, Thermal aging at 288°C
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Table 5,1 Summary of CVN tests in the LS and T-L orientations on material
from characterization block 1ABA/S (Mame-cut from HSST Plate 0138
snd postweld heat treated at 621°C (1150°F) for 40 b)

A———— - —

Results of fitting equation® y Ene
Depth A + B tunh Um Temperature (°C) lovc:‘:l
i (T=Toycl energy  Stenergyleveliof  wpy Ny
plate Ab Bt C To @ a1l 68 ) €) @

(¢ ] (8 )] “cr! Cy

— i Ty, P S G—_

L-§ orientation

Sirface 7713 4.6 474 -39.1 152 64 45 55 53

Midthickness K63 836 237 28 17¢ -6 4 -30 9
1-L orieniation

Surface 684 65.7 70.) «239 134 -55 -24 -55 41

Midthickness 5.5 628 38.7 73 128 -9 9 -30 19

e -

‘hmd%lhwm.wm-ﬂlmy wus proscribed to Yo 3.7 12 fidb) beved on an svernge of five tests s <1 96°C of
e WFT0 Midland weld
shelfl energy (USH! = A + B, lower shell eworgy (LSE) = A - B

Table 1.2 Unloading compliance J-R test results of 12.7-mm-thick three-wire stainless
steel cladding fracture-toug’ s specimens (10% side-grooved on each side)

Test Viirradiated Irradiated Aged?
temperature '
) Spe imen  Jye Tearing  Specimen  Jy, Tearing  Specimen  Jj¢ Tearing
(k¥m?)  modulus (xJ/m?)  modulus (k)/m?)  modulus

~18 AlXG 116 62 AlSF 79 29
-75 H2 145 a5 AlSG 60 3

20 A'3D 132 203 H7 104 Y

20 Ai0G 169 159 HSR 144 182

30 Al3A 157 158

S0 Al1SC 121 147
120 AlOE 136 233 HY 119 248
170 HS 120 207 Al0OF 108 161 AAOR 94 p
120 W3 114 214
200 Hé 95 220
200 H4 100 221
288 A15D 6 278 H10 85 218
288 Al13C 70 171 AlSA 25 226 AAM 93 200
288 Hl1 83 185 AAD? 59 230

“lrradisted 637 b at 285°C 1o o fluer-e of 2.4 x 101 neatruns/c.n® (=1 MeV)
B rhermally aged at 288°C for 1605 h
25 NUREG/CR-4219 “'ol. 8, No, 2
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single-specimen unloading compliance wechnique) are
summarized tn Table 1.2 for the unirradiated, thermally
aged (1608 h), and trradiated [637 b at 288°C 1o a fluenco
of 2.4 x 10'¥ neutrons/cm? (> 1 Mo V)] material conditions.
The deformation J-integral values of Jj, and tearing
modulus at various (st lempera’ res are also shown in
Figs. 3.3 and 3.4, respectively, 1 uese results indicate that
thermal aging reduced tne initiation fracture toughness (J;,)
at room temperature and at 126°C, however, there was no
apparent effect at 285°C, The effect of thermal aging on the
tearing modulus was insignificant (no reduction) for ail test
lemperntures (room emperature, 120, and 288°C), The
elfect of thermal aging at 288°C on the Jj, at the test
tumpersture of 288°C will be further clarified f.om Jj_ tesis
following the 20,000-h aging. Furthermaure, the effect of
thermal aging on the dynamic fracture wughness (Ky,) will
oe reported shortly following the testing of PCVN
specimens that were thermally aged with the other
specimens,

3.3 ASTM Fracture-Toughness
Testing standards Development
(D. E. McCabe, D. J. Alexander, and
R. K. Nanstad)

ORNL personnel participated in two meetings of the
combined Ji/J-R curve standard These meetings
concentraled on ways o fit curves 1o data so that
comparable 1. values can be obtained trom J-.° curve data
with abniormal data patterns. Another issue is the
incorporation of fracture-toughnuss determination from test
specimens that fracture in a hrittle manner (by cleavage).
This effort was assisted by an HSST program prepared
presentatiun on salient issues that differ from those that
pertain 10 the testing of matenals subyject o ducule fracture.
The objective was 10 assure compatibility with the work
currently under way in the development of the ductile-
brittle ransition t*mperature standard.

A scoond dralt of the proposed ASTM standard, “Test
Practice (Method) for Fracture Toughness in the Transition
Range," was developed for use at the ASTM task group
meeting in San Diego in October, A presentation was given
&1 this meeting.

NUREG/CR-4219, Vol. 8, No. 2
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3.4 Study of Low-Toughness Zones
34.1 ORNL Studies (D E. McCabe)

Experiments on pop-in are currently under way . The test
matrix was designed (o isolate mechanical effects from the
metallurgical effects of this phenomenon. Mechanical ef -
fects are evaluated best with bend bar tests and fixtures of
variable compliance. The A710 steel, selocted #s one o1 the
two st materials, proved (o be the better material for such
pop-in studies, Five bend hars were tested, and all gave
pop-in behavior, However, the K¢ at the onset of pop-in
varied as much as a factor of 2 between replicates, and the
extent of crack jump was cloarly a function of Ky at pop-
in, Hence, 1t scems that crack arrest is a function of stored
clustic crack drive energy in the loading system. To 2lanfy
the point, a spring bar that will impart 2 strongly positive
K-gradicnt into the loading sysiem has been made. Five
bend bars remacn and will be used o confirm the
observation.

Compact specimens of the same A 710 steul displayed or'y
complete Kje instabilities with no pop-ins, These were the
first ests mado, however, and the principal objective was 10
establish the optimum test wemperature for pop-in behavior,
The test setup was the usual one used on compacts with
long pull rods. The compact specimens were side-grooved
because it was believed that the increased constraint would
promol: pop-ins. After comparing these results with the
bend bar results and discussions with 1. D. G, Sumpier
about this, it appears that side grooving was not the best
choice. Compact specimens 10 be wsted hereaster will not
be side grooved, and the loading-system stffness will be
increased as much as possible,

Continuing work at Battelle-Columbus in support of the
HSST Program will include effects of 1 _ il brittle zones in
tests un three selected weldments that had been made for
previous crack-arrest “rograms, Specimens ' . N cracks in
the HAZ will be made and tested 1o demonstate the effect
of local brittle zones. Anoher part of the proposed Battelie
work will be 1o iry a proposed specimen design that can
control biaxial stress ratio such that the effect of stress state
on fracture waghness can be invesugated using small
specimens. Test specimen design is the principal objective
of the first phase of the work.



L e iy e A e e B -

Material

ORNL-DWG 91M %58 ET0

240 T T T T T 1 T
THREE-WIRE STAINLESS STEEL CLADDING
;- = UNIRRADIATED

200 | =0~ IRRADIATED 637 h AT 288°C -
TO 2.4 x 10"" NEUTRONS/crm?
(>1 MeV)
yon [ e AGED 1605 h AT 286°C d
o

- o)

5 1 d - d L d Tk
100 50 0 50 100 150 200 250 300
TEST TEMPERATURE (°C)

Figure 3.3 Effects of neutron irradiation and thermal aging at 288°C on ini.iation fracture toughness, Jic, of three-
wire type 308 stainless steel cladding at various tast temperatures

ORNL-DWG 81M 3657 ETD

THREE-WIRE STAINLESS STEEL CLADDING -

100 ~=0 UNIRRADIATED
=0~ IRRADIATED 637 h AT 288°C
oy T0 2.4 x 10'" NEUTRONS/om?
(1 MeV)
sedy-: AGED 1505 h AT 288°C
0 1 J Jd 1 i l l

100 50 0 50 100 150 200 250 300
TEST TEMPERATURE (°C)

