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ABSTRACT

This report is a compilation of papers which were presented at the Tenth
Water Reactor Safety Research Infor. nation Meeting held at the National
Bureau of Standards, Gaitnersburg, Maryland, October 12-15, 1982. It

consists of six volumes. The papers describe recent results and planning
of safety research work sponsored by the Office of Nuclear Regulatcry
Research, NRC. It also includes a number of invited papers on water
reactor safety research prepared by the Electric Power Research Institute
and various government and industry organizations from Europe and Japan.
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PREFACE
,

This report, published in six volumes, includes 160 papers which were
presented at the Tenth Water Reactor Safety Research Information 3ceting.
The papers are printed in the order of their presentation in each session.
The titles of the papers and the names of the authors have been updated
and may differ from those which appeared in the Final Agenda for this
meeting.

Five papers, which were submitted for presentation at the ...eeting but
could not be scheduled, are also included in this report. They are the
following:

Calculations of Pressurized Thermal Shock Problems with the SOLA-
PTS Method, B. J. Daly, B. A. Kashiwa, and M. D. Torray, LANI.,

(Pages 113-130. Volume 2)

Hydrogen Migration Modeling for the c'RI/HEDL Standard Problems,
J. R. Travis, LANL, (Pages 131-144, Volume 2)

Independent Code Assessment at BNL in FY 1982, P. Saha, U. S. Rohatgi,
J. H. Jo, L. Neymotia, G. Slivik, and C. Yuelys-Miksis, BNL,

(Pages 145-168, Volume 2)

Experimental Evidence for the Depencence of Fuel Relocation upon
the Maximum Local Power Attained, D. D. Lanning, PNL,

(Pages 285-296, Volume 2)

PRA Has Many Faces - Can the Safety Goal Be Well-Posed?
H. Bargmann, Swiss Federal Institute for Reactor Research,

(Pages 105-114, Volume 6).
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Environmentally Assisted Cracking
in Light Water Reactors

if (A2212)

Dr. William J. Shack
,

Materials Science and. Technology Division
i

Argonne-National Laboratory
9700 South Cass Avenue

Argonne. Illinois 60439;

:

Introduction
I

The objective of this program are to develop an independent capability
for the detection and control of stress-ccrrosion cracking (SCC) in
light-wacer reactor (LWR) systems and to evaluate of the ;echnical merits of,

i

proposed remedies for the problem. ~Because the EPRI/BWR Owners Group Program
is approaching completion and the NRC is being faced with decisions on the
remedies developed by the Owners' Group, and because cracking due to SCC
continues to occur in boiling water reactors (BWRs), the experimental work .is
initially concentrated on problems related to intergranular. SCC (IGSCC) in BWR
piping systems.

The 4WR utilities, the reactor. vendors, and related research
organizations both here and abroad have developed remedies for the pipe

;

cracking problems and have begun to develop the crack-growth-rate data base
which is needed to assure the integrity of degraded piping and to develop an
adequate plan for the inspection and monitoring of such piping. The,

performance of the remedies in laboratory tests is quite encouraging, but
there are still technical questions which must be addressed to ensure that the
laboratory results will accurately reflect performance in-reactor. First, ,

'

most of the previous studies have been carried out in high purity water, and
,

the effects of the impurities present in an actual reactor coolant. system on
the 1roposed remedies and on the crack growth rates must be assessed. Second,
the strain rates associated with the loading histories used in most laboratory

,

| testing are in some cases several orders of magnitude higher than those
; associated with actual reactor loading history. Since strain rate appears to

be the critical mechanical variable influencing SCC, the adequacy of'

j. extrapolations from laboratory data to predict field pe,rformance must be
i demonstrated. Third, there is evisance to suggest that the particular

thermomechanical history used to produce a given laboratory measure of
*

sensitization may have an important effect on SCC initiation and propagation.
Additional understanding of these effects is needed to ensure that the
susceptibility of actual reacrar materials can be assessed and that the heat
treatments used in laboratory t., ting adequately simulate the IGSCC
susceptibility produced by welding and subsequent long-term aging at reactor
operating temperatures.

For existing plants even with the assurance of leak-before-break it is
important to upgrade the capability to detect leaks rather than completely
relying on periodic in-service inspection. Although other leak detection

| systems (e.g., moisture-sensitive tapes) will be considered, acoustic leak
detection systems seem to offer the best combination of sensitivity, ability

;

l to locate a leak, and leak-rate measurement, and the assessment and
development of a practical leak detection system is another important'

objective of this program.

1
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Technical Progress

Important technical results have been obtained in both the work on. leak
| detection and.the work on the eftects of water chemistry and loading history

on SCC susceptibility. The leak test facility is now complete. It can supply
water at temperatures up to 600*F and pressures up to 2500 psi. Actual field
cracks and laboratory grown cracks as well as other types of artificial,

j defects can be introduced into the simulated 30-ft. piping run. Three large
| autoclave and load frame systems for multi-specimen crack-growth tests are

operational and a fourth is near completiong Nine_gma?{autoclavesystemsfor
j slow strain rate tests ranging from & = 10 to 10 s have been
'

constructed. Four pipe test stands are under construction at Battelle-Pacific
Northwest National Laboratories, and additional water loops and autoclave,

j systems for studies of crack tip chemistry and mechanistic studies of the
; crack growth rate dependence on loading mode are near completion.
!

In the leak detection studies acoustic emission (A.E.) from IGSCC, EDM
slits, and drilled holes has.been investigated. The frequency spectrum for
A.E. from leaks ranges from 0-400 kHz with the greatest signal content at
frequencies less than 200 kHz (Fig. 2). However, consideration of the
frequency spectrum of background noise in operating reactors suggests that to
obtain satisfactory signal to noise ratios the practical window for leak
detection is 300-400 kHz. The current (limited) data suggest that with a
transducer spacing of 2m leaks of NO.01 g/ min from IGSCC can be detected.in
reactor. This corresponds to an IGSCC crack with an exit length on the outer
surface of N3 mm. A major problem in developing a sensitive leak detection
system is discrimination between leakage from cracks and essentially benign
leakage from valve packing, seal leakage, etc. Two approaches to the
discrimination problem seem promising. One is to use cross-correlation
techniques to locate leaks. This has been done successfully at low
frequencies (30 kHz) for flow through an artificial flaw (Fig. 1), and
currently software is being developed to carry out the cross-correlation at
higher frequenaies. The other approach is to use signal processing techniques
to characterize the signal from a source. Auto-correlation techniqtes have
been applied to signals from EDM slits, drilled holes, and IGSCC and
significanc differences can be seen in the signals from the different leak

Pattern recognition techniques devel )ed la other NkC 3ponsored worksources.
will also be used to try to characterize the it .k source in terms of its A.E.
sign.1,

Work thus far on the effect of water chemistry indicates that impurity
levels wit;.in the Reg. Guide 1.56 limits have a significant effect on the

| ICSCC behavior of sensitized austenitic stainless steels. Results for
additions of H SO4 (a product of cation resin decomposition) are shown iny
Figs. 3 and 4 and some additional results for additions of hcl are shown in
Table II. As Fig. 3 shows, impurity additions have a larger effect on lightly

| sensitized materials. In fact, with the sulfate additions the lightly
| sensitized material becomes more susceptible to IGSCC than the more heavily

sensitized material. Figure 4 also shows that some care must be exercised in
choosin5 a test environment to qssess the effects of impurities. For the
material uith an EPR of 20 C/cm there is almost no effect of sulfuric acid in
water with 8 ppm oxygen. However, in water with 0.2 ppm oxygen there is a

i strong effect of the sulfuric acid additions.
i

Under the conditions examined thus far (c = 2 x 10-6 ,-1, 8 ppm oxygen)
( thera is a much smaller effect of impurity additions for Type 316NG SS.
'

Sulfuric acid seems to have very little effect, but chloride additions produce
2
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some transgranular SCC (TGSCC). Results from a few of the tests which have
been carried out to compare the behavior of a conventional Type 316 SS (.05 C)
with Type 316NG SS are given in Table 11. Neither material is susceptible to
cracking in the solution annealed condition in either high purity water or a

environment. After heat treatment the conventional SS is0.5 ppm C1
susceptible to IGSCC in both environments, althcugh the addition of hcl
substantially increases the susceptibility. After heat treatment the Type
316SG SS shows no susceptibility _to cracking in the high purity water, but
cracks transgranularly in the C1 environment. However, the TGSCC crack
growth rate is much less than the IGSCC crack growth rate observed in the
conventional material.

Baselira fracture mechanics crack growth rate tests have been completed
and are summarized in Table I. For the tests under cyclic loading where the
strain rate due to the variations in the external load is much larger than

can bethat due to creep at the track tip the crack tip strain rate cT
estimated from LEFM. With this estimate of i the de

i d

frequencyinthesetestsisconsistentwitht$ea%(gendenceonRratoanrelationship pro-

posed by F. P. Ford. This type of correlation is important in developing
confidence in extrapolat'.ons of data obtained under laboratory loading
histories to more realistic histories. A number of different degrees of
sensitization (DOS) have been considered in these tests. The results suggest

' that although the crack growth rate is very strongly dependent on DOS at very
low 'avels, it is only weakly dependent on DOS at the somewhat higher levels
most cl.aracteristic of weld and furnace sensitization in high carbon
materials,

Finite element calculations of the influence of applied load on the
residual stresses associated with Inducticn Heating Stress Improvement (IHSI)
have been carried out. The results (see Figs. 5, 6 and Table III) indicate
that although under loads corresponding to the design allowable S (roughly

in Table III) the total axial stresEes on theinternal pressure plus 0.5 e
inner surface of 4-in. and 2%-in. piping are tensile, the stresses in the IHSI

This benefittreated pipes are substantially lower than in as-welded pipes."
Thepersists even with total axial stresses somewhat greater than yield.

results also indicate that after IHS1 the stress distributions in small and
large diameter veldments are similar and in that sense the 4-in. pipe is a
good model for the larger diameter weldments.

<

During FY 83 the study of the effect of water chemistry will continue.
Tests will be carried out to assess the ef fect of specific anions and pH as1
independent variables as well as the effectiveness of H72 addgtiogs. Increased

- 10 s ) more nearlyemphasis will be placed on low strain rate tests (10
characteristic of realistic loading histories. Crack growth rate data will be
obtained for Type 304 SS in BWR environments with impurity additions. Pipe
tests on Type 316NG SS and IHSI treated weldments under alternate loading

The studies ofconditions and alternate water chemistries will be initiated.
the ef fect of plastic strain and thermomechanical history on susceptibility to
IGSCC will be continued, and Mode I/ Mode III comparative tests will be carried

to determine the actual mechanism of crack advance.out

3
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-se e 3 TIME TO FAILURE, CRACK-GROWTH RATE,

Test. Ms ETC.

2) LOWER SENSITIZATION LEVEL REQUIRED FOR
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e ''.PudITY LEVELS WITHIN REG. GulDE 1.56 LIMITS HAVE
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SS UNDER TEST CONDITIONS STUDIED THUS FAR

e BASELINE CRACK GROWTH TESTS ON TWO t. EATS OF TYPE 304 SS
IN HIGH PURITY WATER COMPLETED

e FE CALCutATIJMS OF RESIDUAL STRESS IN 4-IN. AND 24-IN.
WELDMt"tTS INDICATE SIG:.lFICANT BENEFIT OF !HSI TREATMENT

g UNDER APPLIED STRESSES UP TO Sg
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PLANNED NEAR TERM ACTiv! TIES:

e OSTAIN CRACK GROWTH RATE DATA FOR TYPE 304 SS IN BWR
ENVaRONMENTS w!TH IMPURITY ADDITIONS

e CONTINUE SLOW STRAIN RATE TESTS TO BETTER ITFireE ROLE
OF STRAIN RATE ANIONS, PH, AND SENSITIZATION HISTORY ON

SCC SUSCEPT!BILITY

e INVESTIGATE RES!$TANCE OF TYPE 316NG SS TO CRACK
PROPAGATION IN BWR ENVIRCNMENTS WITH IMPURITY ADDITIONS

e COMPLETE P!PE TEST FACILITIES AND b~' .N PARAMETRIC PIPC
TESTS

e COMPLETE. ANALYTICAL STUDIES ON EFFECT OF LOADING ON STRESS

REDISTRIBUTION OF WELCMENTS WITH IHS!

e INITIATE STUDY OF EFFECT OF PLASTIC STRAIN ON SUBSLwuCNT
LTS KINETICS

e USE MODE 1/ MODE Ill COMPARATIVE TESTS TO DISTINGUISH
DISSOLUTI'ON VS HYDROGEN EMBRITTLEMENT CRACK ADVANCE

e CONTIMUE STRESS /STRAl%' STRAIN-RATE STUDl"$ INCLUDING EFFECT
OF LYCLIC-LOADING HISTORIES



WORK OF THE ICCGR ON
ENVIRONMENTALLY AFFECTED

CRACK GROWTH
|

W. H. Cullen |
Materials Engineering Associates, Inc.

Lanham, MD 20706 USA

I
INTRODUCTION

Fatigue and fatigue crack growth has long been a concern for pressure
vessels cnd piping. The technology for conducting fatigue crack growth
rate tests in reactor-typical environments was first developed in the
late 1960's and early 1970's and the last five years have witnessed a
rapid increase in the number of laboratories involved in the successful
conduct of these tests. It was recognized early in these studies that it
would be prohibitively expensive for one organization to address all the
variables which enter the fatigue crack growth problem. For example,

when realistic cyclic periods and load ratios are experimentally employed,
a single fatigue crack growth rate test will require two to twelve months
to complete.

This consideration stimulated the idea of assembling a group of
representatives of sponsoring organizations and research laboratories,
who were active in the field, would share both their techniques and
experiences, and would assume various portions of the testing responsi-
bilities so that more inroads could be made in this complex area.

!

FORMATION OF ICCGR

Under the guidance of K. Lynn (NRC) and K. Stahlkopf (EPRI) and with
the organizational help cf H. E. Watson of the Naval Research Lab -- at
that time (1977) the prime contractor for the NRC-sponsored fatigue crack
growth effort -- the fledgling ICCGR convened for the first time.
Eighteen representatives from seven nations agreed to contribute their
efforts to the goals of the group. From that start, the group has grown
to include members from forty-one sponsoring or research organizations,
representing eleven nations.

The timing of the formation of the group was coincident with thel

beg'nning of an exponential increase in the ef fort-f acilities, personnel
and financial resources- which has addressed environmentally assisted
crack growth in pressure vessel and piping steels. In 1977, only a
handful of laboratories had published any data at all, the range of
variables which had been tested was small, and the data was of ten disjoint,
filled with scatter due to the experimental difficulties, and, for the
most part, without explanation. The growth and vitality of the ICCGR has
both fueled and drawn from the concurrent growth and vitality of the
world-wide environmentally-assisted crack growth effort.

9
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; MAJOR ACTIVITIES
i
- During the intervening years, the interests of the group have been

confined to primary boundary materials, and for the most part, pressure,

vessel steels. However, other types of testing which bear on the
corrosion fatigue problem are now frequent topics of discussion. The

i group is divided into three sub-committees: Test Methods. Mechanisms, and
j Data Collection and Evaluation. _ Each subcommittee has organized inter-
} 1aboratory tasks directed at specific objectives. As the understanding

of corrosion fatigue has improved, and the interaction of the corrosion
j and mechanics has been better understood, other allied topics have been
i included in the Group's discussions. The use of reference electrodes,

measurement of redox potential, conduct of elastic plastic f acture testsi

2 in high-temperature water, and conduct of constant-extension rate tests
have received considerable attention from members of the group. Addi-

j tionally, more refined test practices, data acquisition and processing
methods, and techniques of post-test examination of specimens for oxide'

identification and fractographic features have been developed and de-
scribed by members of the Group.;

.

:t

} Participation of the NRC and its subcontractors in the ICCGR program
affords an opportunity for keeping these groups in the world-wide main-

1 stream of developments in the fatigue crack growth area. In this way,
; the NRC can take advantage of recent advances, tailor their programs to
; respond to areas of interest and importance, and/or to fill in the gaps
; in the research as necessary.
F

; One of the true marks of progress in any research effort is denoted
! by the conduct of open forums -- work-shops, symposiums, etc. -- centered
I on the topic of interest. The ICCGR sponsored its first symposium on
: "Suberitical Crack Growth" in Freiburg, Germany on 13-15 May 1981. Thirty-

one contributions, spanning allied topics from experimental fatigue crack*

'

growth results, fractographic and corrosion mechanism studies, and design
applications of f atigue data, were delivered by scientists and engineers

i representing eight nations [1]. The group has begun the initial planning
| for second symposium tentatively scheduled far 1984

! ROUND ROBIN TESTS

3
; The group membership has initiated and completed several round robin
; test programs. The first was designed by the Data Collection and Evalu-

ation Subcommittee and required the data processing of specific data;

; sets of crack length vs cyclic count. The goal was to determine the
j variability among the data evaluation and processing procedures used by
1 the participating laboratories. ' rom the results of this round robin,

together with subsequent work by the Subcommittee, a standarized method

j- of data selection, processing and presentation has been evolv' d.e
.

A major ef fort of the Group has been directed at the conduct of two
j experimental test (round robin) programs, one nearly complete, the second
i just underway. The objective of 'the first round robin was to assure that

the participating laboratories were employing test practice, data acqui-
: sition and data processing methods which would yield comparable inter-
'

laooratory results. This round robin consisted of testing A533B speci-

10
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mens in pressurized, high-temperature, deionized water in wh.ch impurityt

elements were to be kept very low (100 ppb) but dissolved oxygen content
could be whatever a laboratory was accustomed to using. Specimens were
tested under constant load amplitude (with two exceptions), using a load
ratio (R) of 0.2 and an initial dK of 27.5 MPa% E, (25 keiVin.). Thesef

conditions model the load ratio and expected d K range of a quarter-thick- *

'

ness flaw tubjected to start-up/ shut down transients. There were two
phases to this program. The first required testing with 17 mHz sinusoi-
dal waveforms. The second, prumpted by the wide range of results geneY-
ated by the first, required testing using 1 Pz sinusoidal wave f o rms.