Figure 1.4 Lftects of neutron irradiation and thermal aging at 288°C on deformation J-integral tearing modulus of
three-wire type M8 stainless steel cladding at various test temperatures

27 NUREG/CR-4219, Vol. R, No. 2



Material

34.2 University of Maryland Studies
(G. R. Irwin)

3421 Initlation from Cleavage Cracks

Comparisons of cleavage inttiation oughness were made
using single-edge-notched bend (SENB) specimens of
untempered A 508 sieel, some with cleavage arrest
precracks and some with fatigue precracks, Test
temperatures of 23, 65, and 85°C were used. The RTypT
estimate was 65°C. Use of cleavage precracks caused more
pop-in events. The K values at initiation of pop-in for
cleavage precracked specimens were significantly lower
than K for cleavage initiation in fatigue precracked
specimens only at BS°C, where plastic yielding complicated
interpretation of test resolts, A report on this work was
completed in Sepiember 1991, This project reguired
development of a practical method for insertion of cleavage
arrest precracks. The iethod developed, employing wedge
lnading and deep chevron side grooves, |1 described in the
repon. Fractographic studies of features that assist initiation
and reinitiation of cleavage are still in progress,

Comple tion of the report on these comparisons was delayed
into Sepiember because of the need for further review of
relawed ¢ mplexities. The completed repon, available in
carly October, will include results of this review,

3.4.3 Battelle Memorial Institute
(A. R. Rosenfield, C. W. M rschall,
and P. N, Mincer)

34,31 Failure Analysis

A repont describing and analyzing 20 failure analyses
carried out between 1980 and 1990 was submitted 10
ORNL. The information was supplemented by data from a
similar 1978 analysis.! 1t was concluded that the
likelihood of failure 15 particularly large when there is a
defect »>25 mm and when the fracture-toughness/ yield-
strengti ratio is <0.16+'m = 1.0 V/in., provided the
average value of wughness is used 0 determine this ratio.
A survey of variability in tracture wughness suggested that
the coefficient of variation is on the order of 20%, possibly
J2ss for upper-shelfl behavior,

NUREG/CR-4219, Vol. 8, No. 2
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3432 Effect of Crack-Tip Morphology on Cleavage
Crack Extension

Several years ago, Batielle invsstigators reported that
arrested cleavage cracks led to significantly lower fracture-
ughness values than did the fatigue precracks used in the
standird ASTM fracture-toughness tests. 2 It was decided
10 extend these experiments. Ressarch during this reporting
period involved attempts W develop improved procedures
for reinitiating an arrested ¢ leavage crack in plate WP-1, an
ASTM A 533 grade B steel chat has been used in wide
plae tests. Initially, the fixwre consisted of two flat support
blocks, using line loading of & notched three-point bend
specimen. The support blocks were separated by a distance
that varied between one and two times the specimen height.
This relatively small separation inhibits arm motion during
crack propagation and, it was anticipaied, reduces the size
of the crack jump. The specimen also was bolted near both
ends 10 the base plate w inhibit arm motion

Earlier in FY 1991, chevron-notched specimens of WP-1
ste el were precracked at ~196°C to lower the load required
1~ initate a crack jump. To further decrease the crack jump,
the specimens were wedge loaded at -70°C. Despite the
lower initiation loads than previously achieved, the via k
Jump was still 1o long for a useful reinitiation experin 2nt.
Ratsing the precrack lemperature 1o ~50°C resulted in
ligamentation, which would obscure the reinitiation data. It
was concluded that WP 1 steel is 100 tough for
accomplishir g the goals of this sk,
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4 Special Technical Assistance
1. G Merkle

4.1 Yankee Rowe PTS Probabilistic
Fracture-Mechanics Sensitivity
Analysis (T. L. Dickson,*

R. D. Cheverton, J. W. Bryson, B. R, Bass,
D. K. M. Shum. J. Keeney Walker*)

4.1.1 Background Information

Following the ORNL review! of the Yankee Atomic
Electric Company RPY evaluation report for the Yankee
Rowe reactor, NRCH requesied ORNL 10 perform a PTS
probabilistc fracture-machanics (PFM) sensiiivily analysis
for the vessel, using a specific stall-break logs-of -cooiant
transient (SBLOCA-Case 7) as the loading condition,
Subsequent discussions regarding the details of the
methodologies 1o be used in performing the specified
analyses were held between staff members of NRC and
ORNL in meeting  at Rowa - ille, Muyland, on March 22
and May 14, 1991,

The two objectives o the study were 10 (1) provide NRC
with results that could be used 1o assess the relative
influence of key input parameters in the Yankee Rowe PTS
analysis and (2) provide data that can be used for readily
estimating the probability of +essel failure when & more
accurate indication of -essel embritilement becomes
aveilable.

4.1.2 Scope of th2 Sensitivity Analysis

The in*ial NRC request specified that the OCA-P computer
~ode! be enhanced to calculate the conditional provability
of failure for suoclad and embedded iaws as well as for
through-clad (swface) fMaws. NRC also specifiec that the
spatial vanation of fluence be considered o the extent
~actical, and ORNL modified OCA-P to enhance this
capabilicy. All calculations were (o be performed for
fluences corresponding 10 the end of operating cycle 22.

.chmin and "elecomminications Divigion, Marun Manetis bnergy
Systems, Inc , Ouk Ridge, Tenn.

TR D. Chevenian o al, GRNL/NRC Review of Reactor Pressure Vessel
Evalustion Repon for Yeokee Nuclear Power Station, Novembe: §,
1990,

Fyankee Atomic Blecy . . Compeny, “Reacior Pressuce Vessel Evalustion
Repart for Yankee Nuclear rower Stauon,” YAEC 1735, July 9, 1990,

$Faceimile from M. E. Mayfield (NRC) to W. E. Penmell (ORNL),
February 15, 1991
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Regions of the vessel with disunguishing features 1o be
treated individually were the upper axial weld, lower axial
weld, circumferendial weld, upper-plate spot welds, upper-
plate regions between the spot welds, lower-plae spot
welds, and lower-plate regions between the spot welds.
(Spot welds auach the cladding 1o the base material, except
over the vessel welds, where the cladding is weld
deposited.)

The fracture-analysis methods o be used in the analysis of
the surface flaws were those represented by the established
OCA-P methodology, whica was developed during the
IPTS Program ? Subclad and embedded Naws were not
available in OCA-P, and thus the fracture-mechanics
methodalogy for these flaws had o be developed. Because
of the tight schedule, less precise methods than used for the
surface Maws were acceplable.

The PFM sensitivity analyses for the weld regions were 1o
be performed with copper concentration as the independent
variable (0.15 w 0.35 wt % in increments of 0.05) while
the analyses for the plates were to be perforn - with
surface RTypyr as the independent variable. ‘The upper-
plawe surface RTnpT values ranged from 121 w 163°C
(250 10 325°F) in increments of -2.9°C (25°F). .ind the
lower plate surface RTypr values ranged from 121 10
204°C (250 to 400°F) in increments of -3.9°C (25°F).

4.3 Methods of Analysis
4.1.3.1 Overview

The complete details of the models and methodologies
implemented for performing the Yankee Rowe sensitivity
analysis** are given L slow in a brief discussion of the
fracture analysis methods applied for the three flaw types.