The examination of the results of this experimental round robin has
been especially informative to the ICCGR community, because it pointed
out the high sensitivity of the results to the character of the environment
and other variables relating to test practice. The basic findings of the
round robin are summarized in the following statements and accompanying
figures.

Figure I shows results from several laboratories, plotted without
regard to the effects of their individual test practice or environmental
parameters. This figure illustrates the sensitivity of the growth rate
results to these supposedly small differences. Figure 2 shows results
from laboratories which were judged to have nominally identical test
practice and environmental control. This figure differs from Fig. 1 in

that:

1) All laboratories maintained a very low level of dis-
solved oxygen (PWR-typical) throughout the course of the
test (< 2 ppb was the target for these laboratories). It

is recognized that crack growth rates are quite dependent
of dissolved oxygen content. In particular, high oxygen
contents (> 200 ppb, BWR-typical) may result in high
crack growth rates, often above the ASME reference line
for the appropriate load ratio. [2,3]

2) All laboratories used a 17 mHz sinusoidal waveform.
It is recognized that linearized waveforms (ramp / hold /re-
set, triangular) result in crack growth rates which are
substantially reduced from those for sinusiodal waveforms,
all other things being equal [4]. This is an important
design and in-service inspection consideration, since
many of the light water reactor normal and upset, pressure
and temperature transients are characterized by essen-
tially linear changes with time, but the more conservative
crack growth rate data is generated using sinusoidal
waveforms.

The second experimental round robin effort, now underway, involves
testing of 2T-CT specimens, in idealized BWR and PWR environments. The

-test requirements call for a constant load amplitude, R=0.7, 17 mHz 4

T IN E! These conditionssinusoidal waveform, and en initial d K of 11 MPa,

( approximate the lower bound specifications of the more frequently occur-
ring transients (reactor trips, turbine trips) in an operating reactor.'

11
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In support of these round robin ef forts, there have been substantial,
allied research efforts carried out by member laboratories. The Technical
Research Centre of Finland (VTT) has carried out a detailed fractographic
examination of the first round robin specimens [5,6]. Central Electricity
Research Laboratory has examined the oxide formed on the f racture surf aces
of several of the specimens [7}. The VTT work demonstrated that
brittle appearing areas on the fatigue fracture surf ace were present on
specimens tested in 'coth BWR- and PWR- typical env.f ronments, and that
these brittle appearing areas emanate from manganese sulfide inclusions.
An example of the VTT findings is shown in Fig. 3. This, in turn, suggest-s
that a hydrogen assistance mechanism is involved in both environmento.
In some cases this may also be coupled with a dissolution or active path
me chanism.

I
.

In addition to the group-wide, organized round robin p rogra ms ,
se veral of the member laboratories are carrying out cooperative research
in order to directly compare results or techniques, or to take advantage
of individual areas of expertise. As examples:

1) Materials Engineering Associates, Inc. is forwarding
selected groups of samples to CERL and VTT for oxide
identification and fractographic studies.

2) Westinghouse 'luclear Technology Division has exchanged
~

specimenc with UKAEA-Harwell Labs in order to help track
down some consistent differences in results between the
two laboratories. .

3) Representatives of the UK have pooled their resources la
a unified effort to address topics of concern which may
arise in the forthcoming Inquiry, which is part of the
licensing effort preceeding construction of the UK's first
pressurized water nuclear steam supply system.

4) Westinghouse and Framatome are undertaking a cooperative
research program on fatigue crack growth rates, with the
Framatome ef fci t addressing upset water chemistries.

MAJOR ACCOMPLISHMENTS

After its five years of existence, the group can point to several
accomplishments which have evolved directly from its efforts ..nd those
of its members.

,
.

a) Several critical variables have been identified and their influ-
i ence has been investigated. Among these are waveform, temperature,

environment and material chemistry.

Figure 4 illustrates the dependence of the fatigue crack
,

growth rates on waveform. These Creusot-Loire data show
' that triangular waveshapes yield lower fatigue crack growth

rates than sinusoidal waveforms of equivalent peroiod [8].
This conclusion can generally be excended to include all
linearized waveforms (ramp / reset, ramp / hold / reset).

12
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Figure 5 shows an example of the effect of temperature on |
fatigue crack growth rates in PWR-typical environments. I

Work at Central Electricity Research Laboratory and at
Materials Enginaering Associates has confirmed that low ,

alloy pressure vessel steels exhibit minimal crack growth l

rates at temperatures near 200*C [9,10]. Additional work !

at CERL on oxide identification indicates that the oxide
on the fatigue fracture surface changes character from
hematite at the lower temperatures (<180'C) to magnetite
at the higher tecreratures (> 180*C).

The recognition that material chemistry has a role in the
level of fatigue crack growth rates has helped immensely
in sorting out some of the other critical variables.
This ef fect, which has been explored at Westinghouse and
at Creusot-Loire, indicates the fatigue crack growth
rates tend to increase with sulfur composition of the
steel [8]. This is shown in Figure 6.

b) Significant advances in the understanding of mechanisms have been
achieved, primarily through fractographic studies and corrosion potential
measurements. An effort is underway at Centro Informazioni Studi Esperi-
enze (CISE) to develop miniature corrosion potential probes to measure
the electrochemical potential developed at the tip of a growing crack.
This work offers great promise toward unraveling the mechanisms of corro-
sion fatigue crack growth [11]. Figure 7 shows the profile of the poten-
tial as a function of applied load during a fati,aue load cycle.

c) Specific data reduction and presentation methods have been
developed, to help refine crack growth data and establish a format for
presentation which will allow easy and valid comparison of various data
sets.

SUMMARY

The members of the ICCGR are continuing to evolve new, cooperative
projects which will blend and employ the differing types of expertise drawn
from the members of the group. Such diverse contributions of ten help to
focue more quickly on the understanding nf tr.e importance of a particular
variable or on the approach to a sclution of a particular problem.
Coordination of the efforts of the various laboratories has, and will
continue to, shorten the time-t:-solution of the research endeavors
common to the nuclear industry.
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Figure 7. Applied load and free corrosion potential are plotted against
time in this figure, showing that the potential increases as the load
increases. These measurements were made with the CISE-developed crack
tip potential probes.
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STEAM GZNERATOR INTEGR!TY PROGRAM / STEAM GENERATOR GROUP PROJtcT

SUMMARY

The Steam Generator integrity Program (SGIP) is a comprehensue effort
addressing issues of condestructive test (.nDT) reliability, inservice
inspection (ISI) requirements, and tube plugging criteria for PWR steam
generators. In addition the program has interactive resea rch tasks
relating primary side decontamination, secondary side cleaning, and
proposed repair techniques to nondestructive inspectability and primary
system integrity. The progran has acquired a service degraded PWR steam
gererator for research purposes.* This past year a research facility,
the Steam Generatnr Examination Facility (SGEF), specit ically designed
for nondestructive and destructive examination tasks of the SGIP was
completed. The Surry generator previously transported to the Hanford
Reservation was then inserted into the SGEF. Nondestructive charac-
terization of the generator from both primary and secondary sides has
been initiated. Decontamination of the channelhead cold leg side was
conducted. Radioactive field maps were established in the steam gen-
erator, at the generator surface and in the SGEF. Detailed planning and
subcontracting was carried out for 1983 activities in eddy current
examinations, tube unplugging, tube sheet section removal and secondary
side cNracterization. Work was also continued on fabrication, non-
destructive characterization, burst strength and leak rate determin-
ations on stress corrosion cracked Inconel 600 tubing.

INTRODUCTION

Research in the SGIP began in 1976 with investigation into the remaining
integrity of defected Inconel 600 steam generator tubes. Tubing speci-
nens were fabricated with mechanically or chemically placed defects,
simulating available knowledge on inservice defects. These specinens
were subject to burst and collapse tests at steam generator operating
tempera ture. Reselts from the mechanical integrity tests were used to
derive constitutive equations relating remaining tube integrity to
defect type and extent. Nondestructive characterization of the labor-
atory fabricated defect specimens utilized single and multifrequency
eddy current techniques. Comparison with positive defect replicas
allowed the establishment of confidence bands, associated with NDT
accuracy, in the use of the constitutive integrity equations. However
particular difficulties were encountered in the pondestructive charac-
terization of laboratory fabricated stress corrosion cracks . The
tightness of these cracks also precluded use of positive replication
techniques. The lack of a definitive ability to prechar.cterize this
type flaw has hampered efforts to cnnduct burst tests for correlation of

the SCC defect with the constitutive integrity (EDM) notch, crack sim-
equation derived from

tests employing an electro-discharge machined
ulation. To resolve the characterization problem a round robin eddy

*The Surry 2A generator was obtained through the cooperation and
assistance of the Virginia Electric and Power Company.
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current examination was conducted on 10 SCC specimens with subsequent
netallographic validation. The conclusions of this round robin have
just recently become available and will allow ccmpletion of tube inte-
grity testing for this defect type. One observation from the laboratory
generated defect portion of the program is that present eddy current
techniques exhibit deficiencies in the reliability of detection and
accuracy of sizing for low volume defects, particularly stress corrosion
cracks.

In addition to tube integrity tests and validation of NDT defect charac-
terization, leak rate tests are conducted on failed or through wall
defected stean generator tubing. These tests are cor. ducted by pres-
surizing a tube with 300 C water which is leaked to air. The leak rates
associated with a tube burst failure are established for pressure
differentials up to 2500 psig, simulating a main steam line break
(MSLB). Other specimens are not burst test prior to leak testing, but
are fabricated with a through wall stress corrosion crack. Leakage is
measured at normal operating pressure differentials then examined as a
function of increasing pressure differential up to ?300 psig. Of
particular concern is defect stability. Definitive information is
sought on what a length through wall SCC, in terms of leakage at normal
operating AP, becomes unstable under a MSLB pressure transient. Only
the burst testing and leak rate tests on SCC tube specimens remain of
the initial laboratory defect program elements.

+

Labora tory results on tube integrity models required confirmation on
real service produced defects. Early program results indicated that
current inservice inspection (ISI) eddy current techniques may have
shortcomings in reliability of defect detection and accuracy of defect
sizing. In addition there were attempts (under another NRC program) to
provide an ISI inspection model. This model would determine frequency
and extent of tube inspection necessary to provide a certain reliability
of tubing between generator inspections. However necessary inputs, such
as validated NDT accuracy on service defects and defect distribution,
witrin a generator were missing. A search was initiated to obtain a
suitable inventory of service defects. This led to the conclusion that
the only source of sufficient suitable defects would be from a steam
generator removed from service. At the time the Surry generators were
the only units scheduled for removal. Investigations were conducted
into suitability of these units for research use. Finding them suit-
able, studies were made on siting, transportion, options, and facilities
availability, followed by licensing for transportation of a Surry
generator to Hanford. Having obtained a service degraded steam gen-
erator for research purposes, program definition was expanded to max-
imize potential cenefit from this unique resource. In addition an
expanded sponsor base was sought as a condition for conducting parts of
the expanded program. The research program as currently configured
provides inputs not only into safety related issues, but also addresses
items that concern operation and reliability. Figure 1 shows the task
breakdown structure.
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b The primary objectives of SGIP activities utilizing the Surry steam
generator are: i) to provide a validated database on eddy current
reliabilit
flaws, 2) y of detection and accuracy of sizing for service inducedi

validate laboratory models on tube integrity through bursti

testing service degraded tubing, 3) provide an evaluation of the extent
of ISI conducted versus probability of detecting potential tube failures

i during the subsequent operating period, 4) assess degradation in current
potential problem areas, such as the tube sheet crevice, 5) study1

] secondary side cleaning and primary side decontamination schemes for
effectiveness, damage to steam generator components, .effect on post

I application nondestructive characterization, radioactive waste gener-
| ation, and health physics associated with application and radwaste
: handling, 6) test suggested repair methods for effectiveness, subsequent

effect on NDT and operational safety, and health physics associated with,

| application. Program provided results will serve as inputs to regula-
! tiens on inservice inspection and tube plugging criteria. They may also ;

assist on regulatory decisions regarding application of secondary side'

cleaning, primary side decontamination and repair techniques. From the<

i operational and reliability standpoint, benefits include definition of
i effectiveness and safety associated with application of cleaning,
j decontamination or repair processes. Also potential improvements in NDT
; will be subject to validation. Improved NDT can lead to improved
; operational reliability.

!

ACCOMPLISHMENTS OF FY 1982C
-

4

: Steam Generator Examination Facility (SGEF)
i

j The SGEF completed in December 1981 consists of a five story tower plus
i two story support area. The tower is designed to contain the research
! steam generator in its normal vertical operating position. The entire
i tower is double HEPA (High Efficiency Particle Acceptor) filtered.
i Services available in the tower include a 30,000 lb. bridge crane, a
I 2000 lb. jib crane, a portable rigid greenhouse for cutting operations,
I (with an independent third stage of HEPA filtration) breathing air,
1 instrument air, vacuum inert gases and several voltage levels of power.
) The tower is also prewired for data transmission to an adjoining con-

puter facility. A 2000 gallon liquid radwaste tank and transfer pump-1

. are located in the basement. The support structure contains a two story
j HEPA filtered truck lock, a laboratory with triple HEPA filtered hoods,
j change rooms, a central monitoring station, and a mechanical room with

HVAC equiprient, breathing air compressor, central vacuum system and heat'

recovery system. Operations in the facility can be monitored remotely
I from the central monitor station with audio, video, and radiation

] monitoring devices.
I

i Placement of the Steam Generator into the SGEF '

I On January 11, 1982, the Surry generator was loaded through a removable
j roof panel into the SGEF tower. This task performed under subcontract
'

by Neil F. Lampson, Co. involved transporting the generator from an
;
n

!
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interim storage site approximately 1 mile to the SGEF. The generator
was then upended to a vertical position, using an excavated p|t filled
with sandbags as a pivot point to prevent damage to the generator. A 45
meter lift was then made using a single double-boom crane. The gener-
ator was' then lowered into the SGEF tower and fastened to the support
stand in the SGEF. The task was completed without incident and with
less than 1.5 man-rem total exposure to workers.

'

Secondary Side Examination Through Preshipment Penetrations

Prior to transporting the generator from the Surry Nuclear Station,
Surry, Virginia, to Hanford, Washington, an examination of the secondary
side was conducted through three shell penetrations. These foot square
penetrations were located in the tube lane astride the first support
plate, just below the seventh (uppermost) support plate, and at s45
from the tube lane on the hot leg side just below the fourth support
plate. The intent of the exanination was to document the generator
condition at Surry, to assure that storage at Surry had not appreciably
chanced the units condition, and to assess if the unit was in transpor-
table condition. Photographic documentation, corrosion product samples,
and dimensional measurements were taken.

Af ter placing the generator into the SGEF a repeat of the preshipment
exanination was conducted. Patches welded over the shell penetrations
were ground off. Hinged shielding doors were then attached to the
generator along with shielding plates adjacent to the openings. This
provided three doors permanently available for secondary side generator
access. Repeats of the preshipment photographic, corrosion product and
dimensional documentation were conducted. Corrosion product composition
remained the same in the two tube lane penetration , indicating success
of the inert gas (argon, helium) environment kept in the generator
secondary side during transport and storage. Weld splatter from the off
tube lane cut (at 45 ), a low point in the horizontal transport mode,
indicated by the presence of hematite that moisture had been present.
In fact after transport the generator low point was tapped and several
gallons of water removed. Analysis of this water showed a low Cl-
content. Thus condensation or water hidden in steam generator tubes was
the probable source. Internal dimensions remained the same, i.e.,

measurements across flow slots. The generator internal structure noved
slightly (si") in the vertical direction relative to the shell. This is
probably due to system elasticity since measurements at Surry were taken
with the generator in a horizontal position and at Hanford in a vertical
position. Photographic documentation indicated that loose corrosion
scale had redistributed as expected. In addition inner-row U-bends that 1

showed crack-like striations at Surry, had in a couple instances cracked
open along those striations.

|

The generator visual observations made during the preshipment examin-
ation were extended further into the secondary side and photographically
documented. These observations indicate that all support plate flow
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slots below the uppermast support plate, have essentially closed due to
'hourglassing'. Most of these flow slots are deformed only fron the hot
leg side with the cold leg remaining straight. Several flow slots have
closed by cracking at the hot leg side corners. Pieces of support plate
appear to be missing in 'several cracked flowslot corners. A couple
small pieces of support plate have been found at non-support plate
positions in the generator. Due to first support plate flow slot
closure hot leg tubes in the flow slot tube columns exhibit what appears
to be a bending at the tube sheet to tube intersection. Corrosion
product samples indicate compositions of Fe-Ni'Cr spinels, and metallic
copper.

Prirary Side Examination

Primary side examinations have been limited to date to inspection of the
hot and cold leg sides of the channelhead. These inspections revealed
that several plugged tubes were still leaking water. Several liters of
water were removed from both channelhead sides. The stainless steel
strip clad on the channelhead bowl exhibited corrosion along the strip
clad lap lines. The channelhead divider plate and the Inconel cladding
on the tube sheet bottom showed no obvious corrosion.