**T. L. \%ekson et al., Marin Marietw Energy Systens, Inc., Osk Ridge
Natiora' Lab., “Osk Ridge Nauonal Laborstory Pressurized Thermal-
Shock Probablistic Fraciume Mechanics Sensitivity Analysis for
Yankee Rowe Rea tor Pressure Vessel,” USNRC Repont NUREGACR
$782 (ORNLZTM-11945) draft report sent 1o M. E. Mayfield, NRC.
September 16, 1991,

NUREG/ACR-4219, /ol. 8, No. 2
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4.1.0.2 Fracture Analysis Methods—Basic Methodology

All fracture analyses were performed in accordance with
LEFM thoory. Based on this methodology, flaws are
predicted o begin propagauon (initiale) when the stress
intensity factor (Kp) is equal 10 the static crack-initiation
frecture toughness (Kye or the dynamic-loading fraciure
toughness (Kyq). Arres, of a fast-running crack is predicied
when K = Ky, the crack-arrest toughness. Dynamic
loading is introduced when one portion of a crack front
initiates undei static loading conditions, thereby subjecting
the temaining stationary part of the ¢.ack front 1o dynamic
loading.

In the | acture analysis of flaws residing in welds, the Ky's
corzesponding 1o crack tips that reside in the first inch of
base metal include the effect nf a 6-ksi tensile residual
stret . “he Ki's for crack tps in the cle®  ng and the
remainder of the base material do not inciude the effect of
res: .ual stresses.

In the fracture analyses of subclad and embedded flaws,
dynamic effects have been included to the extent of
including the dynamic-loading fracture woughness (Kyy) for
specific crack-initiation events, The Kjg curve was
approximated by shifting the K, curve ~0.5°C (33°F), and
it was used in the prediction of crack initiation in the base
material at the time step for which the cladding was
predicted 1o fail.

4.1.3.3 Types of Flaws

The basic types of flaws considered are surface flaws and
embedded Paws, of which a subclad flaw is a special
category. All flaws analyzed were considared 10 be normal
10 the surface and oriented in either an axial (longitudinal)
or azimuthal (circumferential) direction. All other flaws
thai might exist were ignored.

The length of an initial flaw in the axial or circumferential
direction is more likely to be short than long, but upon
propqnim, short flaws have a tendency to become long
flaws, ' Previous studics have indicated that under thermal-
shock Lading, a semicircular surface flaw has a greater
potential for surface extension than other short flaws and
about the same potential for surface propagauon as that for
radial propagation of a long surface flaw of the same initial
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depth. Thus, the assumpuion was made that all initial
surface Naws were semicuular, in which case the spatial
distribution (zJ) of the fluence couid e considered for the
first initiation event, but the Ky values used were those for g
very long flaw,

Inital embedded flaws were also assumed 10 be shont so
that the spatial distribution of the fluence could be
considered. Even though the shorter embedded flaws | ave
less potential for propagating, the embedded-flaw Ky values
used wes for long flaws. In any subsequent studies, the
more reatistic shoner flaw should be considered.

4.1.3.4 Fracture Analysis Method for Surface Flaws

Surface flaws are flaws that penetrate from the inner
surface of the vessel into the cladding and hase metal. The
stress-intensity factors (Ky) used in the PFM analyses of
surface flaws were calculated in ¢ usual OCA-P manaer,
that is, 8 superposition technique thet applies a large
number of K| influence coefficients (calculated by a 2-D
finite clement method) and the stresses induced in the
uncracked vessel as a function of time and radial position in
the pressure-vessel wall (calculated by a 1-D finite-element
thermal and stress analysis .. Note that all surface-flaw Ky's
used in these analyses are for flaws of infinite surface
length.

It is of interest 1o note that the ASME Sect. X1 procedare?
for calculating Ki's for surface faws was also included in
the specialized code for performing se Yankee Analysis.
The values calculated by the ASME methodology are very
close 1o those calculated by the OCA-P methodology
(Lscussed above) for very shallow Nlaws; however, they
diverge for greater depths, with the ASME values being
higher. Probabilities of failure for surface flaws, calculated
using the ASME Kj methodology, are higher than those
using the OCA-P Kr methodology by approximately a
factor of 2.

The flow chart logic for performing the deterministic
fracture mechar « - analysis of each of the probabilistically
simulated embrittled vessels containing a surface flaw is
incladed inFig. 4.1,
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Figure 4.1 Probabilistic fracture-mechunics methodology for surface Naws
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41,38 Fracture Analysi Jethod for Subclad Flaws

A subclad Naw is a Maw that has s inncr ¢ ok tp ol the
ol buse interface, and this its outer crack up is in the
base metal. The ouler flaw up is chocked for initation
according 10 LEFM principles. If the subclad flaw sie
reaches the oritical size for which cladding is predicied 10
fail, the subclad flaw i convened © & surface Naw, and the
K1's for surface Mlaws are then used 1o nredict initial
initiaton, crack ».rest, and subsequent reiutauon of the
outer crack up. A the time step corresponding o ¢ladding
failure, dynamic effects were simulated by using a valve of
Kig, instead of Ky, 10 predict crack mitiation in the base
muterial

If the cladding does not [ail, the probability of indiation ol
the subclad flaw is less than that of & surface flaw.
Analyses of thermal-shock experiments performed at
ORNL indicate that at imes of maximum loading, the K
for a subclad faw is ~34% less than that for & surface
flaw.¥ Based on these experimental res alts, the stress-
inmensity factors for predicting the iniusl watiation of
subcritical (cladding Las not failed) subclad Naws were
calculated by reducing Ky for a surface flaw (with the crack
up ot the same radial wall Yocation) by 35%.

£ Ty hat exist in the plate regions between the
§p ot weated differently than the subclad Maws
@ o welds and plate regions in the spa welds,
Thews : J ad Naws are treated like surface Mlawsy, that 1s,
the Ki's are not reduced by 35%, "ecause the clad/ba. e
interface is separated by a 3-mil gap. ADINA-T & general
purpose multidimensional finie-elemen' theernal analysis
program.® was used to calculate the thermnal response of the
plate region between the spot welds, assuming the 3-mil
#ap 1o be filled with water. The insulating efiect of the gap
slightly reduces the severity of the therma, load. Also, the
insulating effect of the gap results in higher fracwre
toughness.

The flow chart logic for performing the delerministc
fracture mechanios analysis of  .~h of the probabilistically
simulated embritled vessels coa aing a subclad flaw is
included in Fig. 4.2(a) and (&),
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41,06 Vracture Analysis Method for Embedded Flaws

An embedded faw 15 considered 10 be a fluw that resides
entirely in Lie base metal. Io we probabilistic analyyis, the
location of the iner up of the ~mbedded Maw is probabilis-
tical'y simulated, that is, located randomly along a discrete
mesh between the clad/hase interdace and the vessel outer
wall "he flaw has equal probability of being located at any
o of the Aiscrewe mesh points in the huse meta! Note thit
the canca!sted provability of failure is sensitive 1o the dis-
crete mesh size used as possible locations for the embedded
inner crack fip. Mesh convergencs analyses were per-
formed, and it was determined that a discrewe mesh spacing
of 0.008 in, 18 vonverged with respect to the probatality of
failure,

The mathematical representation” of the ASME Sect. X1
procedure was used 10 calculote K|'s that were used w
predict the i itial inldauon for the embedded flaws.

The inner up of the emhedded Naw is checked for initiation
according W LEFM principles. If (he inner up initiates, it is
assumed that the tiaw prodagates all the way throuah the
claddin g, because the Maw is propagsting \to a region of
higher embnittement and higher thermal stress. Therefore,
an iniuated embedded Maw is converted w a surface Naw
Surface Caw Kj's are then used o predint subsequent
initiation and arrest. Dynamic effects (as described pro-
viously for subclad flasws) are mcluded for dhe time step al
which the flaw ! reaks through the cladding.

The flow chart logie for performing the deterministic
fracteee mechanics analysis of cach of the probabilistically
simulated embrittled vessels contamiug an embedded faw
is incloded in Fig. 4.3(a) and (b).