Radioactivity Field Mapping

Field mapping was conducted on the steam generator surface, through the
generator secondary side penetrations, into the channelhead manway and
throughout the SGEF tower. These measurements were made as inputs to
work procedure preparation to establish ALARA exposure for researchers.
Measurements used strings of TLD's (thermo luminescent dosimeters) run
along the generator surface, inserted into the generator via a plastic
tube, and hung between floors in the SGEF. Portable ionization counting
instruments were also used. Figure 2 illustrates a typical surface
contact radiation field map of the stean generator. Maximum readings
were s150 mR/hr. Figure 3 shows a typical field map prepared for a
region of the SGEF tower. Immediately inside the secondary side shell
penetrations a field of 1-2 R/hr. exists. Mapping through the tube
bundle the highest fields recorded were 411 R/hr. The channelhead
before decontamination remeasured between 3.5 and 5 R/hr. Shielded
TLD's indicated the channelhead surface at 3-) R/hr. Current neasure-
ments are determining vertical field distribution by insertion of TLD
trains up through the primary side of selected steam generator tubes. A

|
radionuclide mapping is planned, also through the primary side of steam
generator tubes.-

Channelhead Decontamination

The primary programmatic reason for channelhead decontamination is to
,

I reduce radiation exposure to researchers needing primary side access.
However, it was realized that the availability of this unit might allow
demonstra tion of the effectiveness of near commercial technologies,
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without the normal time constraint of operating reactors and with some I
. ability to accept the risk of first time application. Based on response j

to a competitive bid procurement it . was determined that two dilute i

reagent chemical decontamination schemes could be tried, one each on hot
leg and cold leg sides' of the channelhead. Chemical decontamination
offers the opportunity for low radiation exposure during the tpplication
because there is nc need to attach equipment the inside channelhead, and
the operation is largely' remote. Also there is potentially significant
opportunity for reduced secondary waste volume compared with grit
blasting methods. The element of first application risk involves the
effects of the chemicals on generator materials and the ability to
remove the chemicals from the system. Also in question is the effec-

tiveness on PWR films. Two different techniques were chosen, a Candu
process and a LOMI process, each applied by a commercial vendor. At the
time of this writing *e are just involved in the application of the
first of these, and thus have no results to raport. Prior to appli-

cation, core samples were removed from the channelhead surfaces to allow
predecontcmination surface film characterization. Also a number of
coupons have been placed in the channelhead to evaluate effects of the
decontamination reagents. These coupons include stressed bend samples
and various metal couples. In addition, a sample of steam generator
tubing removed from just below the U-bend area is included to assess
effects on the Inconel 600 tubing. A decontamination factor of 10 is
the goal scught in these applications.

Nondestructive Examination and Data Analysis

Numerous preparations have been made for the extensive NDE to be con-
ducted in the coming fiscal year. This included identi'ying and pur-
chasing NDE primary side inspection probe positioning and indexing ,

equipment ard developing a computer interfaced probe pusher-puller that
automatically indexes probe position with the eddy current or other NDE
signal. Eddy current (EC) information will thus be locatable without
having to listen to a voice track. Software has been completed that
allows direct computer processing of EC data during inspection. This
will provide readily accessible archives and also serve as data base for
studies on computer aided CC signal interpretation, i.e., through
pattern recognition techniques. During the year we have completed
archiving historical information on the research generator. This
includes data bases trom Westinghouse, VEPC0, and the NRC, and contains
histories for tube plugging, water chemistry, and operation. This
database is initially being used to determine which of the plugged tubes
should be unplugged to maximize the defect database for subsequent NDE
validation studies.

Round Robin Eddy Current Examination

A round robin was conducted on ten specimens containing laboratory
induced stress corrosion cracks. This round robin was initiated to
determine if an adequate method of nondestructively characterizing
stress corrosion cracks was available. Such a method could then be used
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to characterize SCC specimens allowing cor/pletion of burst and leak test
studies en laboratorf fabricated specimens. Rer.ults from 8 of the 10
round robin specimens are presented in Table 1, the other two specimens
are undergoing metallographic characterization. Several specimens
actually had multiple cracks, the worst case crack is listed. No team
consistently sized all defects. However at this time a couple teams
appear to be averaging better than the others, and one of these, Team F,
is almost always conservative in their defect sizing. We plan to
establish the best two overall team results, have these two tcums
inspect remaining specimens for burst and leak rate testing, and use an
average defect characterization.

ACTIVITIES FOR FY83

The following task actions are planned in the order shown for FY 1983
research.

* Profilometry will be conducted on 150-200 tubes along the hot and
cold leg sides of the generator. This will determine deformation
state in the generator and allow acquisition of appropriate eddy
current probes.

* Secondary side characterization via fiberoptic examination and
corrosion product sampling / analysis.

Approximately 500 of the 748 plugged tubes will be unplugged to*

maximize access for NDE and other studies.

Post service baseline EC inspection of all accessible tube regions*

of the generator. Inspections will be conducted using a single
frequency EC technique (Zetec EM3300), and two multifrequency
techniques (Zetec MIZ12, Intercontrole IC3FA).

A section of tube sheet will be removed for destructive charac-*

terization. Corrosion products will be characterized, tube and
tube sheet degradation investigated, and NDE reliability validated
for detection and sizing and any defects found.

Completion of burst and leak rate tests on laboratory SCC speci-*

nens.
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TABLE 1

STRESS CORROSION CRACKED SPECIMEN ROUND ROBIN TEST
'

,

:

TUBE NUMBER TEAM A TEAM B TEAM C TEAM D TEAM E TEAM F

B34-4 100% 65% 80% ID Bobbin 40% 82%

Actual- thru-wall 52% Coil-64% 59%

Maximum OD Absolute 40%
II)Depth 64% Coil-56% 35%

B49-4 60% 72% 10% ID Bobbin 63% 80%

Actual- 68% 70% Coil-70% 40%

S3 Maximum OD Absolute (2)
Depth-81% Coil-20-49%

B45-9 60-70%(2) 26% 20% 10 Bobbin 44%- 84%

Actual (2 cracks) 28% Coil-40% 36% (2 cracks)
Maximum (multiple 00 Absolute (2 cracks)
Depth-52% cracks) Coil-52%

B45-2 20-30% 36% 20% ID Bobbin 58% 74%

Actual (2 cracks) 25% Coil-26% 50%

Maximum (multiple OD Absolute
Depth-63% cracks) Coil-48%

.

4
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TABLE 1 (cont.)

845-9 60-70% 67% 65% ID Bobbin 56% 84%

Actual (2 cracks) 68% 15% Coil-50% 49%

Maximum (multiple (2 cracks) 08 Abolsute
Depth-66% cracks) Coil-15%, 45%,

20-56%
(3 cracks)

B46-10 20-30% 35% 40% ID Bobbin 40% 32%

Actual <20% Coil-24% 35%

Maximum (multiple OD Absolute
Depth-47% cracks) Coil-44%

B61-8 20% 41% 25% ID Bobbin 44% 50%m
N Actual 40% 37% 40% Coil-24% 45%

flaximum (2 or 3 (multiple (2 cracks) OD Absolute 44%

Depth-54% cracks) cracks) Coil-52% (3 cracks)
.

863-2 50-60% 82% 60% ID Bobbin 63% 85%

Actual (2 cracks) 50% 80% Coil-44% (multiple (multiple
Maximum s180 apart) (multiple 50% OD Absolute cracks) cracks)
Depth-67% cracks) 20% Coil-20-58%)

(4 cracks)

1) Only maximum depth of largest defect shown. Some specimens have multiple. cracks.

! 2) Indicates range of depth of a given crack.

3) Multiple entries are for maximum depths of major cracks.
;

I
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EXTENDED ABSTRACT

Inconel 600 tubes in prusurized water reactor (PWR) steam generators
form a pressure boundary between radioactive primary water and secondary wa;ar *

which is converted to steam and used for generating electricity. Under
operating conditions the performance of alloy 600 has been good, but with some
occasional small leaks resulting from stress corrosion cracking (SCC), related
to the presence of unusually high residual or operating stresses. The
suspected high stresses can result from either the deformation of tubes during

Imanufacture, or distortion during abnormal conditions such as denting. There
have also been a few minor leaks that were not positively identified as stress
corrosion cracks because the tubes were merely plugged without removal for
examination. It is not yet certain what long-term effects are to be
associated with lower stress levels that would be encountered during usual
temperature cycles of a steam generator in service.

A primary to secondary leak causes contamination of the anvironment to
the Nuclear Regulatory Commission (NRC) issome degree, and for this reason

involved in a licensing decision whenever leaks are reported. In order to
assist the NRC in making decisions concerning the licensing of a plant with
SCC defects, data are necessary that could be used for predicting or
estimating f ailure times when abnormal conditions are encountered. A program
is active at present at Brookhaven National Laboratory to examine the factors
involved in the SCC of Inconel 600 in high temperature deaerated water, with
the ob jective of developing a model that will relate lif e expectancy of tubing
to factors such as stress, strain, strain rate, environmental conditions,
microstructure and cold work of the material. Such a model is intended to
form the basis for determining a predicted life expectancy for an " unknown" by
extrapolating one or two accelerated data points to operating conditions.
This could then be used in various cases to assist in determining tube
plugging or inspection criteria.

The present experimental program addresses two specific conditions, i.e.,

1) where deformation occurs but is no longer active, such as when denting is
stopped and 2) where plastic deformation of the metal continues, as would
occur during denting. Laboratory media consist of pure water as well as :

solutions to simulate environments that would apply in service; tubing from
actual production is used in carrying out these tests. The environments
include both normal and "off" chemt.tries for primary and secondary water.

The results reported here were obtained in several different tests. The
main ones are 1) split tube " reverse" U-bends , 2) constant extension rate
tests (CERT), and 3) constant load. The temperature range covered is 290-
365*C.

U-BENDS:

Split tube type U-bends have their inside surfaces exposed in tension.
Using these specimens, a first series of experiments suggested a possibility
that the carbon level of the Inconel influences the crack initiation /
tempersture relationship. Specifically, activation energy seemed to increase
with increasing carbon content. These data are based on cracks observed in

37

__ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



the temperature range 325'C to 365'C, with most of the dats from the highest
temperature levels. Since the temperature range is small, it obviously
remains. important to verify that this effect persists down to operating
temperatures. There is also some scatter in stress corrosion data in general,
and the present tests are no exception; therefore, a statistical analysis was

! deemed necessary and tests were started in the first half of 1981 in which a
larger number of replicate samples are exposed in water at 290 and 315 'C.,

These U-bends had been in test for 60 weeks at the previous inspection without
any observed cracking; it should be noted that little or no cracking is |

expected during such a short exposure. Figure 1 shows the data points in the
U-bend testa, and Figure 2 shows the tentative activation energies plotted
against carbon contents. For the 0.02% material, one test at 290*C and one
at 315'c have now exceeded, without SCC, the times at which SCC would have
been predicted by extrapolation. The expected failure times are shown in
Table 1. At least for 0.02%C, therefore, the activation energy may be greater
than 36 Kcal/ mole over the lower temperature range, which includes operating
temperatures. The other materials (.01, .03 and .05%C) have yet to reach
points of intersection with the extrapolations of the high temperature
portions of the curves. When sufficient data are available, we will use
statistical methods (such as Weibull) to develop the final, quantitative
model. The heats that are now exposed at 290 and 315'C, cover the range of
0.01 to 0.03% carbon, and a few (8) of the original specimens with 0.01, 0.02,
0.03 and 0.05%C also remain in the 290*C test. The latter 8 samples have '

i reached 192 weeks without SCC.
.

CERT:

CERT data so far have shown a distinction between the initiation and
propagation stages. Cracks do not initiate at the start of plastic
deformation, but take a finite time (after that) to develop, and initiation
times are much shorter than in the U-bend exposure. Extrapolations were made
to determine the onset of SCC in CERT at temperatures of 325*C, 345'c and
365*C, These curves, shown in Figure 3, were obtained with specimens made
from production tubing, flattened before cutting tensile specimens. For the
present, corrections based on these curves also are used for calculating crack
propagation rates in undeformed materials; similar initiation corrections are
being developed for as-received tubing. Cracking in the CERT was achieved
readily in cold worked or as-received material at strain rates in the vicinity
of 2 x 10-7 sec-1 As will be shown below in more detail, the
activation energies for cold worked and non-cold worked Inconel 600 were found

to be identical, suggesting that the mechanism is the same in the two cases,
i although the crack growth velocities for the types of specimens are

different.

Figures 4 and 5 show the straight line Arrhenius plots of CERT data ob-
tained to date. Several sets of points provide parallel curves that corre-
spond to an activation energy of 33 Kcal/ mole. Some additional observations
based on the CERT data can be detailed as follows:

1. The slopes of the lines remain consistent with an activation energy
of 33 Kcal/ mole regardless of whether the material is cold worked, aged

| (365*C), or mill annealed.
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2. Crack growth rates are faster in cold worked material due to a change
in the constant k of the Arrhenius equation:

Rate = k.exp -

3. Environmental conditions may also affect the quantitative aspects of
SCC. Hydrogen (added to pure water) increases the number of cracks as well as
SCC growth rate of as received material while H 803 ' does ' not appear to3
have this effect. Other combinations of the ingredients of primary and
ascondary water are in test now.-

4. An " unknown" tube can now be tested in one accelerated test to
establish its initiation and propagation rates, and data for other
tamperatures can be calculated from this determination.

5. Cold worked (flatteneo) specimens gave crack growth rates in I

simulated AVT and primary water consistent with rates observed in pure water. |

Tests with as-received material will be completed this year.

6. Specimens aged (furnace) at 365'C for several weeks before exposure
in pure water (CERT) gave crack growth rates similar to fresh material.

7. Crack growth velocities in our work are in the same ranges as were
found in published work for tests is sodium hydroxide solutions at elevated
temperatures. (See Figure 4.)

8. Strain rates in the range 3 x 10-8 to 1 x 10-6 sec-1 were
used for producing SCC, and it seems necessary to adjust the rate downwards in
order to see SCC in the more resistant materials.

9. Temperature exerts a much greater influence on crack velocity in CERT
than strain rate. The latter, within the range used, has had an effect of
less than a factor of 2, and there are no plans now to examine the effects of
strain rate any further. Most of the present tests are done at about 2x
10-7 sec-1

10. ' Extrapolation of data f rom cold worked samples shows initiation at
approximately 10% strain at operating temperature, as shown in Figure 6.
This number appears to be in good agreement with what has been observed in the
field when denting led to stress corrosion cracks in deformed Inconel tubing.
A comparison of SCC times based on the laboratory data (using susceptible
Inconel) with the field observations show considerable promise that the
laboratory data can indeed be used to predict service performance. (See 11.
below.)

11. An example of an extrapolation is as follows: Laboratory tests for
es-received material in pure water indicate a crack velocity at 300*C of about
5 x 10-8 mm sec-1 In order to achieve observable cracking in the
CERT, strain rates.at these low temperatures appear to be of the order of 1 to
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5 x 10-8 Assuming that a strain rate of 2.5 x 10-8 is observed, we
can use this to show that it will take almost two months to reach 10% strain
at which time cracks will initiate. At this temperature (for tubing that
has not been cold worked), the crack velocity will be approximately 5x
10-8 mm sec-1 based on presently available data, so that it would take
approximately four to six months for cracks to propagate 60% through wall. A
series of more accurata calculations will be made within the next few months
when more refined data are available. However, it is evident that reasonable
predictions can already be made for the case of active deformation.

12. A point to keep in mind is that the actual conditions of stress,
strain cud strain rate under operating conditions trould have to be known, or
calculated, in order to use the quantitative SCC data predictions to best
advantage.

13. Figure 7 shows a comparison of the stress-strain curve for heat #2
in the as-received, mill annealed condition, with another that had first been
subjected to a heat treatment of 20 hours in Ar at 700*C. This latter
treatment is equivalent to the latest commercial method used to induce
chromium carbide precipitation, which is believed to provide resistance to SCC
in deaerated high temperature water. The as-received specimens showed
intergranular failure, whereas the material after 700*C treatment showed a
ductile fracture with only extremely shallow intergranular penetration at one
point on the surface. This is an encouraging result, because the laboratory
heat treatment was but a single step following af ter a processing procedure
that obviously was quite " adverse" in terms of SCC resistance. In future
production; we believe that the prior processing may be arranged to optimize

ithe effects of the final 700*C heat treatment, and may well produce even |

greater resistance to this kind of SCC.

More tests are planned with samples of commercial (700*C treated) tubing,
cud these will include a range of strain rates to obtain comprehensive data,
including primary coolant conditions.

CONSTANT LOAD:

For the case where denting or active deformation is no lenger occurring,
it is necessary to obtain data that relate the time to failure to the stress

i present in the surface of the material, i.e., the load a that part of the
; tube. These stress patterns can consist of residual plus operational stress,
| cud may be complex. In the present test series, a first attempt at relating

load to SCC failure time is made by means of tensile specimens under applied
i load. This will be compared with simulated dents in order to find out how the
! quanticetive values compare for this type of f ailure in Inconel. Figure 8

shows the curves for stress versus failure time on icgarithmic scales,
| including results for as-received and cold worked material. In the equation

k. a b, the slope of the two parallel log-log curves correspond to| Tp =

s value of b = -4.0, in the range that has been studied so far. This is a
tuch more reliable number than the previously reported value for b which was
based on fewer data. Figure 9 shows 2 pointa of data obtained in simulated

|
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rimary water at - 365'C, where the slope agrees with the pure water plots.
Figure 10 is taken from the work of Theus (B&W) in caustic for comparison with
our results.

In the cold worked material, the cold work resulted from the flattening
of' the tube specimens during the preparation of the censile pieces. These

cracked more readily than the as-received material, in agreement with the
findings in CERT, but the stress dependence is the same.