4.1.4 Results

Th dewiled results of the Yankee Rowe pressurized-
thermal shock probabilistic fracture-mechanics sensiuvity
analysis will be published in USNRC Report NUREG/ACR -
$782.
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4.2 Keview of Inglis’ Analysis for the
Cases of Equibiaxial and Uniaxial
Loading of a Through Crac’ ma
Wide Plate (). G. Merkle)

4.2.1 Introduction

Circamferentially oriented cracks i pressure vessels are
subject 10 positive transverse strains. To gain an improved
understanding of the effects of positive ransverse strains
on fracture ughness, it is necessary o determine the effect
of biaxial nominal stresses on the near-crack -Up stress and
strain ficld. Most fracture mechanics analyses are
performed on the basis of near-crack-tip stress
distributions, which are « aly the universal singular portions
of the unique complete solutions for individual geometnes.
In most cases, thi ap~roach suffices. However, for
estimating constraint effects, it may be necessary 10 employ
complete solutions o take inlo account nonsingulur
differences between the near-crack-tio principal stresses,
Such solutions for elastic conditions have been found tar
Inglis® for a through crack in . wide plaie, by Sneddon
and Bell'" for a buried circular crack, and by Green and
Eneddon! ! for a buried elliptical crack. The results
obtained by Inglis provide .1n opportunity to stucy the
effects of the in-plane horizontal applied stress on triaxial
constrai®t However, Inglis presented a final algebraic
solution only ior the case of equibiaxiz! wensile loading. In
a discussion in ASTM STP 381, Liu'? presented results for
the waiaxial case graphically, as shown in Fig. 4.4, but not
analytically. Therefore, the object of this study is 1o derive
both the blaxial and *he uniaxial load case stress distribu-
tious, on B = 0°, from the equations given by Inglis.

inglis® analyzed the st ses arourd wn elliptical hole in an
elastic flat plate under arbitrary biz cial loading. The
primary coordinate systemn used was a curvilinear
coordinate sysiem consisung of concentric ellipses and
orthogonal hyperbolse, all having the same focal distance,
@ noted by ¢. On cach ellipse, the paramete: @ is constant,
ad on cach hyperbola the parameter 8 is constant, The
parameier B is also the parametric angle of the ellipses.

In a rectangular coordinate system, the cocedinate axes x
and y are the lines along which only x and y vary,
respectively. in a curvilinear coordinate sysiem it is not
possible 10 establish coordinate values for = Sitrary points
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Figure 4.4 Comparison of Inglis' complete solution for
crack-tip stresses in uniaxially lozded
center-cracked plate with one-tcom LEFM
approximation

with only two curves because the lines ol constant
coordinate values are neither parallel nor of identical shape.
Therefore, a network of isoparameter lines (coordinate
lines) must be drewn and used as ine primary graphical
expression of coordinates, This fact hus a bearing on the
definition of subscripts for stresses. In rectangular
coordinates, 0j; means the stress on the plane normal (o the
i axis, acing in the j direction. In curvilinear coordinates,
O;; means the stress acting on the plane normal to which
only the coordinate i changes, acting in the direction in
which only the coordinate j changes. The meaning is the

NUREG/CR-4219, Vol. 8, No. 2
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same in both cases, but in the lauer case the wording must
be modified W remain accarate. Inglis® used the symbol R
for the remotely applied stress normal o the crack plane. In
this discussion, that stress will be represented by the
symbal 6y, Referring 0 Fig. 4.5, and vsing the subscript

definitions just explained, on § = 0",

R”-G, (4.1)
and

Rya =0y . (LB}

4.2.2 Equibiaxial Loading

Inglis® included the stress equations for this case in his
paper On = 0°, the principal stresses are

e g!.unhza(comlu + cosh2a, - 2)

44
4 (cosh2a - 1)° 5

B oymninmu(coahZu - posh2as )
(cosh2a - 1)* ‘

(4.4)

For an ellipse, the focal distance, ¢, and the semimajor and
semiminor axes, 8 and b, respectively, are related by

LT L a5

Far g crack, b = 0 and therefore ¢ = a,

Therefore, un the plane § = 0,
x=a cosha, (4.6)

ORNL DWS 910682 ETD

y
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‘——————-——*—ﬂ
a=ay
b
/ o y
=bsinf
- Jore s
b a
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POINT
a=0cosh ay
b= ¢ ginh ag

Figure 4.8 Coordinate definition for Inglis' analysis
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from which it follows that
cosha = .:. @
and
cosha, « 1 . (@8
Because
cosh 2a = 2 ensh?a - 1, 49
cosh 2, = 1 (4.10)

and sabstituting Eq. (4.10) o Eqgs. (4.3) and (4.4), it can
be seen that 0y = 0y on i = 0.

Because
mz«-Zcmthcodt!u-l ‘ “1n
it follows, by using Eq. (4.7), that
—
- X X
mzu-z(;}J(;) <t @.12)
and, from Egs. (4.7) and (4.9),
e
mz«:-z(«.-) -1 @19

Substituting Egs. (4.10), (4.12), und (4.13) into Eqgs. (4.3)
and (4.9) gives

o o
fé’,}:‘?f:‘ (4.14)
An aliernate expression can be obtained by using
X=asr, (4.15)

where r is distance from the crack tip. Substituting Eq.
(4.15) into Eq, (4.14) gives

B At S AL Ak e e WL ASNIY AR RS NNER N RTINS
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(4.16)

which agrees with a result given by Paris and Sih' 2 in
ASTM STP 381,

4.2.3 Uniaxial Loading

Inglis’ paper® contains a general set of equations, from
which the stross companents in a plate containing an
ellipucal hole can be obtained, once a set of multiplying
coefficients representing particular stress boundary
conditions are determined. Since Inglis gave the
coefficients for umaxial loading, it is straightforward 1o
obtain the prncipal stress equations for § = 0. The results
are

(’*1'
Sy . L l)

. 4
Oye f (,\2 S
a’ EJ
the same as for the equibiaxial case, and
e s
a*;t-*ﬂ,“ [ (4.1%8)

Liu's curves'? in Fig. 4.4 agree with Egs. (4.17) and (4.18).
These results are evidence of the geometry and load-1ype
dependent nonsinguler horizontal T-swress, familiar o
photoelasticians,'® now under widespread analytical
investigation,
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be very slow, and the structure will be similar (o that
genensted by air cooling (normalized). The metallurgical
structure at (his ond of the bar will be mostly pearlie.
Between the rvo ends of the bar, the metalivegical sructure
should undergo a wransition from a martensie-tich structure
10 one that is coanse pearlite.

Swee! bars approximately 50 x 150 x 3035 mm (2 x 6 x

12 in) in size are being used (o dewrmine the effectiveness
of the unorthodox heat-trer tng process in develuping a
gradient var. Quenching is done in & water bath At room
wemperature (21°C (70°F)], Following the quench, the
nardness of the bar is determined at various cross sections
along the length of the bar. Meiallurgical specimens from
different locations will be prepared, snd the grain size and
melallurgical structure will be identified with opucal
photamicrographs.

Intially, & medium ~erbon, hot-rolled steel (AISI 1043) is
being employed in the heat-treating studics. This steel is
available in bot-rolled bass of the correct size and can be
used to establish heat-treanng procedures that will be
applicabie 10 reactor-grade steels such as A S33 B Afier
the heat-treating procedures for the 1045 carbon steel are
estublished, they will be adapied to A 535 B reacior-grade
steel, This material will be provided 10 UM by ORNL. It is
antcipated that this sample of material will be

“characterized™ so that its physical properties and fracture
properties are known.

To daie, one of the AIST 1045 sveel specimens has been
heat treated and studied. The maximum iemperature
autained during the heating operation was 784°C (1444°F),
and the bar was submerged to a depth of 150 :am (6 'n.)
during the water quench. After quenching, the bar was
secuoned transverse to its length, and hardness profiles
were determined for many of these sections. A substantial
hardness gradient was produced along the length of the
specimen, ranging from ' HRA (53 HRB) near the
normaiized end w0 79 HRA (56 HRC) at the guenched end.
Pronounced gradients aiso exist from the bar's surface to
the interior at certain cross sections, especially the sections
that were submerged in the quenching bath. This result is
expected because the cooling rate «t the surface, in contact
with the water, is greater than the cooling rate at the interior
of the bar. A complete hardness profile has not yet been
detcrmined due o difficulties encountered during
sectioning of the snecimen, partcolarty in the guenched
region. Efforis are progressing on purchasing < quipment for
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sectianing the very hard regions of the sieel and for
increusing the maximum temperatare limit of the fumace.

6.4 Thickness Influence on Toughness
(T. ]. Theiss)

At ihe midyear review, six deep-crack beams were added o
the program W investgate the influence of tiickness on
fracture toughness. Information on the tesung of these
beams is in 'uded in Chap. 10. These beams complement
the deep-crack beams in the development phase of the
shallowcrack program by iesting beams 50, 100, and 15¢
mm (2,4, and 6 in.) thick at a separate temperature, It is
generally accepted thai the “validity™ criteria in ASTM
E399 place very stringent requirenents on the beam
thickness required for plane-strain fraciure wughness. The
deep-crack tests can provide experimental evidence of a
rore appropriate validity critenia if the results from tests of
differing thicknesses give the same tonghness in spite of
not meeting the current criteria. Full analyses of these data
are not avaitable at this ume; however, preliminary analysis
inicates similar results companng the deep-crack tests
conducted at -60°C (~75°F) and those at -46°C (-50°F).
The influence of beam thickness appears mirimal @ both
temperatures, although the data exhibut scater. Results
from the six additional beam tests along with the
preliminary development and production bram data are
shown in Fig, 6.1
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Cladd.n

These four steps were followed in this work. In addition, a
model was developed o Jook at the effects of the lowered
faacture toughness in terms of an actual structural
component. "he rosults were used 10 examine the effect of
the degraded ovghness on lowering the load-beaning
capacity of ¢ » structural mode!l. Finally, strain rates
associated with a crack propagatiog in the ductile cladding
material were estimated 10 assess Jhe possibility of a
fracture-mode conversion due to high strain rates at the
crack tip.

An analysis of the dynamic strain rates associated with a
propagating crack shows that normal crack-growth rates
that ovcur as aesuli of stable R curve behavior do not
elevate the crack-tip sira = ruies 1) the level needed .o shift
the Kj¢ transition tempe . .. The analysis infers that the
high crack-tip stra . rates occur only as a consequence of a
rapid loading rate or the unstable crack propagation that
may occur from a ductile fracture instabiliy

7.3 Effect of Irradiated Cladding on
the Behavior of Shallow Flaws
(J. Keeney-Walker® and B. R. Bass®)

Further studies of the cladding problem scheduled for the
report period were delayed due to diversion of staff
resources 1o the analytical studies described in Sect 2.3 of
this report. This change in priorities was made at the
request of the NRC technical monitor for the HSSYT
Program.

The poiential for stainiess-steel cladding to influence the
fracture behavior of shallow cracks on the innar suclace of
an RPV was studied. Shallow through-clad surface cracks
were analyzed using finite-element techniques, elastc-
plastic constitutive models, and Jg-methodology to deter-
mine the propensity for ductile tearing in low-toughness
cladding. The clad-yield stress at the temperature of interest
in this study (138 MPa) was at the 'ow end of the range of
accessible data (120 to 290 MPa). Results indicated that
ductile wearing of the cladding is »alikely 0 occur for the
crack geometric.., material properties, and pressunzed-
thermal-shock loading assumed in th2 model.

-

‘Cunmuu snd Telecommunications Division, Marun Macieua Energy
Systewas, Inc., Oak Ridge, Tenn
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This study is discussed in detail in Ref, 7. A technical
paper® describing this study was presenied at the 11th
International Conference on Structuril Mechanics i
Reactor Technology (SMIRT) in August in Tokyo, Japan,

7.4 Discussions of EPI Program and
PTS Experiments in Japan
(I Keuney-Walker®)

7.4.1 Introduction

Detailed discussions were held in Japan in May 1991 with
lapanese researchers concerning the EPI Program and
ongoing, large-scale PTS experiments in ' span. The
principal objective and *he organizationa. structure of the
EPI Program are discussed in Sect. 2.4 of th7; report,

The Japanese PTS integrivy studies wers initiated in

FY 1983 as a nationa! project by Japan Power Engineering
and Inspecdon Corporation (JAPEIC) under contract with
the Ministry of intemational Trade and Industry (MITT),
During the period of these studies, a number of interactions
have occurred between the JAPEIC participants and the
HSST Program staff concemning PTS experiments in the
respective coantries. In a recent interchange, JAPEIC
provided the HSST Program with a problem statement on
the Japanese Step-B PTS experiment for inclusion in the
recently completed CSNI Project FALSIRE (see Chap. 9).
Discussions described here focused on the recens Step-C
TS experiment and on the large-scale, warm-presuressing
experiments being carricd out by J* FEIC. A summary of
the discussicis held at several university and research
wisututions is pre nted in the following section concerning
the EPI Program and PTS studies.

7.4.2 Department of Nuclear Engineering,
University of Tokyo

Professor G. Yagawa, chairman of the EPT subcommitte
and Professor 8. Voshimura, task leader of the Estimation
Scheme WGQ, previded an overview of current and future
efforts in the EPI Program with an emphasis on the near-
term experimental and numerical tasks. The major
computational/analytical task of the past fiscal year (which
ran to the end of Marci 1991) was the round-robin analysis
of stationary as well as growing cracks in welded CT
specimens 21 A 533 grade B class 1 steel. The round-robin
task, complew; at the end of 1990, involved participants
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7.4.3 Komae Research Laboratory, Central
Research Institute of Elert-ic Power
Industry

Technical discussions concerning fracture-mechanics
studies at the Centrai Research Instituie of Electric Power
Industry (CRIEPI) covered wopics related to light-water
reactor (LWR) and fast-breeder reactor (FBR) programs.
Receatly, a simplified fracture-mechanics model has been
developed that does not use finite-clement analysis o
predict creep-fatigue crack-growth behavior in FBRs. The
madel contains contributions of stress redistribution
(elastic-plastic) and primary + - 2p (non-Norton). Based on
applications 10 tests of 304 5 . . ess steel at 550°C,
predictions of crack-growth . avior from this mode. have
been good for 2-D crack prob..ms. The accuracy of the
mode; has also been exarnined through finite-element
analysis. Future plans include taking into account 3-D and
thermal streus effects.

A tour of the material tes? facilities in the Matenals Section
focused on testing capabilities for FBR developments, The
experimental equipment included a 1000-ton faugue
machine being used for leak-before-break (1.BB) tests of
large 304 stainless sieel wide plates at 550°C. Fourteen
insts have been performed at varicus conditions, that 15,
room emperature/high temperature. through notch/surface
notch, and base metal/weld jointe At high temperatures
1550°C), the surface notch propagates first in the depth
direction and then in the surface direction. Thus, a
condition of LBB would be expected. Further tests are
planned that combine vaious lemperatures and materials.
Also on display was @ 100-ton fatigue machine being used
for vessel model tests under transient-thermai conditions,
porformed to demonstiale the validity of inelastic analysis.
Additional wsting facilities included approximately 30
conventional fatigue machines with capacaty ur o 10 tons
and temperature of 1000°C, approximately 30 creep
machines for temperature up to 1000°C, two wnsile-test
machines, and a thermal raicheting machi.e for testing
FBR vessets.