One test has shown SCC at a stress level below the yield point in as-
received Inconel 600, and relates to the important question whether the
quantitative equation can be applied to stresses well below the yield point.

|

| It is intended to combine the CERT data with the U-bend and or constant
load results in one equation for translating exposure under known operating'

conditions into future performance, taking into account the spread to be
,

expected within extrapolations.

! Since cold work !s an important parameter in accelerating SCC , althougn
it is obviously not a prerequisite for cracking to occur, it will be examined
in more detail. In practice, tubing is shaped, e.g., into U-bends , rolled

into tube sheets, straightened without subsequent annealing during
manufacture, and there are certain to be many other sources of residual
stresses. Little is known about the influence of the degree of cold work on
SCC, and for this reason it is included in the present BNL program. We are
comparing the as-received condition with 5,10, and 20% cold work in tests
that include direct load and CERT. Environments include pure deserated water
as well as oxygen-free simulated primary and secondary water. i

Capsule tests in which denting is being reproduced as well as tests in;

which cyclic stresses are applied to the specimens are due to resume in the'

near future. No new results are available for these experiments at present.
They will be important in covering cet tain practical conditions.;

HEAT TREATh;ENT:

Attempts have been made during the past two years to generate our own
susceptibic heats of Inconel by means of high temperature annealing of heavily

:
1

cold workei Inconel 600. Annealing temperatures were chosen to simulate those
that may possibly exist in tube mills. Earlier work had indicated no sucess

,

in the temperature range. of about 1600*F to 1850*F (approximately 870*C to
! 1,000*C), f or times ranging frora 15 to 30 minutes. In more recent work, the

material has been held at an annealing temperature for relatively short times,'

and some success has been achieved by holding at temperature for about 2'

minutes. At shorter or longer times than this we did not achieve
susceptibility, as determined in CERT (by the presence of cracks and a maximumi

loss of ductility at 365'C in pure deaerated water) and also in U-bend tests'

(where cracking occurred only in the specimens that had been heated for about
2 minutes) as shown in Figure 11. It is stressed that these results may only

apply to the specific heat that we used (0.03% carbon) and it is not suggested
; at this time that the specific temperature-time combination would be generally

applicable to any heat of Inconel 600.
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STRUCTURE:

The verious _ heats of _ mill annealed Incoael 600 tubing used in this
program are typical of nuclear grade production; however, only about half of
these heats have shown evidence of intergranular SCC when U-bend specimens
were exposed to pure deserated water at high temperatures. It is difficult to,

| establish what differences exist between these heats that account for the fact
j that. some are susceptible while others- appear to be immune. A susceptible
}' structure is generally associated' with carbide-free grain boundaries, while

semi-continuous grain boundary precipitates are beneficial in preventing SCCi

! in caustic and pure water environments. Electrolytic etching in phosphoric
} acid showed that all of the materials used in this program were relatively

|: free of carbide precipitates in the grain boundary regions. The suscepti- !bility of this alloy, therefore, cannot be judged on microstructural analysis
j alone. Small variations in processing history which occur within a mill or

different mills must play an important role.
i

H2 IN PURE H 0:2
i
'

A definite accelerating effect of H2 has been observed on SCC in high
j temperature water in U-bends as well as tensile specimens. In the latter

case, a heat (fil, 0.03%C) of commercially produced tubing did not crack in
: the as-received surface condition in pure water at 365*C in the CERT test as
j well as U-bends - although a basic tendency towards cracking was found in

U-bends that were first pickled in HNO /HF. When tested as-received3
,

j (resistant in water at 3655) in CERT at 365*C in H O +H, intergranular2 2
SCC occurred.

| Confirmation of a H2 effect came from a comparison of 9 heats tested in
i pure HO and HO +H2 as U-bends at 365*C. In water alone, as shown in2 2
] Table 2, only 2% failures occurred in 12 weeks , compared to 83% in H O +2
j H,2
l

1

i

)

1

)
;

i

s

t

1

s

4
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Table 1

| Calculated Failure Times for Lab. U-Bend SCC

Proiected Weeks at:
_% C,, ]]j 'C, 290'CC

0.05 150 1500

l 0.03 120 700
0.02 30* 150*
0.01 80 240

~

* Exceeded by ongoing tests, without visible SCC.

Table 2
;

in H O at 365'CEffect of the Presence of H2 2

Test duration: 12 weeks
Test medium: Pure, deaerated water (with and without H )2

Test temperature: 365'C
Test specimens: U-bends
# Heats: 9

RESULTS

Cracked # Tested % Failed

Pure H O 1 45 2
2

ture H2+HO 15 18 832

(H2 = amount found in primary H O).2

1
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IMPROVED EDDY-CURRENT TESTING FOR LONGITUDINAL AND
CIRCUMFERENTIAL FLAWS IN STEAM GENERATOR TUBING *

C. V. Dodd

Metals and Ceramics Division
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830

ABSTRACT

The ORNL-developed multiple-frequency instrumentation is essentially

complete and has been successfully tested in several dif ferent field

applications. Improvements are being made in the sof tware and the basic

instrument is being applied to different test applications.

Due to recent steam generator failures, a major emphasis has been

given to the design and development of pancake coil probes. Both

analytical and dimensional analysis techniques have been applied. A

pancake coil probe has been developed and tested that improves the

signal-to-noise ratio to small defects by a factor of ten over the

standard circumferential coil. In addition, the pancake coil probe can

detect both axial and circumferential flaws, while the circumferential

probe can only detect axial flaws. This type of probe will give a more

sensitive inspection but will be more expensive to manufacture.

*Research sponsor 2d by the Office of Nuclear Regulatory Research,
U.S. Nuclear Regulatory Commission, under Interagency Agreement DOE 40-551-75
with the U.S. Department of Energy under contract W-7405-eng-26 with the
Union Carbide Corporation.
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GENERAL PROGRAM OBJECTIVES
:

l
t

j 1. Improve the state-of-the-art .for steam generator
; inspection to meet the specific problems that are
j now present in steam generators.
1

{ 2. Provide a broad technical base to allow quick
response to new steam generator problems as they
arise.

5
|

; 3. Provide NRC with an independent evaluation of the
: eddy-current inspections that the utilities and
! their vendors are performing.
$
1

i
!
s

:

!

1
<

!

:

|

4
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|

SHORT-TERM PROGRAM OBJECTIVES

I Develop eddy-current inspection techniques for steam
|

generator tubing that will measure or discriminate
against simultaneous variations in each of the
following parameters:

1. tube diameter, including denting at the supports,
4

2. probe wobble,

3. presence of supports around the tube,'

4. tube wall thickness,

5. location (radial and axial) of defects in the
tube wall,

6. size of defects in the wall,

detect intergranular attack in the tubesheet'

crevice region and perform field inspections,
and

8. design probes to detect defects with any type
of orientation.

!

;

i

$
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SOLUTION TO MULTIPLE PROPERTY PROBLEMS

There must be as many independent readings
as there are test property variations.

: Multifrequency/ Pulse

Multicoil/Multiposition

;

4

!
!

|

I

.
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ORNL-DWG 80 19392

MULTIPLE INFORMATION
SIGNAL

MULTIPLE FREQUENCY,
MULTIPLEX FREQUENCIES, RECORDER

OR PULSES DIGITAL OR ANALOG

d i i l i i

m 1 f

PROBE MULTIPLE INFORMATION #VARIABLE SEPARATOR M
DIFFERENTI AL OR ABSOLUTE, SIGNAL DECODER RECOGNITION
COAXIAL OR PERPENDICULAR, FREQUENCY OR ANUAL ORCOMPUTERMULTI-COIL ARR AYS TIME FILTERS * COMPUTER

i f.

1 f I f

PART DECISION MAKING

MANUAL OR COMPUTER
.



PANCAKE VERSUS CIRCUMFERENTIAL COIL

1. The pancake coil has higher sensitivity to small
defects.

2. The pancake coil is able to ride the surface and
has better coupling to the tube.

3. Property variations outside the tube have less
effect on the pancake coil readings.

4. The pancake coil can detect both axial and
circumferential cracks.

5. The pancake coil can measure different properties
at different locations around the circumference.

6. The pancake coil array is a more complicated,
expensive, and fragile probe.

7. The electronics and recording system for the
pancake coil array is more complicated and
expensive.
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TECHNIQUE FOR CALCULATING TEST PROPERTIES
| FROM INSTRUMENT READINGS

1. Calculate instrument readings for many different
test properties, including multiple frequency
and multiple coil positions:

R = f(P).

| 2. Do a least squares fit of various nonlinear
combinations of instrument readings to properties:

P11 = Co + C R111=CR2 12 + . . . + C RN IN -

P12 = CO+CR1 21 + C R2 22 + . . . + C RN 2N -
|

!
*

|
.

|

|
*

PIM = CO+CRIM1+CR2 M2 + . . . + C RN MN .

Let Pjj - (C0 + C Rj l + . . . + C Rj N) * Ej1 N -

M 2Determine C , C , C , . . . , CN to minimize [ cj .O 1 2
j=1

The Rjk can be fenctions or powers of the readings:

Thick = Co + C (In M ) + C (in M )2 + C (Ph ) + . . .l 1 2 1 3 l

3. Calculate the errors due to lack of fit and
instrument drift.

! 4. Repeat steps 1 through 3 for various coil and test
j designs.
1

i
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MULTIPLE PROPERTY EDDY-CURRENT TECHNIQUES CAN'BE
,

SUCCESSFULLY APPLIED TO STEAM GENERATOR INSPECTIONS

I

1. Steam generators represent a complex, changing
problem that requires our best effort.

2. Modern computer and information processing
techniques allow us to get more information and
accuracy fran our eddy-current tests.

3. The best solution for these tests requires
considerable effort and attention to detail.

,

,
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NRC-04-81-178

.The Development of a Plan for the Assess..ient of
Degraded Nuclear Piping by Experimentation and
Tearing Instability Fracture Mechanics Analysis

M. F. Kanninen, G. M. Wilkowski, J.' Pan, J. Ahmad,
C. W. Marschall, E. R. Gilbert, C. H. Popelar and D. Broek

Battelle's Columbus Laboratories
Columbus, Ohio 43201

Summary

Because nuclear plant pipe materials are very ductile and tough,
even pipes with large cracks may have a considerable margin of safety
against fracture. Ordinary linear elastic fracture mechanics is generally
inadequate for these applications. This fact has led to the development
of a nonlinear fracture mechanics approach known as a tearing instability
analysis. But, while this approach is highly promising, it has yet to be
validated for conditions that might occur in actual service. A two-phase
effort was initiated to address this need.

The primary objective of this research is to critically examine
the tearing instability fracture mechanics analyses for the flaw sizes and
loads -- in both design and accident conditions -- that would be expected
to occur in actual nuclear plant operation. The work that has so far'been
accomplished constitutes Phase I of the program. The approach that has been
followed involves work in three main areas:

e identification and acquisition of in-service degraded
piping (for possible use in Phase II), and accumulating
relevant pipe fracture experimental results;

development and application of tearing instability analysise
procedures for the assessment of existing pipe fracture
data;

design and costing of a comprehensive experimental pipee
fracture research program to be performed as Phase II.

Unnecessary duplication of experiments will be avoided in the Phase II
effort, both by utilizing results already available and by becoming
cognizant of the on-going and planned research activities of other agencies
around the world.

|
(

|
61



The present research offers several conclusions. First, the ex-
tensive search for plant degraded piping and relevant pipe fracture data
has turned up little of either that will assist the Phase II effort.

While a great number of fracture experiments have been performed, until;

recently accurate measurements of the extent of stable crack growth preced-
ing fracture instability were seldom made. This' precludes a critical assess-
ment of the tearing instability theory which focuses on this point. More-
over, the data that was available did not discriminate between tearing in-
stability and net section collapse. The present plans of non-NRC agencies
in the U.S., Europe and Japan will not provide substantially more information
of this kind. Accordingly, it seems clear that the pipe fracture data needed
for an assessment of the tearing instability approach must be generated in
the Phase II program.

The second contribution of this research has been in the advance--
ment of tearing instability techniques. Specifically, by use of the n-factor
approach of Turner, it has been possible to broaden the applicability of
existing analyses to include work-hardening stress-strain behavior and to,

remove the hith?rtofore necessary assumption of net section yielding in
pipe fracture analyses. The resulting methodology contains all previously
known J-estimation solutions as special cases. Further work was accomplish-
ed on tension and torsion loading conditions. It is expected that these
results will play a key role in the detailed design and interpretation of
the Phase II experiments.

The third achievement of this research is the development of a
comprehensive pipe fracture experimental plan. Owing to the exhaustive
efforts that were made to review and critique the efforts of others, this
plan can be confidentially viewed as neither unnecessarily duplicative nor
deficient in any vital aspects. The test matrix that has been evolved in-
cludes axially cracked pipes under pressure loading and circumferentially
cracked pipes under bending, tension, torsion and combined loading conditions.
Note that, because of the limited amount of in-service degraded piping
that was found, it is expected that pipes with laboratory induced cracks
will be used. The cost estimates were made in terms of three priority levels.
Details are available in the final report on Phase I, in preparation at the
time of this meeting.
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PROGRAM OBJECTIVE

I

ESTABLISH THE APPLICABILITY OF THE TEARING

INSTABILITY FRACTURE MECHANICS APPROACH FOR

IN-SERVICE DEGRADED PIPING UNDER REALISTIC

SERVICE LOADING CONDITIONS

PHASE I APPROACH

e EXTEND AND APPLY EXISTING ANALYSES FOR THE

ASSESSMENT OF EXISTING PIPE FRACTURE DATA

e IDENTIFY AND ACQUIRE IN-SERVICE DEGRADED

PIPE FRACTURE DATA

e DESIGN AND COST A COMPREHENSIVE EXPERIMENTAL

PIPE FRACTURE PROGRAM TO BE CONDUCTED IN

PHASE II

OBattelle
.

Columbus Laboratories

;
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1

OUTLINE OF PRESENTATION

;

e STATUS OF TEARING INSTABILITY ANALYSIS

e PROGRESS IN J/T ANALYSIS OF NUCLEAR PIPING

ASSESSMENT OF EXISTING FRACTURE DATA FOR J/T VERIFICATIONe

e IDENTIF_ICATION OF IN-SERVICE DEGRADED PIPING

e DESIGN OF PHASE II EXPERIMENTAL PROGRAM

;

OBattelle( m_ees mee,.,e, ., y
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PROFILE OF CIRCUMFERENTIAL CRACK DETECTED IN 4-INCH
(100-MM) DIAMETER RECIRCULATION BYPASS LINE (LOOP B)
OF THE QUAD CITIES II BOILING WATER REACTOR
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Figure 2-1. A conceptual illustration of the use of a plastic fracture mechanics
approach to the prediction of fracture in a cracked structure.
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Crack Growth, mm (each side)
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| COMPARISON OF J-RESISTANCE CURVES FOR TYPE 304
|

STAINLESS STEEL INFERRED FROM EXPERIMENTS ON

FOUR DIFFERENT CRACK / STRUCTURE GE0METRIES
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;

ISSUES IN ELASTIC-PLASTIC FRACTURE MECHANICS:

1. LIMITATIONS ON VALIDITY OF J/T APPROACH:

0 MAXIMUM PERMISSABLE EXTENT OF STABLE CRACK GROWTH

(b/J)(dJ/da) 1

e UNIQUENESS OF J-RESISTANCE CURVE AS GEOMETRY-INDEPENDENT

MATERIAL PROPERTY

e EXTENSION TO FULL-SCALE STRUCTURES UNDER REALISTIC SERVICE

CONDITIONS (DYNAMIC AND MIXED MODE LOADING) AND CRACK
.

LOCATIONS OBSERVED

e DUCTILE-BRITTLE TRANSITION BEHAVIOR

.

OBallelle
Columbus Laboratones
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ISSUES IN ELASTIC-PLASTIC FRACTURE MECHANICS

2. ANALYSIS OF CRACK GROWTH IN ELASTIC-PLASTIC CONDITIONS

S DETERMINATION OF J-RESISTANCE CURVES REQUIRES $NALYSIS MODEL

e J-ESTIMATION SCHEME VERSUS FINITE ELEMENT COMPUTATION
a

e EFFECT OF SIMPLIFYING ASSUMPTIONS (E.G. LIMIT LOAD. CONDITIONS,

PERFECTLY PLASTIC BEHAVIOR, SMAt_L DEFORMATION)

e THREE DIMENSIONAL CONDITIONS

OBattelle( m.,<.e,.,e,..,y
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ISSUES IN ELASTIC-PLASTIC FRACTURE MECHANICS

.

I

3. EFFECT OF PRIOR LOADING AND CRACK GROWTH:

S SUBCRITICAL STRESS CORROSION OR FATIGUE CRACKING

S WELD-INDUCED RESIDUAL STRESS AND DEFORMATION

2
0 TENSILE OVERLOAD (WARM PRESTRESS)

e ARRESTED UNSTABLE CRACK GROWTH

:

.,

| <

OBanelle
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CRITICAL CRACK EXPERIMENTS ON A106 GRADE B CARBON STEEL PIPE WITil
TilROUGil-WALI. AXI AL FLAWS (CilANG ET AL, NUREG/CR 1119, JUNE 1980)

.