7.44 Department of Mechanical Engineering
Sciences, Tokyo Institute of Technology

Discussions concerning the EPI Program focused primanly
on computational studies of interfacial crack models and
~n gcoustic to-hmques for nondestnictive measurements
of residual stresses in welds. Professor §. Aoki, Task
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Leader of the T" coretical WG in the EPI Program, is
leading a study 10 develop a fracture model for cracks at the
interface between two dissimilar materials it structures
having welded or adhesive joints. The large-strain, finite-
element model utilizes Gurson's corstitutive relation for
porous, plastic solids o0 incorporate the effects of
microveia wucleation and growth on near crack-tip fields.
Currently, this model is being developed to predict
combinations of material properties that lead to so-called
“strang” or “weak"” bonds at the interface between “hard”
and “soft” materials. In particular, it is desirable o predict
whether the interface crack will extend along the interface
{(weak bond) or extend ir10 the softer material (strong
bond). 'n results obtained thus far, it has been shown that
the microvoids have a larger effect on the crack-up
blunting and stress fields for a bimaterial than for a
homogeneous material. [t was also found that the plastic
strain and the microvoid volume fraction are localized in a
few narrow bands that grow into the sofier matenial from
the intersection of the interface and the blunted crack tip at
inclinations ot ~15-45°,

Professors H. Kobayashi and Y. Arai have developed and
employed acousto-elastic wechnigues for nondestructive
measurement of residual stresses. Recently, these
technigues were applied to the detzrmination of residual
stresses in segments of the welded pl- 2 of A 533 grade B
class 1 steel tesied in the EPI Program. The echnique is
based on the principle that, in a state of plane stress,
differences in principal stress and principal directions of
stress can be measured from the relative differences in the
velocities and the principal directions of ultrasonic shear
waves. In recent studies, they evaluated the influence of
material anisotropy on the measured acousto-elastic effect
and applied these techniques to welded plates. Resulis of
their studies have beer compared with the measurements of
residual stresses in welded segments from the same plate
performed by Professor Rybicki for the HSST Program
using destructive strain-gage techniques. The acousto-
elastic method overzstimated the residual stress as
compared to the strain-gage method, which is assumed to
be due to the large stress gradient.

7.4.5 Takasago R&D Center, Mitsubishi
feavy Indusiries

Discussions with Dr. K, Hoio and staff concentrated on
recent sevelopments in the Japanese PTS integrity studies,
including the current Statws i the tesung program being
carnied out at the Takasago R&D Center. The stated
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objectives of . PTS integrity studies in 'apan are 1o gain
public ac=Zqance for RPV integrity agair st PTS events and
1o develop a data base for life exiension. To meet these
objectives, 1 research program involving both experimental
and anai stical studies has been developed. The experi-
mental program for invest gating crack behavior under PTS
conditions features & large-scale, fat-plate specimen with a
thickness approximating that of an RPV. A special PTS test
facility has been constructed at Takasago o apply
-hermomechanical loading 10 the flat plate 10 approximate
PTS loading contitions. The facility contains a horizontal
testing machine with a capacity of 2000 ons in tension and
500 tons in bending. A large-scale, thermal-hydraulic locn
with a fluw-rate capacity of 10 m3/s and bulk-coolant
temperature of ~-32°C is used 1o thermally shock the flawed
surface of the plate. Surface flaws are generated in the plate
by electrodischarge machining followed by fatigue-
sharpening with a cyclic-bending load. Some of the current
analytical studies include the development of a
probabilistic fracture-mechanics code for creep-faugue
crack growth (PCCF), which shows the effects of loading
conditi:.is on fatlure probability. Also, a crack-shape
estimation technique using the Reversing Direct Current
Potential Method (RDCPM) has been developed and
compares well with an:lytical computations.

I -ge-scale PTC tests completed at the Takasago facility
include (1) a preliminary verification test involving brittle-
crack initiation, (2) Step-A test verifying no-crack initiation
under PTS conditions at end of design life, (3) Step-B test
investigating crack behavior for upper-shelf conditions, and
(4) Step-C tes¢ investigaung crack behavior in material with
a toughness gradient. Dr. Hojo indica’ed that the data and
analysis results from the Step-C test remain proprieiary
MITI and cannot “e rei. -~ J. This position is consistent
with our previous wxperiences with JAPEIC and is related
to the well-known political sensitivity associated with the
interpretations of these PTS tests in Japan. The next serics
of PTS tests (large-scale models) is now under way at
Takasago and is ...signed 10 study and vandate the effects
of WPS, The test raaterial is A 533 grade B class 1 swel
with a &:1 surface flaw and depth of 10 ¢ ™ mm. Two owt
of five tests have been carried out. In "+ *. the stress-
intensity factor at crack initiation excwo o the inaterial
initiation toughness curve. Dr. Hojo offered no comment on
tkis result, but the measured crack deprh is in a range that
could be susceptible to shallow-flaw loss-of-constraint
effects. The third specimen is in the machine ready to be
tested. This series is expected 1o be completed in 1 year.

55
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T w0 points should be made concerning potendal use of the
Step-C PTS data by the HSST Program, First, the Siep-C
experiment is being considered as a vandidate for inclusion
in Phase I1 of the CSNIZFAG Project FALSIRE (see

Chap. 9), which wiil be initiated in FY 1992, Second. it
would be beneficial if dual-parameier approaches 1o
fracture characierization currently being studied unde”
Task 2 could be applied 10 the large- and sma'l-scale
specimei: dala. One objective here would be to reconcile
the differences in toughness measured by the Japanese for
the two specimens using single-parameter approaches. The
dual-parameter appro. ~hes have been applied previous'y 1o
wide-plate fracture initiation test daw'! by the HSST
Program with some success.

7.4.6 Department of Ocean Mechanical
“ngineering, Kobe University of
Mercantile Marine

A hybrid numerical-exper-menal method has been
developed by Professor T. Nishioka to  easure mode J and
mixed-mode fracture parameters using a laser-caustic
(shadow pittern) method. The method of caustics is an
optica! wchnique that has been uscd o Measuie stross-
wntensity factors in boih sti.c and dynamic fracture
mechanics problems. In applications of this method, high-
speed photographs of the reflected caustic patterns around
the crack tip are taken using a laser-generaied light source.
Professor Nishioka has developed a finite-element
techniaue aided by computerized symbolic manipulation
for simuloting the formation process of caustic patterns in
tlastoplastic materials. The simulated and actual causiic
patterns can then be compared, and the relation beiween
compuied-fractu ¢ parameiers, cuch as the T*-integral, and
the size of the caustic pattem can be obained for varous
optcal ~~angements. In effect, the caustic pattern is used
to calibrate the finite-clement model of the spectmen from
which the T*-integral can be evaiuated. This technique is
being applied at Knobe i support of the tesung program of
the Experimental WG in the EPI Program. Applications
have been applied to PMMA using the transmitted caustic
method and A 508 steel using the reflective caustic method
tor double cantilever beam (DCB) specimens. Professor
Nishioka has also begun experiments using the Mouré
mterferometry method o determine the deformation
behaviors of the crack up in inhomogeneous UT specimens
of A 533 B. Initial experiments have shown that fine-
specimen grating could r.ot be used to measure
displacement fields for high loading but that the plastic
zones were clearly visible.

NUREG/CR-4219, Vnl. 8, No. 2
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Professor Nishioka provided a tour of his laborator ;
facilities in the Department of Mechanical Engineering and
described the experimental setp for Ligh-speed, laser-
caustic photograpny used in conjunction with a tensile
testing machine. He has recently teceived a new camer,
Cordin Mode! 330, which has a maximum spe d of 2 x 10°
frames/s with a storage capacity of 80 frames. This has
significantly improved the high-sjeed photographic
capabilities, The tour also included visits to the wave and
superconducting propulsion lavoratories and training ship.