Total
h, Nonu.nal Predicted Hoop Stress8Antal Tensile Data at FailureTest Crack Hoop Stress field Ultimate Outside' Wall J/T PlasticTeaperature, length, at failure, Stress, Stress, Radius, Thickness. Analysis, Collapse,Pipe Emperiment F in. ksi ksi kst in. in. ksi ksi

C1 3 575 24.5 13.49 33.0 75.4 12 1.735 13.6 14.3
Cl 1 575 18.5 19.74 33.0 75.4 12 1.674 17.2 17.0
C1 2 587 18.5 18.03 32.8 75.0 12 1.593 17.2 17.3
C2 5 675 18.5 16.48 30.6 75.0 12 1.64 17.2 17.2
C2 7 670 18.5 17.05 30.6 75.0 12 1.635 17.2 17.2
C5 10 661 18.5 17.75 32.6 77.9 12 1.64 17.2 18.0
C5 15 639 18.5 19.85 32.6 77.9 12 1,64 17.2 18.0
C2 6 554 11.6 24.50 34.1 81.5 12 1.715 24.3 27.1y

N C2 17 642 6.0 33.94 33.6
,

82.3 12 1.65 35.5 38.1Averages 37.T 77.T

o, = 45.8
C8 13 555 14.5 17.3 36.5 74.7 12 0.700 15.5 15.9
C8 11 547 10.25 23.55 36.5 74.1 12 0.705 20.5 21.0
C8 12 561 5.25 33.0 36.5 74.7 12 0.710 32.1 32.4
C7 16 581 2.5 42.8 36.5 74.7 12 0.700 41.0 41.6Averages 3G T4 7

o , = 46.3
C10 23 567 10.25 15.8 42.8 74.0 6.375 0.700 16.5 17.0
C10 22 538 5.25 24.8 42.8 74.0 6.375 0.707 27.0 28.1
C10 21 605 2.5 39.0 42.8 74.0 6.375 0.710 40.0 40.3Averages 47.1 74 6

o, = 48.7
-- --

o , = (o , + o,)/2.4

_ - _ _ _ _ .
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|

J/T ANALYSIS FOR AXIAL CRACK IN
'

A PRESSURIZED PIPE
.

MODIFIED DUGDALE MODEL
~

-

/ MpR)2
8ac log sec wJ =

o

nE _ k2 t) _o o

WHERE

1/22 22 I0.0135 a1 + 1.255 aM = -

u (a/
-

'

_

NOTE THAT PLASTIC COLLAPSE IS GIVEN BY

M R. _ ji1
o t
g

.

OBattelle
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GENERALIZED STABILITY ANALYSIS FOR

J - CONTROLLED CRACK GROWTH

e ASSUMES EXISTENCE OF -FACTOR TO RELATE J TO STRAIN ENERGY
<

AND REMAINING LIGAMENT

e CONSIDERS STRAIN HARDENING BEHAVIOR (LIMIT LOAD ASSUMPTION NOT

NECESSARY)

a;'

e ACCOUNTS FOR EXTENT OF STABLE CRACK GROWTH

e INCLUDES AS SPECIAL CASES ALL CURRENT J - ESTIMATION ANALYSES

e CAN BE USED TO EXTEND GE/EPRI ELASTIC-PLASTIC FRACTURE HANDBOOK

SOLUTIONS

C4Balfelle( <. .. ....,_ m. ...:. .. ...g
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GENERALIZED STABILITY ANALYSIS FOR

J-CONTROLLED CRACK GROWTH

*
,

j

WHEN ELASTIC DEFORMATION CAN BE NEGLECTED:
.a - -

3

" Cp { da I-",b da*J =
cp .

30- 0

'

AND

I3P \_d_J_ _ J _ b 3" + C 1+Cj _

% ( da) b n 76 (bj aacpj ,
- -

T - - _

WHERE

Cy + daMC dpC =

THIS CONTAINS CURRENT J-ESTIMATION ANALYSES FOR BEND SPECIMEN (HUTCHINSON AND
PARIS), DEEPLY CRACKED CENTER-CRACKED PANEL (HUTCHINSON AND PARIS), COMPACT

TENSION SPECIMEN (ERNST, ET AL) AND CIRCUMFERENTI ALLY - CRACKED PIPE (ZAHOOR
!

AND KANNINEN) AS SPECIAL CASES.

OBattelle
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DEGRADED PIPING IDENTIFIED

FIELD- OR
MATERIAL |_ABORATORY-DEGRADED STATUS

_

A. 10-INCH, TYPE 304 CORE SPRAY LINE FIELD STORED AT NATIONAL LABORATORY

B. 10-INCll, TYPE 304 CORE SPRAY LINE FIELD STORED AT NATIONAL LABORATORY

C. 10-INCH, TYPE 304 WATER CLEAN-UP LINES FIELD STORED AT NATIONAL LA80RATORY.
,

D. 4-INCil, TYPE 304 WATER CLEAN-UP LINES FIELO STORED AT REACTOR SITE
'

E. 4-INCil, TYPE A106 FROM RECOM81NER SECTION FIELD STORED AT REACTOR SITE

F. 28-INCll, TYPE 304 RECIRCULATION PIPES FIELD
|0 UNDERG0ING REMOVAL FROM REACTOR

G. 8-INCH TYPE 304 PIPE FROM FEEDWATER SPARGER FIELD STORED AT REhcf0R SITE
II. 12-INCH TYPE 304 PIPE FROM LEAK-RATE STUDIES LABORATORY STORED AT BATTELLE-COLUMBUS

I. 26-INCH TYPE 304 PIPE LABORATORY BEING CRACKED

J. 24-INCH TYPE 304 PIPES LABORATORY BIENG CRACKED

K. 5-INCil TYPE 304 PIPE FIELD STORED AT BATTELLE-COLUMBUS

L. 4-INCH TYPE 304 PIPE LABORATORY- BEING CRACKED-

M. 10-INCH TYPE 304 PIPES LABORATORY BEING CRACKED

N. 14- to 10-INCH TYPE 304 REDUCER FIELD
STORED AT REACTOR VEND 0R'S

LABORATORY

t'

- __



_ _ __ . _ _ _ _ _ _

|

|

DEGRADED PIPING IDENTIFIED FOR POSSIBLE TESTING IN PHASE II

Field- or
Laboratory- Crack

Mater _i_al and Pipe _ Form Degraded? Characterization Status as of_9/15/82

A. Two sections of 10-inch dia., Fleid Crack geometries Pipe is stored at a National Laboratory;
Type 304, Sch. 80 core spray have been char- utility has given written approval to
line: (a) 45* c1how, 3 ft. acterized by NDE use in Phase !!
long, and (b) 90* c1how cut
down to 45" for shipping,
1-l/2 ft. Iong

$ B. 10-inch dia., Type 304, Fleid Crack geometries Pipe is stored at a National Laboratory;
Sch. 80 core spray line; have been char- utility has given written approval to
two welds in a 20* elbow acterized by NUE use in Phase II
contain cracks; cibow is
attached to 6-inch-long ends

C. Three sections of 10-inch Fleid Crack geometry Pipe is stored at a National Laboratory
dia., Type 304 water cicanup not yet charac- awaiting crack characterization; it will
lines; each has an clhow at terized probably be available for Phase Il
the end of a 2-foot straight testing but written approval has not yet
section been granted

D. Two sections of 4-inch dia., Fleid Crack geometry Pipe is stored at reactor site; utility
Type 304 water cleanup lines fairly well and NRC resident inspectors are reviewing

characterized by status; approval for use in Phase 11 is
NDE expected

|
|
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DEGRADED PIPING IDi'NTIFIED FOR POSSIBLE TESTING IN PHASE 11

!

| ficid- or
| Laboratory- Crack
i Material and Pipe form Degraded? Characterization Status as of 9/15/82
i

E. Several sections of 4-inch Fleid Apparently, the Pipe is stored at reactor site; verbaldia., Sch. 40. Type A106, cract geometries approval has been received for use in PhaseGrade il pipe from a recom- are well charac- II; written approval and additional detailshiner section terized by NDE have been requested by Dattelle.

F. Several sections of 28-inch field Ultrasonic in- Utility is making plans to remove crackeddia. . Type 304 recirculation spection revealed pipe; written permission has been receivedpipe, numerous crack- to transport and test the pipe in Phase 11;
.

like indications shipment of pipe to Battelle for storage isg near welds expected to be completed within 60 days

G. 8-inch dia., Type 304 pipe field Not known Pipe is stored at reactor site; details offrom feedwater sparger crack location, crack geometry, and
availability for Phase 11 have been
requested from utility

11 . 12-inch dia., Type 304 1.aboratory Crack geometry Pipe was used in EPRI-sponsored leak-ratestraight pipe is well charac- studies and is stored at Battelle; negotia-terized tions with EPRI to use pipe in Phase II are
in progress

1. 26-inch dia., Type 304 Laboratory Crack geometry Pipe is currently being cracked at B-PNLstraight pipe, 4 feet is well charac- under EPRI sponsorship in a simulated UWRlong, 1.3-inch-thick, terized
with circumferential environment; exposure will continue through

1983; final disposition not yet decided;weld at midlength written request for use in Phase 11 has
been submitted to EPRI

- - _ - _ _ _ _ _ _ _
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DEGRADED PIPING IDENTIFIED FOR POSSIBLE TESTING IN PilASE II

field- or
Laboratory- Crack

Material and Pipe form Degraded? Characterization Status as of 9/15/82

J. Two sections of 24-inch, Laboratory Crack geometry Pipe is currently being cracked at B-PNL
Type 304 straight pipe, is well charac- under EPRI sponsorship in a simulated BWR
6-ft. Inny with circumferen- terized environment; exposure will continue through
tial welds at 1/3- and 2/3- 1983; final disposition not yet decided;
length locations written request for use in Phase 11 has

been submitted to EPRI

K. 5-inch dia. Type 304 pipe; Field Cracks are Pipe is being stored at Batte11e's West
weld loining elbow to visible but Jefferson llot Laboratory

straight section contains characterization
cracks is incomplete

m
m

L. One 4-inch dia., Type 304 Laboratory Incomplete Pipe is being cracked at B-PNL in simulated
pipe with a circumferential BWR environment using' graphite wool; final
weld centered in the 16-inch disposition not yet decided

| length

M. Two sections of 10-inch dia. , Laboratory Incomplete Pipes are being cracked at B-PNL in auto-
Type 304 Schedule 80 pipe clave using graphite wool; final disposi-
welded to 10-inch dia. elbows; tion not yet decided
one section of 10-inch dia,

pipe welded to conical transi-
tion piece

N. 14-inch to 10-inch dianeter Fleid Reducer contains Reducer is being stored at a laboratory
reducer; Type 304 weld defect; de- operated by a reactor vendor

gree of character-
ization unknown

.,.,_ -_ __-_-_;- ___- _ .- - - -_ - - - _ _ _ . . - .

_ _ _ _ _ _ - _ _ _ _ . .
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STATUS OF COOPERATIVE EFFORTS
|

FRACTURE DATA ANALYSES PIPE SPECIMENS COOPERATION COST

ORGANIZATION EXCHANGED EXCHANGED CONTRIBUTED ON TEST MATRIX SHARING

UNITED STATES

EPRI x x
GENERAL ELECTRI.C x x x
WESTINGHOUSE x x x
BABC0CK & WILC0X x
COMBUSTION ENGINEERING x

= EUROPE

FRAMATONE x x x x
MPA - STUTTGART x x x
CEGB x x x

EDEA x x x

K,RAFTWERK UNION x x x
TUV x x

NIT x x

JAPAN

JAERI x x

HITACHI x x
OBattelle

Columbus Laboratories



1

RECOMMENDED REQUIREMENTS FOR PHASE II PROGRAM

FACILITIES

e LABORATORY-SCALE FRACTURE TESTING EQUIPMENT
'

MULTI-LOAD PIPE FRACTURE SET-UP

e HIGH ENERGY RELEASE CONTAINMENT

e HOT CELL FOR FRACTURE TESTING AND CLEAN-UP

CAPABILITIES

e LABORATORY-INDUCED CRACK FORMATION

e CRACK GROWTH LENGTH MEASUREMENTS

e DYNAMIC INSTRUMENTATION AND DATA ACQUISITION

BACKGROUND EXPERIENCE

e TEARING INSTABILITY ANALYSIS DEVELOPMENT

e PIPE FRACTURE EXPERIMENTATION

e ANALYTICAL / EXPERIMENTAL INTERACTION

1

QBattelle
Columbus Laboratones

87
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RECOMMENDED TEST MATRIX FOR PHASE II PROGRAM

NUMBER PRIMARY VARIABLE PRIORITY

AXIAL CRACKS - PRESSURE LOADING

A-1 LOW TOUGHNESS MATERIALS 1.

A-2 SUSTAINED LOAD / ENVIRONMENT EFFECTS 2

A-3 WATERHAMMER RESPONSE 2

A-4 EXTENT OF AXIAL INSTABILITY AT OPERATING CONDITIONS 3

CIRCUMFERENTIAL CRACKS - BENDING LOADING

CB-1 EFFECT OF INITIAL FLAW CONDITION 1

CB-2 EFFECT OF PIPE DIAMETER (THROUGH WALL CRACKS) 1

CB-3 EFFECT OF WALL-THICKNESS (SURFACE CRACKS) 1

CB-4 SURFACE CRACK CONSTRAINT 1

CB-5 THROUGH-WALL CRACK INSTABILITY WITH SURFACE CRACKS 1

CB-6 INSTABILITY OF LONG SURFACE CRACKS 1

CB-7 LOW TOUGHNESS MATERIALS 1

CB-8 SUSTAINED LOAD / ENVIRONMENTAL EFFECTS 2

CIRCUMFERENTIAL CRACKS - IENSILE LOADING

CA-1 CRACK SIZE (THROUGH-WALL, PART THROUGH) 2

CA-2 INSTABILITY BEHAVIOR 3

CA-3 WATERHAMMER RESPONSE 2

CIRCUMFERENTIAL CRACKS - IORSION LOADING

CT-1 MIXE0 MODE RESPONSE 2

CIRMFERENTIAL CRACKS - COMBINED PRESSURE AND BENDING

CPB-1 MIXED CONTROL CONDITIONS I

CPB-2 OPERATING CONDITIONS 2

OBattelle
Columbus Laboratories

88
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RECOMMENDED NUMBER OF EXPERIMENTS FOR PHASE II PROGRAM

LOW ENERGY HIGH ENERGY

GROUP SMALL MED. LGE. SMALL MED. LGE.
CRACK ORIENTATION - LOADING NUMBERS DIA. DIA. DIA. DIA. DIA. DIA. COMMENTS

AXIAL-PRESSURE ONLY Al 2 2 AMBIENT-WATER
A2 4 4 LWR-SUSTAINED LOAD
A3 2 2 DYNAMIC

A4 4 4 2 LWR-WATER

CIRCUMFERENTI AL-BENDING CB-1 4 NOTCH ACUITY
CB-2 1 2 DIA. EFFECT ON T.W.
CB-3 5 5 DIA. & THICKNESS ON S.F.
CB-4 6 J/T OF T.W.C./S.C.
CB-5 2 2 INSTAB. T.W.C./S.C.
CB-6 4 4 INSTAB. S.F.
CB-7 3 3 WELD METAL, LOW TOUGHNES

HATERIALS
CB-8 2 2 HIGH TEMP-SUSTAINED LOAD

co

CIRCUMFERENTIAL-AXIAL CA-la 3 1 T.W. GROWTH

CA-lb 7 1 S.F. GROWTH

CA-2 CONTINGENT ON JAPANESE DATA INSTABILITY
CA-3 3 DYNAMIC-WATERHAMMER

CIRCUMFERENTIAL-TORSION CT-1 8 T.W. & S.F. SCOPING

CIRCUMFERENTI AL-PRESSURE
AND EXCESSIVE BENDING CPB-1 3 4 INSTABILITY-Oll

CPB-2a 4 INSTABILITY, LWR WATER
CPB-2b 4 INSTABILITY, LWR-WATER

SURT0TAL 51 34 6 8 4 6/ TOTAL = 109 EXPERIMENTS

OBattelle
m.em.e ,.. , ., y
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ESTIMATED PIPE TEST COSTS

GROUP APPR0XIfMTE COST, $1,000
NUMBER PRIORITY 1 PRIORITY 2 PRIORITY 3

A-1 $ 60 $ $ --

A-2 200 --

A-3 80 --

A-4 - - 730

CB-1 200 - -

CB-2 140 - -

CB-3 200 - -
,

1 CB-4 120 - -

CB-5 150 - -

CB-6 300 - -

CB-7 210 - -

CB-8 140-
-

CA-1 200 -
-

CA-2 - - 150
CA-3 - 70 -

CT-1 - 160 -

CPB-1 300 -

CPB-2 640 -
-

TOTAL $1,680 $1,490 $880

C4Battelle
Columbus Laboratories

90
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ESTIMATED ASSOCIATED COSTS

DESCRIPTION COST, $1,000

PRIORITY 1 PRIORTY 2 PRIORTY 3

e SHIPPING AND ADDITIONAL 100 - -

HANDLING PROBLEMS FOR

DEGRADED PIPE

e SPECIMEN PREPARATION

- PIPE C0FT 150 100 100

WELDING (LARGER DIAMETER) 50 30 30-

- LABORATORY SIMULATED CRACKS 150 30 50

e FIXTURING/ FACILITY CONSTRUCTION

- L0w ENERGY EXPERIMENTS 300 - -

(PRIORITY 1)
- HIGH ENERGY EXPERIMENTS - 750 -

(PRIORITY 2,3)

e ANALYSIS AND COMPUTOR IIME 400 200 100

e LABORATORY SPECIMEN TESTING 300 20 20

TOTAL 1450 1130 300

QBattelle
Columbus Laboratories

91
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:

f

TOTAL COST ESTIMATE

I
COSI, $1000

PRIORITY 1 PRIORITY 2 PRIORITY 3,

.

'
PIPE TESTS 1680 1490 880

ASSOCIATED COSTS 1450 1130 300

!

TOTAL 3,130 2,620 1,180

4

GRAND TOTAL 6,930
.

i

:

1

|
.

:

!

OBallelle.

Columbus Laboratones

92
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CONCLUSIONS AND ACHIEVEMENTS

e ONLY LIMITED AMOUNT OF SERVICE DEGRADED PIPE IS AVAILABLE FOR PHASE II

e MOST EXISTING DATA FOUND TO BE INADEQUATE FOR J/T ASSESSMENT

GENERALIZATION OF J-ESTIMATION PROCEDURE WAS'MADETO INCLUDE WORK HARDENINGe

$ e COMPREHENSIVE PIPE FRACTURE EXPERIMENTAL PROGRAM WAS DESIGNED AND COSTED

OBaHelle
cei.e.,<.e,...,.,y

-
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|

COMPACT SPECIMEN GEOMETRY AND
ELASTIC COMPLIANCE TEST METHOD

EFFECTS ON THE J-INTEGRAL R-CURVE

! JOHN P. GUDAS
| D.A. DAVIS
| M.G. VASSILAROS

G.E. SUTTON
|

,

DAVID TAYLOR NAVAL SHIP R&D CENTER
ANNAPOLIS, MD. 21401

_ _-_--
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OBJECTIVE

.

EVALUATE SENSITIVITY OF THE
iJ-lNTEGRAL R-CURVE'

=

|

COMPACT SPECIMEN GEOMETRY

ELASTIC UNLOADING RANGE
'l

e
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TEST MATRIX FOR EVALUATING THICKNESS / LIGAMENT
GEOMETRY EFFECTS

'/' /
| / f
I I / /
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0 31 0.#.. .... 1.19..... , ' , ' , ' , '
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_n_y_ _
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,,, 0.74
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. . . , . . j j,
. . . . . . . . . . ,
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/
- ~""-

0.5" 1.0" 2.0" THICKNESS
0.5" 1.0" 2.0" THICKNESS

(A) ASTM A533B HSST-03 STEEL (B) HY-130 STEEL

_ _ _ _ _ _ _
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1

i
! HY 130 STEEL; 12.5 mm THICK 2T COMPACT SPECIMENS
|

CRACK EXTENSION mm
0 1.0 2.0 3.0 4.0 5.0

3M
i I I I I I I I- 600

t

3000 -

i 500-

f

2500 - I

'
m - 4002 m5 }2000 E-

,

3 ' 0oo 0 *0 ,1 M2
(1* ~

O ,0 %o e# G *

i - 200
i 6 B/b = 0.24 (FST-21B)1000 -

O B/b = 0.31 (FST-17M)
O B/b = 0.44 (FST-20M)

~

O B/b = 0.74 (FST-16T)500 -

NOTE: B=B NET

0 I I I I I O
-0.010 0.030 0.070 0.110 0.150 0.190

CRACK EXTENSION INCHES

__ _ _ _ _
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HY 130 STEEL; 25 mm THICK 2T COMPACT SPECIMENS

CRACK EXTENSION mm
0 1.0 2.0 3.0 4.0 5.0

3500
| | | | |- 6%l

|
t

3000 -

I
- 500

t

I2500 -

g - 400

R 2000 - O j*

y O g si

a O O F 3M ]Oo O 883$ 1500 I- ,

0 OA o e-

o e
i O A eO9 - 200

'

Oge1000 - t

o B/b = 0.42 (FST-10)i

O B/b = 0.50 (FST-11)
O B/b = 0.70 (FST-15B)

- 100
500 -

9 B/b = 1.31 (FST-14T)
NOTE: B = BNET

I I I I I 00
-0.010 0.030 0.070 0.110 0.150 0.190

CRACK EXTENSION INCHES



HY 130 STEEL; 2T COMPACT SPECIMENS '

CRACK EXTENSION mm
1.0 2.0 3.0 4.0 5.0

3500 ,

I l [ l- 600i

I3000 -

f

500-

2500 I-

400-

2
5 ~ 2000 - ~

5j
m

300 7
2 1500 -

I
' -

Qe &O *kk s

''

kk m-

1000 i-

o B/b = 0.99 (FST-5)
O B/b = 1.19 (FST-8)
O 8/b = 1.50 (FST-6) 100500

-
-

9 B/b = 2.58 (FST-7)
NOTE: B = BNET

0 -

1 i [

-0.010 0.030 0.070 0.110 0.150 0.190

CRACK EXTENSION INCHES

_ _____.
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HY 130 STEEL

1600

250O B = 0.5 INCH (12.5 mm) -

i 1400 -

0 B = 1.0 INCH (25 mm)
O G = 2.0 INCH (51 mm)

1200 -

200-

N
2 1000 - a

Es
m '~

e g 800 o O O '_.
-

o O OO M
.
2 o O 9

O Oo 600 3 100 '-
- -

-7
.

400 -

50-

200 -

0 I I I I | 0

0.00 0.50 1.00 1.50 2.00 2.50 3.00

NET THICKNESS / LIGAMENT RATIO

|

_ _ _ _ _ _ - . _ - _ _ _ _ _ _ _ _ _
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HY 130 STEEL
T EVALUATED OVER 1.5 mm CRACK EXTENSION

26

24 _
O

22 - A B = 0.5 INCH (12.5 mm)
O B = 1.0 INCH (25 mm)

CO 20
-

O B = 2.0 INCH (51 mm)03 18 - 0
3 o A
a 16 - a g.

h14 -

c 12 -

h10
O O-

O
$8 - O
H g -

4 -

2 -'

0 I I I I l

: 0.00 0.50 1.00 1.50 2.00 2.50 ~3.00

NET THICKNESS / LIGAMENT RATIO

_ ---
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HY 130 STEEL
-

T EVALUATED OVER 5.0 mm CRACK EXTENSION|
'

26

24 -

a B = 0.5 INCH (12.5 mm)22 -

O B = 1.0 INCH (25 mm)
m 20 O B = 2.0 INCH (51 mm)

-

3a 18 -

3
o 16 -

5 h14 -

0 12 -

h 10
--

4 8 -

O S O o6 O O o-

4 -

2 -

I I I I I
0
0.00 0.50 1.00 1.50 2.00 2.50 3.00

NET THICKNESS / LIGAMENT RATIO
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ASTM A533 B STEEL; 12.5 mm THICK
2T COMPACT SPECIMENS

CRACK EXTENSION mm

| 0 1.0 2.0 3.0 4.0

i ; ; ; ;
| 5500

/5000 -

- 800
4500 -

4000 -

/ - 600 m
1 3500 -

.

O
4D O3000 -

O x
O On C O. oOoO g O _ g,' 2500 -

z / O a O
O

3 go2000 -

g g
00 o B/b = 0.20 (FSH-811) - E

~

[O O B/b = 0.28 (FSH-815) ,

O B/b = 0.42 (FSH-8131 |1000 -

NOTE: B = BNET500 -

I I I I I I I I I O
0
-0.010 0.010 0.030 0.050 0.070 0.090 0.11') 0.130 0.150 0.170 0.190

CRACK EXTENSION INCHES

i
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ASTM A533 B STEEL; 25 mm THICK
2T COMPACT SPECIMENS

CRACK EXTENSION mm
1. 2.0 3.0 4.05500

I I I l I

5000 - /
4500 800

-

6 -

6
4000 - O

g

" 3500 Og o O - 600 m
g -

E 3000 - ! O
5,gm / o OO: ;' 2500 - o O O M

: a / A eooOOOg O a,g -

,2000 o-

O CO @ o B/b = 0.43 (FSH-807)1500 - u

O B/b = 0.56 (FSH-806)
2001000 - O B/b = 0.78 (FSH-808) -

0 B/b = 1.41 (FSH-809)
500 NOTE: B = B-

NET
I O I I I I I I I I I 0

-0.010 0.010 0.030 0.050 0.070 0.090 0.110 0.130 0.150 0.170 0.190
CRACK EXTENSION INCHES

.

|
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'

ASTM A533 B STEEL; 2T COMPACT SPECIMENS
|

{

CRACK EXTENSION mm
,

0 1.0 2.0 3.0 4.0
55 % , y y y ;

/5000 -

800-

4500 -

-

'4000 -

O
E 3500 / O--

86 0 e0A g3000 -

3
O[ 0y2500 -

/ 8 OO8 0 - 4W '
-

O
O @O

, 2000 g O O B/b = 1.28 (FSH-800)
-

0 O B/b = 1.75 (FSH-803)1500 -

G B/b = 2.30 (FSH-804) - 200
1000 6 B/b = 3.00 (FSH-802)-

NOTE: B = B NET500 -

0 I I I I I I I I 'l 0

-0.010 0.010 0.030 0.050 0.070 0.090 0.110 0.130 0.150 0.170 0.190

CRACK EXTENSION INCHES

.________ _- .__ _____________ _ _ ___________
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ASTM A533 B STEEL; VALID SPECIMENS ONLY

CRACK EXTENSION mm
0 1.0 2.0 3.0 4.0
l l I | |

5000 - [ 6 B = 0.5 INCH, B/b = 0.28
O B = 1.0 lNCH, B/b = 0.78

4500 - Q B = 1.0 INCH, B/b = 1.41 - 800
O B = 2.0 INCH, B/b = 1.28

4000 - G B = 2.0 INCH, B/b = 1.75

g g 3500 -
/ $ B = 2.0 INCH, B/b = 2.30n g

NOTE: B = B *
- 600 m$#+ g GNET

5 3000 -

g
Y 2500 -

/ * O
- 4m ,E a p

,2000 - g
,

1500 -

1000 _ - 2W

500 -

| 0 l I I I I I I I I O
-0.010 0.010 0.030 0.050 0.070 0.090 0.110 0.130 0.150 0.170 0.190

| CRACK EXTENSION INCHES
:

_ - - -
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ASTM A533 B STEEL

3M _

6 B = 0.5 INCH (12.5 mm)
O B = 1.0 INCH (25 mm)'

2500 - O B = 2.0 INCH (51 mm)
A E G INVALID DATA _ g

G LATERAL CONTRACTION
"z-- 2000 - E

m ,

5 h A
'

(1500 -A

-T 3
Om O -

O
1000 -

3 O

I I I I I I I
-

500
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00

NET THICKNESS / LIGAMENT RATIO

i

- __
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ASTM A533 B STEEL
T EVALUATED OVER 1.5 mm CRACK EXTENSION

160

140 -

$120 -

9
s
a 100 -

5 O

80 -

g o
Z A

O60 Ao O
6 8 = 0.5 INCH (12.5 mm)

m O B = 1.0 INCH (25 mm)F 40 0 O B = 2.0 INCH (51 mm)
-

A E 9 INVALID DATA
20 - G LATERAL CONTRACTION

0 l l I I I I I

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00
NET THICKNESS / LIGAMENT RATIO
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CONCLUSIONS

|
J c IS GEOMETRY INDEPENDENT*

i

2 WHEN VALIDITY CRITERIA
: ARE MET

J -R-CURVE IS DEPENDENT ON*
i

B/b AND Aa

_ _ . _ _ _ _ _ _ . . _ _ _ __ = _ - - _ _ _ _ . _ _ _
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|
ELASTIC UNLOADING I

\

TEST PROGRAM

MATERIAL: ASTM A106 CLASS C STEEL

TEST TEMPERATURE: 275 F

SPECIMEN GEOMETRY: 1T COMPACT; L-C ORIENTATION

TEST METHOD: COMPUTER INTERACTIVE, ELASTIC
COMPLIANCE

TARGET UNLOADING RANGES: 10,20,30,40,50,60,70,
%P 80,90,95unx
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4

ASTM A106 CLASS C STEEL:
55% UNLOADING

5000 i i i i i i i i i i

4500 - r i r^ y -

4000 - [ -

[[
-

'3500 -

}cn

@3000-
-

D-

C 22500- -

~

! O

$2000-
'

1 i
l i1 j

-

.a i

' '
1500 -

-

1000 l
-

500 L -'

' ' ' ' ' ' ' ' ' '
i 0
'

O.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30 0.33

COD, INCHES

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ __ _ _ _ _ _ _ _ _ _ _ _ _
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ASTM A106 CLASS C STEEL;
89% UNLOADING

5000 i i i i i i i i i

4500 -
-

i 4000 -
-

3500 - -

@3000
- I

-

-

8-

% n. 2500 -
-

Q

2000 -
-

1500 -
-

1000 f'

) |il }} }}} |500 ai

' ' ' ' ' ' ' ' '0
O.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30

COD, INCHES

,

_ - _ _ _ _ _ _ . _ _ _
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PROGRAM OBJECTIVES

* EVALUATE J-INTEGRAL RESISTANCE
CURVES FROM 8 INCH DIAMETER A106

| 5 CLASS C STEEL PIPE AND COMPACT :

SPECIMENS '

; !

* EVALUATE TEARING INSTABILITY ANALYSIS|

'

WITH A106 CLASS C PIPES IN BENDING
:

,

_ . - _ _ _ _ _ _ - -



- .. . . . . . .

APPROACH

A. PROCURE 8-INCH SCHEDULE 80, ASTM A106 STEEL,' AND CHARACTERlZE
| ROOM TEMPERATURE MECHANICAL PROPERTIES, TOUGHNESS AND
| J-INTEGRAL DUCTILE FRACTURE PROPERTIES

B. BUILD TEST FlXTURES FOR CLOSED-LOOP TEST MACHINE TO PRODUCE
T VALUES UP TO 200;APPLIED

C. DEVELOP AND VALIDATE CRACKED CYLINDER COMPLIANCE
FORMULATIONS WITH Al 6061 AND A106 CYLINDERS OF

s PROPORTIONAL GEOMETRIES;

D. DEVELOP OR MODIFY EXISTING J-INTEGRAL FORMULATIONS FOR
CRACKED CYLINDERS;

E. PERFORM J-lNTEGRAL R-CURVE TESTS WITH CRA'CKED CYLINDERS OF
VALUES;A106 AT ROOM TEMPERATURE WITH VERY LOW TAPPLIED

F. PERFORM J-INTEGRAL R-CURVE TESTS WITH CRACKED CYLINDERS OF
VALUES VARYING UP TO 200;A106 AT 125 F WITH TAPPLIED

G. CORRELATE CRACK STABILITY OBSERVED IN TESTS WITH J-INTEGRAL
R-CURVE PREDICTIONS FROM COMPACT SPECIMENS AND CRACKED
CYLINDERS.
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ASTM A106 STEEL COMPACT SPECIMENS
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l SCHEMATIC OF TESTING APPARATUS FOR LARGE PIPE
TEARING INSTABILITY TESTS
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I

FORMULATIONS FOR J AND Tapptigo
IN A PIPE

ZAHOOR AND COWORKERS TADA AND COWORKERS

Jz = f (ACTUAL LOAD AND JT = f (ASSUMED FLOW
DISPLACEMENTS) STRESS AND MEASURED

BEND ANGLE ,

5 T = f (Jz, Ku AND TAPPLIED = f (J , Ky)TAPPLIED
MEASURED
HARDENING OF
PIPE MATERIAL)

4

Ku = TOTAL SYSTEM COMPLIANCE,'

= TEST MACHING STIFFNESS +
FIXTURE STlFFNESS +
SPRING STlFFNESS

- - - - _ - -
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J -R CURVES FROM 8 INCH DIAMETER A106i
STEEL PIPE USING UNLOADING COMPLIANCE
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J -R CURVES FROM 8 INCH DIAMETERi

PIPE SPECIMENS D.C. POTENTIAL DROP TECHNIQUE

P i oi i i i i i i i

U
14000 - o -

V0oo9 o
O12000 - El, 3 og og -

g
og a 8

o Bo10000 - o e 0 -g

h'8 0
'

g o oy

E o
h 8000 -g o -

4 G% e~

o

> 6000 - h(gb -

E ,

p o
4-) O PlPE 15

oTOo e PIPE 13

4000 - o PlPE 11
_

O PlPE 10
o PIPE 8

2000 - -

A PIPE 6

!

' ' ' ' ' ' ' ' '0
- 0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

CRACK EXTENSION, INCHES



_- __
.

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

J -R CURVES FOR 8 INCH DIAMETER PIPEi

SPECIMENS AND A 1/2 INCH THICK 1T COMPACT SPECIMEN
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| J,-R CURVES FROM 8 INCH DIAMETER PIPE SPECIMENS
| AND 1/2 INCH THICK 2T COMPACT SPECIMENS USING

UNLOADING COMPLIANCE
!
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J -R CURVES FROM 8 INCH DIAMETER PIPEi,

SPECIMENS AND 1/2 INCH THICK 2T COMPACT
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J/T PLOT A106 STEEL PIPE 8 INCH DIAMETER
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J/T PLOT A106 STEEL PIPE 8 INCH DIAMETER SPECIMENS
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: SUMMARY
,

* J-R CURVES FROM COMPACT SPECIMENS
; CAN BE USED TO PREDICT J-R CURVES

FROM 8 INCH DIAMETER PIPE:

! s * Tapptigo ANALYSIS USING PIPE BEHAVIOR
CAN ACCURATELY DESCRIBE TEARING .

INSTABILITY IN A106 STEEL PIPES

* Tgpptigo ANALYSIS USING ASSUMED
1

MATERIAL BEHAVIOR WAS CONSERVATIVE
IN PREDICTING INSTABILITY BEHAVIOR



PIPING RELIABILITY;MODEL DEVELOPMENT, VALIDATION
AND ITS APPLICATIONS TO LIGHT WATER REACTOR PIPING *

,

H. H. Woo, Ph.D., P..E.
iLawrence Livermore National Laboratory

University of California
P.O. Box 808, L-90

Livermore, California 94550 USA

.

SUMMARY

This summary provides a brief description of.a three-year effort
undertaken by the Lawrence Livermore National Laboratory for the piping
reliability project. The ultimate goal of this project is to provide guidance
for nuclear piping design _so that high-reliability piping systems can be built.