Near-term contributions 1o the EPI Program by Professor
Nishioka will be _oncerned primarily with additional
measurements of nonlincar-fracture pamameters (i.c.,
T*-integral) in CT specimens of APV sieels using the laser-
caustic technique. He also participaied in the 1990 round-
robin analysis of the EPI Program, performing analyses of
two pase m2tal/weld mewal CT specimens with e crack tip
located in whe HAZ and on the fusion line.

7.4.7 Department of Energy Engineering,
Toyohashi Institute of Technology

The testing program organized by the Experimental WG of
the EP! Program was the primary subject of discussion with
Professor Homma, who serves as task leader of that group.
Professor Homme Jiscussed the experiniental work
currently under way ai Toyohashi. The objectve of one of
his studies is 1o determine whether there is a thermal
Jradient effect on cleavage initiation in pressure vessel
sieels. In other words, he seeks o deiormine if Cieavage
in.tation is a function of emperature “pointwise” o
whether it extends over a finite region in front of the crack
tip. In the first phase of these studies, he pe.formed (eats ou
PMMA to validate techniques. Recently, a fractare
experiment under ar anisotherma’ condition was performed
using the single-edge notched specimens taken from the
heat-treated base plate or A 533 B class 1 sweel. The
purpose of the present experiment is © examing the efic «ts
of gradual change of material tovghness on fracture
behaviors. Pressure vessel materials may be subjecied
such situations on the occasion of the TS and P18 events.
The ligament le.igth of the specimen was 113 mm, an the
crack tip was ceoled down 0 ~10°C using liquid nitrogen,
while the temperature at the face of the specimen behind
the crack was set 1o be 10°C. As a result, the temperature
gradient at the «;ack tip was about 0.250%/mm. For
compari<on, fractuoe-toughness tests were performed using
CT specimens by varying emperature from -50 10 10°C.
For simplicity, the stress-intensity factor was evaiuated by

NIREG/'R-4219, Vol 8] No. 2

neglecung L reinal stress effects. Only one data point was
obtained this year. They did not observe any significant
effects of anisothermal conditions on the fracture
behavior. This might be because the temparature gradient
used was not large enough. Next year a steeper temperature
gradient will be applied to the specimen, and experiments
are being planned for PMMA in which the cooled and
heated edges will be switched.

A tour of the laboratory facilities at Toyohashi included a
briefing on the operation of the computer-assisied Charpy-
impact-testing system developed under the direction of
Professor Niinomi. The system incorporates four Charpy
machines, the largest of which has a 50-kg-m capacity. The
laboratory also includes one 50-ton tensile machine, a 1-1on
tensile machine, and several fatigue-testing machines.
Vasious programs utilize the machires for wsting of famitie
steels, aluminum alloys, plastics, ceramics, and composites.
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Analysis

9.3 Joint IAEA and OECI/NEA
Meeting on Fracoure Mechanics
Verification Ly Large-Scale Testing

The 1AEA and the OECD/NEA have agreed o cosponsc @
Speciglists’ Meeting on Fiacture Mechanics Verification by
Large-Scale Testing in the United States in 1992 The
meeting will address the application and validation of all
forms of fracture mechanics v ethodology for evaluating
structural integnity. It will include correlations between
simall and large specimens and components with special
emphases on vessels, piping, and closures. Mr. ],
Stronsnider of the NEs Nuclear Safety Division and

Mr, L., lanko of the IAEA Division of Nuclear Power have
been neninated as coscientific secretaries responsible for
organizing the meeting.

The CSNI/PWG-3 has agreed () support the joint IAEA/
OECD Specinlists’ Meeting through the work of the CSNU/
FAG and the participants in Project FALSIRE. At the May
mueting in Ko..1, Dr. Schulz proposed that contributions 10
the Specialists’ Meeti.g focus on the resu’ts of the Project
FALSIRE Workshop in Boston. There would be one
extended presentation for each of the experiments con-
sidered in the workshop. These presentations would include
Jdiscussiorn s of the objectives and resnlts of experiments,
comparative analyses from the report 04 Project FA LSIRE,
and any ongoing work to update the analyses and wnierpre-
tations.

Following the Koln meeting, a modi lied agenda for the
SN partion of the meating was prepared at ORNL by

C. E. Pugh and the author. (The U.S. member of the IAEA
International Workang Group for Life Management of
Nuclear Power Plants is Dr. C. E. Pugh; he also chairs the
technical program for the 1992 Specialists’ Meeting.)
Bricfly, the 1-day agendu proposed by the program chair-
man calls for an overview talk on Project FALSIRE,
followed bt 'wo presentations for each expenment used in
Project FALSIRE, and, finally, a closure discussion, The
first preseitation for each experiment, o be given by a
representative of the testing organization, would review the
results of the experimeat and provide an overview of the
analysis results presented at the FALSIRE Workshop. A
second presentation would focus on recent anaiysis resuits
compiled since the warkshop, with emphasis 0o
applications of more advanced fracture methodologies.
This modified agenda was presentad o Schulz at a second
mesting held concurrently with the 1 1th SMIRT

NUREG/CR-4219, Vol. 8, No. 2
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Confurence, in Tokyo, Japan, In Tokyo, Schulz proposed w
funher madify this agenda o incorporate a panel
discussion, with the panel compricing o experimentalists,
two analysts, and two matenals science researchers. This
panel discussion would be positior 2d (o close the CSNI
session o Project FALSIRE, The details of the final
agenda will be completed early in FY 1992

9.4 CSNUFAG Phase 11 Project

At the May nieeting in Kln. GRS proposed a tentative
plan for & second phase ¢ fracture assessments of large-
scale expeniments (0 be carried out as pan of the CSNI/
FAG project. Problem staternents having a format preve-
ously used in "roject FALSIRE would be distributed to
selected organizations that have conducted candidate
experiments, These experiments include (but are not
limned o) NKS-5 and -6 tMPA), Japanese Step-C wide
plate (JAPEIC), PTSE-1 (ORNL), DSR1 clad beam
(Electrnic de France), and spirming cylinders 4-6 (AEA).
Emphasis in this phase wouid be on tests in the transition
region and on applications of alternative analysts methods
such as the dual parametes approaches. Interest by GRS in
these new experiments stoms partly from a desire 1o iden-
ufy experuments thal are more tractable from an analysis
viewpoint than some of those considered previously in
Project FALSIRE. The cowmnplated problem statements
would ke evaluated to dewermine which experiments would
be useful for the second phase of analyses. Based on the
outcome of these @valuatons, a proposal for the second
phase will be made to the CSNU/PWG-3 committes.