The Code of Federal Regulations requires that structures, systems, and
.

components affecting the safe operation of nuclear power plants be designed to|
withstand combinations of loads that may result from natural phenomena, normal-

i

( operating conditions, and postulated accidents. Conventional methods of
| structural design through the use of safety factors allow for variability in
| loads, material strengths, in-service environments, the fabrication process,
! etc. However, the subjective manner in which these safety factors have been
j determined result in variable and nonuniform reliability. Reliability is
; defined as the probability that a structure or component will maintain its
| design functions during its designed liNtime.

In contrast to.these conventional methods, the probabilistic (reliability)
approach, which considers the stochastic nature of loads and variations in
material properties, can better provide us with an assessment of the safety
and performance of structures. Both the NRC and the nuclear industry are
moving toward a greater use of reliability analysis for safety evaluations.

In response to an NRC request, the Lawrence Livermore National Laboratory
i initiated a Piping Reliability Project in 1980 which was based on the

reliability approach. A piping reliability model was developed during fiscal
4

year (FY) 1980 and was immediately applied to analyze the influence of seismic'

events on the probability of failure in the primary coolant system of a PWR.!

The results were accepted f avorably by the Advisory Committee on Reactor
.

Safeguards (ACRS) and the NRC. Details of the model were documented in the
report, NUREG/CR-2189, Probability of Pipe Fracture in the Primary Coolant
Loop of a PWR Plant.

The FY 82 and 83 scope of work for the piping reliability project consists
of three major tasks: (1) the development of fracture mechanics models for
assessing piping reliability in LWR; (2) the validation of the models; and (3)
the establishment of a technical basis for modifying Regulatory Guide 1.46,
Protection Against Pipe Whip Inside Containment. Task 1 results are reported
in the report, NUREG/CR-2301, Fracture Mechanics Models Developed for Piping
Assessment in Light Water Reactors. Some results for Tasks (2) and (3) can be
found in the report, NUREG/CR-2801, Piping Reliability Model Validation and
Potential Use for Licensing Regulation Development.

*This work was supported by the United States Nuclear Regulatory Commission
under a Memorandum of Understanding with the United States Department of
Energy. 147
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The success of the validation work for the piping reliability model relies
on the results of a comparison between analytical predictions and documented
failure cases. Two failure cases were chosen for comparison with the results
based on the piping reliability model. The first case was for PWR feedwater
line cracking incidents. The failure mode was found to be thermal fatigue.
For one PWR plant at the end of 11 months of commercial service, the leak
probability was estimated to be 0.9; this estimate correlates very well with
the leaking observed in the plant at that time. The second use was a BWR
recirculation line safe-end cracking incident. Investigation of the incident
led to the conclusion that stress corrosion was the cause of the pipecracking. The piping reliability results indicated that the cumulative leak
probability at the end of 3.5 years (the approximate length of time the plant
has been operating prior to the incident) is about 20% if we consider the
performance of preservice inspection. This result correlates favorably with
the observation that at the end of 3.5 years operating time, only one safe end
out of eight at one BWR plant was found to be leaking.

The failure probability of the postulated pipe break locations was also
evaluated, as required by Regulatory Guide 1.46. A PWR surge line was
selected for the study. The result showed that the leak pnd ruptu e
probabilities for the weld joints are on the order of 10-3 and 10

,respectively.

Based on the results studied so far, we conclude that the reliability
approach can undoubtedly help us understand not only how to assess and improve
the safety of the piping systems but also how to design more reliable pipingsystems.
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PIPING 'tELIA9ILITY MODEL DEVELOPMENT, VALIDATION. AND ITS

APPLICATIONS TO LIGHT WATER REACTOR PIPING

PRESENTED BY

H. H. Woo

AT

10TH WATER REACTOR SAFETY RESEARCH INFORMATION MEETING
GAITHERS8URG. MARYLAND

OCTOBER 13, 1982

|

|we.S5P $D 2. w.wa m c.u

OUTLINE OF PRESENTATION

0 LLNL PIPING KELIABILITY PkOJECT

0 OVERVIEW OF PIPING RELIABILITY MODEL

0 VALIDATIONS AND APPLICATIONS

0 REC 0f1MENDATIONS FOR FUTURE WORK
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LLNL PIPING RELIABILITY PROJECT AND MODEL DEVELOPMENT

0 PROJECT OBJECTIVES

- TO ASSESS RELIABILITY OF LIGHT WATER REACTOR PIPING

-
TO RECOMMEND HOW TO IPPROVE RELIABILITY 0F NUCLEAR PIPING

-

TO PROVIDE GUIDANCE FOR HIGH-RELIABILITY NUCLEAR P1 PING DESIGN

0 MODEL DEVELOPMENT

- FISCAL YEAR '80: THERMAL FATIGUE

-

FISCAL YEAR '81: THERMAL FATIGUE AND STRESS CORROSION

g ut.= sw.m ww %- gnsse
4

OVERVIEW 0F PIPING HELIABILITY MODEL

g.;_-
.-

0 PROBABILISTIC FRACTURE MELHANILSg

Y,,,, - - - - - - I '
0 TWO-DIMENSION CRACK

-

3_= = _. _.-._.; ) '

e .e

i

0 CRACK GROWTH
*

;
c.--. c. -- t-- - FATIGUE

'

b 1 |\ 0
- STRESS CORROSION-

- ._ .. . _ . .

] j 0 PRESERVICE AND INSEkVICE INSPECTlbN5
._

C art ene eeeren,mee
~ , posesem

-

g [ - ~ !Y 0 LEAK DETECTION
/ 1 O~~

'

s
p- O LEAK AND LCCA ASSES 5MLkT.

N,
,
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MODEL VALIDATIONS APO APPLICATIONS

VALIDATIONS l

O PWR FEEDWATER LINE CRACKING INCIDENT

0 BWR RECIRCULATION-INLET-N0ZZLE SAFE END CRACAIhG INCIDENT |

APPLICATIONS

U PWR PRIMARY COOLANT LOOPS LEAK AND RUPTURE PROBABILITY STUDY

- WESTINGHOUSE ZION-I PLANT

0 REGULATORY GUIDE 1.% STUDY

" PROTECTION AGAINST PIPE IMIP INSIDE CONTAINMENT *

gnSSP Qmaam w.m wn nwm a

VALIDATION CASE I: PWR FEEDWATER LINE CRACKING INCIDENT

0 D. C. COOK 2 PLANT. MICHIGAN. MAY. 1979

0 THERMAL FATIGUE

O PIPE SIZES 16~19 INCHES. A106 GRADES B OR C

Hot
* steam generator

General location (500'F or more)
' ' ' ' ' " T T

rr r r r e r r r t r y()
_

g/'
[e = w x _] ) i

C

-
water Feedwater Steam generator wall

_

Low flow, relatively
cold water (100* F or 1 51

less, may be intermittent)



g=itSSP Qte wm m~ -orm 7

RELIABILITY ANALYSIS RESULTS FOR PWR FEEDWATER LINE CRACKING INCIDENT

Leak probnhility at i

fame UD to inspection Men cracle ODunter bore witti withoul
l'l ant since service T (yr) depth 4 (in) thickness f(in) A/T ISI, PSI 151, PSI

|

I
A 11 mos 0.57 0.57 1.0 0.00 0.9

U 2 yrs 9 mes 0.235 0.875 0.27 0.17 0.63
C 4 yrs 3 mos 0.078 0.75 0.04 0.0072 0.0 74

D 9 yrs 0.75 1.21 0.62 0.00 0.29
E 10 yrs 0.107 0.843 0.13 0.55 0.97

I Leading was discovered at Plant A in 5/79, and the belance was reported in 3/00 (Ref. 7).
2 151 (In-service Inspection) PSI (Pre-service insprction)

Ist was based on ASME x! Inspection Program A,1900.

AI155P g8we wm ww %rd"

VALIDATION CASE II: BWR RECIRCULATION-INLET-N0ZZLE SAFE END CRACKING INCIDENT

0 DUANE ARNOLD PLANT. IOWA. JUNE. 1976

c ===a= 0 STRESS CORROSION CRACKI)G

>

' O PIPE SIZE 10 INCHES. INCONLL 600

Q,. ===-,

> =. e e..