Dr. Schulz is requesung that the PWG-3 officially approve
a second phase of the CSNUFAG project and that the
approval be included in the minuws of the PWG-3 meeting.
This approval would certify that the second phase - con-
sidered an important intemational project and wonhy of
financ.al suppont from research institutions on behalf of
interested partictpants. Assuming that approval is forth-
coming from the PWG-3 committee, the new series of
probiem staements would be distributed 10 analysts only
after a draft version of the final report on Project FALSIRE
is available Tor distribution. The dawe, tocation, and format
for a meeting 10 review the resulis of the second phase of
analyses bave not beer discussed,

9.5 Spinning-Cylina.r Experiments

Al a mceting held in May 1991 at AEA/Risley, UK, discus-
sions were held 10 review the results of spinning-cylinder
tests 1 through 3. These discussions provided an update to

il e e e,
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10.2.3 Shallow-Crack Testing Production
Phase

The production phase of the shallow-crack fraciure-wugh-
ness westng program was begun during this reporting
period. Source material for the beams is HSST Plate 13B.
Maierial from HSST Plate 13A, a companion plate o Plate
13B, was used as source matenal for n.ost of the wide-plate
tes's and was extensively chasacterized at the time.? The
beams were machined from blanks that were Liame cut
trom Plate 135, In sum, 22 specimens were fabricated, with
18 beams tested this reparting perind. HSST Plates 13A
and 13B have not been postv. ¢ld heat treated. Therefore,
be more prototypic of the conditions in RPY material, the
blanks were heat reawed al 620°C (1150°F) for 40 h befor:
firal machining. A characterization piece was aiso heat
treated and delivered for fabrication inio the various
characierization specimens and testing,. The original
chavacterization of this matenial was performed in the L-T
orientation. This recent ¢haracterization supplements the
origimal characlerization by providing properties in the L-S
onentation through the plate thickness. Matenal properties
through the thickness of the plaie are required because
some of the proGuction specimens are (o be vut from the
surface portion of w.e plate. All shallow- cnack esting 1s in
the L-I orientation. Additional information on the shallow-
crack materia. characterization can be found in Chap. 3.

Each beam in the production phase of the shallow-orack
program is machined to the same size: 10 x 100 x 610 mm
(4 x 4 x 24 in.). The beam size was chosen based on the
sesuits of the development phase. The only dir =nsior that
vanes is the crack deptt, a. Crack depths of S0 and 10 mm
(2 and (.4 in.) are being used for the deep and shallow
peototypic flaws, resvectively, Figrre 16.1 shows an
instrumented shallow-crack specimen ready for testing.
Strain gages on the face of the beam ahead of the crack and
the dual clip gages are used 10 determine the plastic rotation
factor (see Sect. 6.1 for more datails).

The test matxix for the 18 production beams is given in
Tatde 10.2. A batch of three beams was wsted at each
iemperature and crack depth, Of the 18 beams tested, 12
rave been shallow-crack beams and 6 have been deep-
crack beams. Beams have been tested at temperatures of
~104, 40, -23, and -7°C (~155, 40, 10, and +20°F).

Fatgue precracking has been successful in all of the
shallow-crack testing 1o date, especially the production-
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Table 10.2 Test matrix for the production beams

tested to date?
Crack depth
Deep Shallew
Temperature E e
(°C ("l:‘)) 50 mnm 10 mm
~-104 (~155) 0 3
~40 (-40) 3 3
-23(-10) 0 3
=7 (+20) 3 3
9Al beams were square cross section (<100 » 100 mm). RTNDT =
~18°C (0°F).

phase testing performed during this reporting period. Test
echniques developed during the deveivpment phase of the
program were used 1o optimize current test procedures. All
phases of the fatirue precracking and failure esting have
been conducted in accordance with ASTM E1290-89.
Generahy, sufficient crack growth is obtained in about
20,000 cycles of fatigue using the load limits supplied in
ASTM E1290.

Crack growth was monitored by means of the change of
crack-mouth-opening compliance, using the clip gage data
In the development phac> of the shallow-crack testing,
crack length and growth were related to beam cor ; liance
using the equation in ASTM E813. This equation i s
developed for only deep-crack beams ana does not properly
relate conpliance and crack length for shallow-crack
specimens. However, a change in beam compliance of 10
w 15% generally indicated sufficient crack growth. For the
production beams, a new compiiance equation relating
crack depth to compliance for the shallow-crack beams was
used wit. much greater reliability than the equation in
ASTM E813. These equations were derived by Joyce,
Hackul,mdkocmnpnperpmm'edatﬂlc Indianapolis
symposium on constraint.” The 7« » equations allow the
crack depth 1o be determined explicitly from the compli-
ance directly for all crack depths.

The sharpened flaws have corsistently maintained very flat
crack fronis during fatuigue growth, Figure 0.2 depicts a
representative shallow- and deep-cruck fracture surface
showing the straight crack front. Table 10.3 gives the

“J A Joyee, E. M. Hackett, and C. Roe, Effects of Crack Depth and
Mode of Loading on the J-R Curve Behavior of & High Strength Steel,”
presented at the Symposinn on Constraint Effects in Fracture, ASTM,
Indanapolis, Ind,, Mav 8-0, 1991,







y Crack-depth measurements

for a representalive deep- and

shallow-crack beam

Crack depth

mm in

Full-Thickness, Shallow-Crack,

i
Clad Beam Tests




claoding process may influence matenal properties near the
surface on the RPY. These metallurgical differences may
have a significant impact on the resulang fracture wugh-
news. To quantify the fracture wughness of shallow flaws in
reacior vessels, several full-thickness, clad beam experi-
mess were planned. Comparison of results from these tests
with these from homogen Hus saallow-flaw test specimans
will provide a quantitative definition of the effect of noar-
swince conditions on fracture oughness. The effective
fracture toughness from these large beams will also be
compared with the toughness as determined by current
ASME Section X1 rules.

The specimens tested will be single-edge-noih, arc-bend
specimens with the (law in the L-S orientation. The source
plate of the specimens will be A 533 grade B class 1 sweel
with stainless steel cladding, This vaaterial was taken (rom
a cancelled PWR reactor vessel. The plate material, clad-
ding, and weldmeni are completely prottypic of a pro-
duction quality RPV.

Tests are planned 1o begin 'n FY 1992, Preliminary discus-
sions were held with the Nauona! lnstitute of Standards and
Technology (NIST) abowt performing this work in

FY 1992,

10.4 Out-of-Plane Biaxial Loading
Fracture-Toughness Tests

Carrent RPV life assessments are most often limitad by
PTS accident conduions. These PTS Joads (srecifically, the
hoop stress) ~reate sigmificant positive cui-of-Puane strains
aleng curcwmfereatially oriented flaws, The fracture resis-
tance for the RPV iy based on the ASME Ky fracture-
ovghness cerve developed using specimens with zero oul-
of-plane strain (i x., plane-strain corditions). Therefore, the
influence of out-of-plane strain along a crack front needs o
be properly understood.

The influence oi negative out-of-plane s.wns is very well
known. As acgative owt-of-plane strains are intmduced in a
specimen, ihe fracture res stance increases from the plane-
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Fracture

strain fracuuve toughness o the plane-stress hacture tough-
ness. However, the influence of positive out-of -plane
wrains applicable o the RPV during PTS loading s not
known. Previous analytical studies of the influence of out-
of-plane loading or the crack have yielded urcenain
results.® Thesviore, 1o experimentally dotermine the influ-
ence of positive out-of-plane strain, the HSST Program
plans 10 test a series of out-of-plane biaxial loading fracture
toughness te's. The tests will be designed to closely maich
the condiiions in an RPY under PTS loading.

During the current reporting period, a potential test vendor
(UKAEA Technology) for the out-of -plane tests has been
located, and preliminary discussions have been initiated.
Initial specimen designs have been considercd based on the
primary criterion that the foad in the throat not exceed the
yield strength of the material. The current specimen des gn
18 @ square plate with a long semielliptical flaw in the
center of the plate, but specimen dimensions have not been
determined at this powat.
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! SI unit Erqlish unit Factor = F

| mm " 0.0393701 _

| em in 0.393701 !

t m fl 328084 '

1 m/s fs 328084

| KN Ibg 224 809

; kPy psi 0.145038

| MPa ksi 0.145038 '
MPaem ksievin,  0.91004% :

: ] fislb 0.737562

| K F or R 18

| K/m? in-bin? 571015

| Woen-Jek-1 Buhfi2F 0176110

E kg Ib 220462

3 kg/m? ibvin. 2 361273 x 10~5

| mm/N in /ibg 0.175127 |

l TCF) = 1.8(°C) + 32 _

“Multiply S1 quantity by given factor 1 obiain English quantity
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