. ,
~~~ ''' ''

_ . - .

k THERMAL $l(EVf

,,,f [ _ . . - . .
- ..-

==e ums

SW R Reewrulerton system < asa
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RELIABILITY ANALYSIS RESULTS FOR BWR RECIRCULATION LIkE CRACKING IhCIDENT

1.0 i i i i | | | | I
,

.9 -

.8 - Without Preservice Inspection -

\-
g .7 -

d
E .6 -

E
-

\
[ .5 _

With Preservice Inspection r

O
' .4 - _

=
E .3 -w---- --_-- _

k I
o .2 _.e________ _ _ . _

,

,j ,
||3 1/2 years _

I I I I I I I I
0

O 1 2 3 4 5 6 7 8 9 10

Pi>NT LIFE (YEARS)

|~D55P E~""*' ~ 10

APPLICATION CASE In SSE-LOCA ASSESSMENT FOR ZION-1 PRIMARY COOLANT LOOPS

0 FOUR (4) LOOPSa- ,, ; g, , _ ,
-

. . . .,
0- O

'

O FOURTEEN (14) CIkCUMFEkENTIAL WELD J0Ihlb
'~' '''

IN EAC!1 LOOP7.

1 ,

| < , O FAILURE PR0bAtsILIlY ASSESdhENT
* ~ . ' " '' t

..3 @'' p%
0 0 - LEAA: ORDER 0F 10 *g ._.

- LOCA: ORDER OF 10-1*
@ '* 't~a " - LEAK BEFORE BREAK

O h#03.

4)
153
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APPLICATION CASE II: REGULATORY GUIDE 1.46 STUDY

0 RELIABILITY APPRCACH VERSE ASME BOILER AND PRESSURE VESSEL LOLL.

SECTION III APPROACH

0 WE CONTACTED Ali FIRMS t.ND GOT COMMITMENTS FROM:

- BECHTEL POWER CORPORATION. L.A.

- STONE & WEBSTER ENGINEERINA CORPORATION (S&W)

- SARGENT & LUNDY ENGINEERS

- UNITED ENGINEERS & CONSTRUCTORS

- EBASCO SERVICE INC.

- GIBSON & HILL. INC.

O PIPING DESIGN UATA HAVE BEEN RECEIVED:

TWO (2) SURGE LINES-

|
- FOUR (4) MAIN STEAM LINES
-

THREE (3) LOW & ONE (1) HIGH HEAD SAFETY IkJECTION SYSTEMS
-

FOUR (4) RESIDUAL HEAT REMOVAL SYSTEMS
- THkEE (3) PRESSURIZER SPRAY SYSTEMS

-

ONE (1) PRESSURIZER SAFETY & RELIEF VALVE SYSTEM

RDSSP L%a'" ,2. . _ _ . , _

FIRST SYSTEM STUDIED: A PWR SURGE LINE

$

E
| Pressuriser

| 3

4 I

2 ,

%,

Hot log ''

L me identification: Surge lme
Material. SA*376 type 304
Pepe outer diameter: 12 75"

Watt theckness: SCHE 160(1.312")
Design temperature. 700"F
Design pressure: 2485 psi
Operatmg temperature: 653'F
Operstmg pressure: 2250 psi

e F seld weld jomts
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RELIABILITY ANALYSIS RESULTS FOR A PWR SURGE LINE
_

Pk0$Ab1L11Y OF FAltukE*

WEtc .ToINT LEAK (10-5) L60A (10'6) LtA6L F Ac10O
O 10 20 30 40 0 10 20 50 40

1 .15 .78 .52 1.1 1.2 3.1 3.9 4.2 4.2 4.b .0bitb

2 .16 1.9 2.5 3.0 3.3 1.3 2.4 2.4 4.0 6.2 .00216
3 .41 3.6 4.9 6.2 6.8 1.9 6.7 5.5 9.7 10. .01050
4 .22 1.6 2.0 2.4 2.7 2.0 3.1 3.5 3.9 4.3 .01010
5 .43 4.2 6.3 7.6 8.3 3.1 6.2 7.4 12. 15. .01 % 2
6 .07 .55 .04 .81 .96 4.5 4.6 5.2 5.3 5.3 .00t00

Ohty Pht-Stkv!CE INSPECTION IS INCLUDED*

VALut$ AT THE END OF THE YEAR+

X Ffs0N A/E FIRN

An55P E 14wie, w.--

SUMMARY FOR REGULATORY GUIDE 1,46 STUDY

3

0 WE HAVE C0ffLETED ANALYSES FOR TWO SURGE LINES AND TWO MAIN STEAM

LINES (INSIDE CONTAINMENT)

- LEAK: ORDER OF 10-5

- RUPTURE: ORDER OF 10-9

0 BECAUSE OF INCOMPLETE RESULTS. WE ARE NOT AELE TO MAKE RECOMMENDATIONS

FOR MODIFYING REG. GUIDE 1.46 AT THIS HOMENT
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RECOMMENDATIONS FOR FUTURE WORK

IN ORDER TO MAKE FINAL RECOMMENDATIONS. WE NEED:

0 AT LEAST TEN (10) PIPING SYSTEMS FOR EACH OF ASME CLASSEb
|

I. II AND III PIPING

0 MORE PIPING DESIGN DATA FROM AIE FIRMb

- COOPERATION FROM INDUSTRY

0 CONTINUING EFFORTS TO COMPLETE RELIABILITY ANALYSIS

- SUPPORT FROM NRC

g.n55P Qane, wm m*- 16

NUREG REPORTS AND DOCUMENTS GENERATED BY LLNL IN THE AREA 0F PIPING RELIABILITY STUDY

0 PROBABILITY OF PIPE FRACTURE IN THE PRIMARY COOLANT LOOP OF A

PWR PLANT (9 VOLUMES) NUREGICR-2189

0 FRACTURE MECHANICS MODELS DEVELOPED FOR PIPING RELIABILITY ASSESSMENT IN LIGHT

WATER REACTORS NUREGICR-2301

0 PIPING RELIABILITY MODEL VALIDATION AND POTENTIAL USE FOR LICENSING REGULATION

DEVELOPMENT NUREGICR 2801

0 PIPING RELIABILITY ANALYSIS FOR PRESSURIZED WATER REACTOR FEEDWATER LINES.

RELIABILITY AND SAFETY OF PRESSURE C0ff0NENTS. ASE. PVP-62.1982

0 PARAMETRIC STUDY ON IN-SERVICE INSPECTION PROGRAM FOR PWR FEEDWATER N0ZZLE

(IN PREPARATION)

0 A PROBABILISTIC ASSESSMENT OF THE PRIMARY COOLANT LOOP PIPE FRACTURE

DUE (J FATIGUE CRACK GROWTH FOR A TYPICAL COMBUSTION ENGINEERING PLANT

(IN PREPARATION)

0 DUANE ARNOLD STRESS CORROSION CRACKING ANALYSIS (IN PREPARATION)
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IRRALIATION AND ANNEALING' SENSITIVITY STUDIES

J. R. Hawthorne
Materials Engineering Associates, Inc. -

~Lanham, MD 20706 USA |

Susumary -

Current concerns on service irradiation effects on the brittle /duc-
tile transition temperature and the upper shelf toughness level of early
production reactor vessels reinforce the need for a clear understanding of -
the metallurgical factors influencing irradiation response and annealing /
reirradiation response. For new construction, the development and usage
of radiation resistant steels precludes such concerns. Steels and welds
producea in 'the USA to ASTM and AWS guidelines' on composition (impurities)

'

restrictions for nuclear service, for example, have been found to have high
radiation resistance. That is tran
cally are 100*F or less at 5x1019n/ca'gition temperature elevations typi- '

.'

This report describes an evaluation of foreign steel production made
to USA guidelines for improved radiation resistance (new vessel forms)
and investigations on variable radiation sensitivity and postirradiation
annealing for embrittlement relief (vessels produced 1971 or earlier)
(Fig. 1).

! In the study of foreign steels, investigations coordinated by the
IAEA IWG-RRPC and involving steels produced in West Germany, France and
Japan have confirmed the adequacy of the USA developed specifications3

and guideli ns for worldwide production of radiation resistant steel.,

: Findings at Materials Engineering Associates are compared to the upper
. bound embrittlement prediction for low Cu, low P steels of RG 1.99 in-
!

Fig. 2.

The study on du vs Ni effects, reported in part at the 1981 WRSIM,
provided experimental confirmation of the suspect synergism between Cu3

impurities and Ni alloying in radiation sensitivity development and
annealing response (Fig. 3). Recent additional findings show that, with,

i a 0.7% nickel content, transition temperature recoveries are greater'

with 399'C annealing but that residual embrittlement levels are about
the same as those for a 0.3 percent nickel content (at an equivalent
copper level) (Fig. 4, 5). The results further suggest that a high
nickel content can make the recovery process more sluggish. For long
term 399'C treatments, only copper level appears to influence the mag-
nitude of the residual embrittlement.

A new study (MEA-HEDL Cooperative) which is evaluating additional
binary combinations and selected tertiary combinations is described.
Postirradiation data are not yet available although initial irradiation !
experiments (2) have been completed for this study.

|

Progress of the Irradiation-Anneal-Reirradiation (IAR) investigations
j is also described. The objectives of this phase 2 effort are to assess the

157
< |

. ,,_ , , - - ._ , c- -- - , - - ,-,. .- - , - , , , - - - - , , , , . - . , - . - ,-- . - - , - -



~.

reenbrittlement path upon reirradiation, i.e. after annealing, (Figure 6)
and to test the effect on reenbrittlement rates of material composition
and/or weld flux type. Comparisons are being developed between C andy
0.5T CT test performances in the interest of evolving correlations of
notch ductility and fracture toughness behavior under IAR. Research
materials include a 8" thick Linde 80 weld (60 f t-lb C USE, -10F Cy y
30 f t-lb temperature) and a 8" thick Linde 0091 weld (120 f t-lb C USE,y

80F C 30 f t-lb temperature) produced for MEA by Lukene Steel Companyy
under contract.

The PVI Surveillance Dosimetry Improvement Program has primary appli-
cation to the more radiation sensitive vessels. MEA is a participating

i laboratory with responsibilities for C , CT and tensile specimen evalu-y
ations. Three steels representing USA production and three steels rep-
resenting overseas production were irradiated for the program in the Oak
Ridge Research Reactor (ORR) Pool Side Facility (PSF); however, only two
of the materials were irradiated in the form of IT-CT and 0.5T-CT speci-
mens along with the tensile and C specimens. MEA has tested the Cy y
specimens (Fig. 7) and the CT specimens from capsules SSC-1 and SSC-2
(simulated surveillance capsules) and determined fracture toughness chan-
ges (Fig. 8, 9). Companion specimens from the PSF capsules representing
through-wall locations (surface, 1/4T and 1/2T) in a vessel have just
been received and will be tested this year. The SSC capsule results in-
dicate a reasonable agreement between C 41J transition temperaturey

increase and CT KJe_100 MPaY m transition temperature increase; however
the former tends to underpredict the 100 MPa 6 temperature elevation
somewhat.

References

J. R. Hawthorne, " Status of Knowledge of Radiation Embrittlement in USA
Reactor Pressure Vessel Steels," NUREG/CR-2511, Nuclear Regulatory Com-
mission, Feb., 1982.

J. R. Hawthorne, " Evaluation of IAEA Coordinated Program Steels and Welds
for 288'C Radiation Embrittlement Resistance," NUREG/CR-2487, Nuclear
Regulatory Commission, Feb. 1982

J. R. Rawthorne, " Significance of Nickel and Copper Content to Radiation
Sensitivity and Postirradiation Heat Treatment Recovery of Reactor Vessel
Steels," NUREG/CR-2948, Nuclear Regulatory Commission (to be published).
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TOPICS

IAEA IMPROVED STEELS vs RG 1 99*

%Cu + %NI vs % RECOVERY BY ANNEALING*

MEA /HEDL COOPERATIVE*

[AR PROGRAM*

PVI SURVEILLANCE DOSIMETRY PROGRAM*

Figure 1
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FRACTURE TOUGHNESS CHARACTERIZATION OF IRRADIATED, LOW-UPPER SHELF WELDS

F. J. Loss, B. H. Menke, A. L. Hiser
Materials Engineering Associates

Lanham, MD 20706 ,

BACKGROUND

Previous studies have shown that A533-B submerged arc weld deposits
of the type used in the beltline region of some commercial, light water
reactor vessels can exhibit low Charpy-V (C ) upper shelf energy levelsy
after irradiation, that is, energies which lie below 68J (50 ft-lb). In

this event, Federal regulations (10 CFR Part 50) require, as one option,
the performance of a fracture mechanics analysis that conservatively
demonstrates the existence of adequate margins of safety for continued
operation. In the upper shelf region the vessel is assumed to exhibit
elastic plastic behavior so that a linear elastic fracture mechanics '

approach would be inappropriate. The question of a suitable fracture
mechanics analysis procedure to quantify the margin against f ra ct u re is
addressed through Generic Safety Iss e A-11 on Reactor Vessel Materials
Toughness [1]. In resolving this issue the NRC has suggested that under
elastic plastic conditions the vessel can be properly evaluated in terms
of the tearing instability concept of Paris and others [2]. Currently,
this concept is being verified through intermediate vessel tests at Oak
Ridge National Laboratory (ORNL) under the Heavy Section Steel Technology
(HSST) Program.

The fracture toughness property required for a tearing instability
analysis is the J-R curve. The NRC is therefore establishing a data
base of J-R curve trends for irradiated pressure vessel steels of low
shelf toughness. Of primary interest is A533-B submerged arc weld depo-
sit 'ade with Linde 80 flux and containing a high copper impurity level.
The h.gh sensitivity to irradiation associated with the copper impurity,
coupled with a low preirradiation toughness associated with the Linde 80
flux, can result in a low upper shelf behavior. Seven welds (61W-67W)
of this type were irradiated in the HSST Program. All of the welds ere
essentially identical to those in operating plants in which the material
may exhibit a low upper shelf behavior. The experimental capsules con-
taining compact toughness (CT) specimens of se ve ra l sizes (e.g. 0.5T ,
0.8T , 1.6T- and 4T-CT) as well as C and tensile specimens, werey

irradiated to fluence levels of 0.6 to 1.5 x 10 19 n/cm2 > 1 MeV to
produce C upper shelf levels of 54 to 81J (40 to 60 f t-lb). The J-Ry

curve characterization of these welds was undertaken by the Na va l Re-
search Laboratory (NRL); this work was later continued by Materials
Engineering Associates (MEA). All other phases of the materials charac-
terization were completed by ORNL. A summary of the results from this
program is presented here.
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J-R CURVE METHODOLOGY

A modified version of the J integral known as Jg [3], has been used
in this study:

a
* ~

da W'J =3 -

ag 9
"o Op1

r

where Jo is the deformation theory J, G the Griffith linear elastic energy
and a the initial and current crack lengths, JD~G"Jp1release rate, ao

the plastic part of the deformation theory and 61 the plastic part ofp

the displacement.
.

J-R curves have been obtained by means of the single specimen
compliance (SSC) technique [4, S]. The CT specimens used in this study
were side grooved by 20% in order to achieve a straight crack-front
extension. A typical R curve produced with the SSC method, as illustrated
in Fig. 1, is normally restricted to a small crack _ extension (da) in
order to maintain a region of "J dominance." This requirement has been

W= (b/J)(dJ/da) andformulated by Hutchinson and Paris {6] as W>>l where
b is the unbroken ligament. However, R curves exhibiting a longer crack
extension, which would violate the is criterion, may be necessary for a
given structural analysis. Therefore, R curves have been developed in
this program which sometimes exceed current crack extension limitations
with the expectation that the data may prove useful for future analyses.

The R curve format of Fig. 1 is in accordance with ASTM Standard
E813 for JIe whereby JIc is defined by the intersection of a linear
regression fit to the data (i.e., the dashed line between the 0.15 mm and

2 og da where og1.5 mm exclusion lines) with the blunting line, J =

is the flow stress. Using the SSC technique, however, Loss and co-
workers [7] have demonstrated that the R curve is nonlinear for small
amounts of crack extension (e.g., 2 mm) in structural steels. Conse-

quently, the R curve in the region between the 0.15 mm and 1.5 mm ex-C da",clusion lines has been described in terms of a power law, J =

where C and n are constants chosen to optimize the curve fit. To cir-

cumvent the potential difficulties associated with the ASTM least squares
procedure, Loss and co-workers [7] have formulated a new indexing pro-
cedure for JIe which more clearly represents the physical behavior.

,

Specifically, JIe is taken as that value of J where the power-law R
curve crosses the 0.15 mm exclusion line. This is an engineering

approach, analogous to that used for the 0.2% yield stress, and it per-
mits a small, but measurable crack extension at the JIe point. Howe ve r ,

it should be noted that for the reactor vessel steels discussed here the
Jc given by the authors' method is nearly identical to ;

magnitude of I
that of the ASTM procedure for reactor vessel steels, as illustrated in |

Fig. 1.

As a consequence of the power-law R curve it is clear tiat the
(E/ ag2)(dJ/da), wheretearing modulus of the material, T,, defined as

E is Young's modulus, is not constant for small crack extension as was
>
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originally envisioned. Consequently, an average value of tear'ing modulus,
Tavg, for the portion of the R curve between the exclusion lines was
chosen to represent the material behavior.

Normally, a single clip gage mounted within the notch (on the load
line) is used to determine both the specimen load vs. deflection as well
as the crack extension. With the 0.5T- and 0.8T-CT specimens, however,
insufficient room was available in the irradiated specimens to mount

,'such a gage. Therefore, a new technique using two clip gages was de-,

! vised, with one clip gage providing load vs. deflection data and the
other providing crack length information (Fig. 2). At that time, it

j was not known if one gage, mounted on the crack mouth, would produce the
required accuracy since load-line displacements are necessary to compute
J. Since that time it has been found that each of the gages can be used
individually for load vs. deflection and crack extension assessments to,

'

produce R curves identical to that obtained with the double clip gage
technique (Fig. 3).

Application of the tearing instability concept is illustrated sche-
matica11y in Fig. 4 in terms of structural parameters (applied J and

,

'aT ) and a material parameter (J-R curve). The material resistance curvea
reflects the power-law behavior depicted in Fig. 1. The structural
loading line represents a simple case of a surface flaw in a cylindrical
shell, where a is the crack depth. The loading of the cylinder and the
related response of the material are illustrated by the arrows; instabi-
lity is achieved when T > T, as denoted by the intersection of thea m
two curves. Although the verification of the tearing instability concept
for low upper shelf behavior in pressure m sels is still in progress,
the concept illustrated in Fig. 4 provides valuable insight as to the
structural significance of changes in che R curve behavior associated
with radiation embrittlement..

SUMMARY nF RESULTS

The majority of R curve tests in the program were conducted at 200*C
to ensure ductile behavior for both the irradiated and unitradiated
materials. A summary of the R curve trends at this temperature, obtained
with 4T-CT specimens is illustrated in Fig. 5. The results for pre and
post irradiation conditions exhibit a relatively small scatter consid-
ering the fact that the data include tests from seven different welds
and a fluence variation by more than a factor of two. Upon closer exam-,

ination we have found that JIe is reduced by 0-50% with irradiation
whereas a .arger change (50-75%) is exhibited by T In theseavg.

; tests w= 1 at 15-20mm of crack extension, thereby indicating that the
'

region of J dominance may have been exceeded at longer crack extensions.

The C shelf energy levels for the irradiated and unirradiatedy

conditions are also shown in Fig. 5. Because of the relatively small
; variation in Cy energy for both the irradiated and unitradiated materials,'

it is difficult to associate changes in C energy directly with changesy
in the R curve. However, a correlation between C energy and. both Jiey

and T vg from IT-CT specimen tests has been observed by the authors ina
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other NRC-sponsored programs as well as in a program sponsored by the
Electric Power Research Institute (EPRI) [8] (Fig. 6-7). In terms of

these correlations, the HSST data show a similar correlation with C y

shelf energy even though some data lie outside of the correlation bands.
While an explanation for the latter is not currently available, the
possibility exists of a size effect between CT speci mens of different
thickness, since the correlation bands are based on only 1T-CT data. In

Fig. 7 it is prim 4rily the larger specimens (1.6T- and 4T-CT) which lie
outside of the band. Nevertheless, these correlations provide added
significance to C data from surveillance specimens in terms of the

y

tearing instability concept.

All the data shown thus far have been derived at 200*C. The effect

on J and T is illustrated in Figs. 8 and 9,of test temperature Ic avBothquantitiesexhib$t 30-40% drop within 100*C. Thisrespectively. a

phenomenon is suf_ffciantly pronounced that it must be taken into account
in structural irkegrity assessments. This inverse relationship was

unexpected on the basis of the C upper shelf energy performance. The
y

latter exhibits an apparent invariance with upper shelf temperature
(Fig. 10). This difference in behavior between the two specimen types
is believed to be a strain 9ging phenonemon resulting from the rapid
loading of the C specimen vis a vis the quasi-static loading of they

J-R curve specimen. While a correlation exists between C shelf energyy

and the R curve, this relationship must be adjusted to reflect the test
temperature.

Figure 11 presents a summary of all the data obtained at 200*C from
the four different specimen sizes in terms of a J vs T plot. A trend of
increasing R curve level with C shelf energy is apparent, reflecting they

correlations shown in Fig. 6-7. The plot also contains an applied loading
line for a flawed cylinder having a slope of 8.8 kJ/m2 (50 in.lb/in.2),
This loading line was suggested by the NRC select committee that drafted
a resolution to Generic Issue A-ll [1]. This line has been constructed
with a slope that is a factor of 10 less than that expected in an
actual vessel containing an axial flaw (1/4T deep) in the beltline re-
gion. The arrows labeled A and B represent estimates of the applied J
values for this flawed condition with the vessel loaded to design pres-
sure and to twice design pressure, respectively. The latter is taken to
represent a faulted condition. It can be seen that under the higher of

the two loading conditions the margin of safety provided by the indicated
loading line would be exceeded by only the two lowest R curves. Since the
lowest R curves are associated with a ~68J (50 ft-lb) C shelf energy,y

i caution is suggested in operating a vessel containing beltline material
having less than this C energy if a loading as high as twice the designy

level is anticipated.

i

f
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CONCLUSIONF
,

The principal conclusions of this study are:

The SSC technique has been demonstrated as an effective method to*

1 characterize the J-R curve of irradiated steels.

The J-R curves for reactor vessel steels of low, upper shelf energy-.
,

obey a power-law relationship for crack extension increments less
than 2 mm.

The first R-curve data base has been developed for irradiated vessel*

steels having low shelf energy.

* A correlation has been suggested between the R curve parameters
(JIC and Tavg) and C upper shelf. energy. If further verified,y
this finding could enhance the significance of C reactor surveil-y
Iance data with respect to structural integrity.

The R curve parameters (Jyc and Tavg) exhibit an inverse relation-.

ship with temperature which is not reflected by the C uppery
shelf trend. Therefore, the correlation between C energy and Ry
curve must be adjusted to reflect the test temperature.
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VERIFICATION OF EFFECTS OF FUEL MANAGEMENT SCHEMES

ON THE CONDITION OF PRESSURE ' VESSELS AND THEIR SUPPORT STRUCTURES

W. N. McElroy, R. Gold, L. S. Kellogg, E. P. Lippincott,
W. Y. Matsumoto, F. H. Ruddy, R. L. Simons and J. A. Ulseth
(Hanford Engineering Development Laboratory)
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S. Grant (Carolina Power & Light Company)!

H. F. Jones (Maine Yankee Atomic Power Company)-

1. INTRODUCTION

;

A number of potential methods exist for assuring the adequacy of frac-
ture control of reactor pressure vessel (PV) beltlines under normal and acci-
dentloads.II-9) One of these methods, involving the use of fuel management
schemes for reducing the rate of neutron damage accumulation at points of
high neutron exposure, shows considerable promise.(10-12) Practices for-
assessing and controlling the condition of PV beltlines and their support,

! structures follow the recommendations in the US Code of Federal Regulations
10CFR50 ( App. G and H) and 10CFR21, respectively, as well as those of the
ASME Boiler and Pressure Vessel Code, Sec. III and XI.(13-16)

:

In summary fashion, this paper reviews the methods for fracture
! behavior assessment and control and the interf aces with physics-dosimetry-

metallurgy. It then reviews the calculated effects of new fuel management
schemes on derived exposure parameter values for a representative PWR power

| plant. This is followed by a review of recent results of LWR Pressure Vessel
| Surveillance Dosimetry Improvement Program (LWR-PV-SDIP) interlaboratory

efforts.- This work is directed towards the verification of the effects of

i

184
'

. , . . - - -. -



____-___ -

old and new fuel management schemes using new physics-dosimetry-metallurgy
methods, procedures and data being developed and recommended in a new set
of ASTM Standards.(U) Also provided is an updated set of references (18-59)
to the literature that is most relevant to the LWR-PV-SDIP work through
September 1982.

2. ASTM STANDARDS AND FRACTURE "EHAVIOR ASSESSMENT AND CONTROL

The interrelationships, preparation, validation and calibration schedule
for the ASTM standards are shown in Figures 1 and 2 and they all should be

in place for routine use by the nuclear in.dustry by the end of fiscal year
1984. Tables 1 and 2 summarize: 1) the licensing and regulatory require-
ments; and 2) the procedures for the analysis and interpretation of nuclear
reactor surveillance results for the assessment and control of the fracture
toughness of reactor pressure vessels and their support structures. The

information contained in these two tables is rather detailed and does not
require further discussion here.(18,39) It is sufficient to note that the
appropriate interfaces between licensing and regulatory requirements and
physics-dosimetry-metallurgy and fracture analysis are being established for
the ASTM standards and on an international basis.(31) With this in mind,

we turn our attention to fuel management effects on neutron exposure

parameters.

3. FUEL MANAGEMENT EFFECTS ON EXPOSURE PARAMETERS

The benefits of low neutron leakage fuel management schemes have been

studied rather extensively by the nuclear industry. At the request of NRC,
HEDL has performed such a study to determine the benefits of replacing

;
i

selected outer row fuel with stainless steel assemblies for reducing pres-
sure vessel wall neutron exposures at points of high accumulated neutron

d amage. (10, l l) Further, the NRC staf f has conducted a survey of eight

licensees, vendors and several foreign reactors for methods of lowering
neutron exposures to pressure vessels.(I2) They find that two methods in
current use are 1) low neutron leakage core loading and 2) fuel assembly
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substitution. Based-on the survey, reduction of neutron exposure of up to
a factor of SS appears feasible for Method (1) and up to a factor of $10

or more for Method (2).

As stated above the Method (2) technique of fuel assembly substitution
has been investigated-by HEDL. Calculations were run for six types (A
through F) of commercial generic PWRs. The reactor types were chosen pri-
marily on the basis of the immediate availability of required information.
For the purposes of this review, it will suffice to illustrate results with
just the Type A PWR. The information presented is taken directly from
Re f. 10.

Particular core fuel assemblies were identified as the heaviest contri-
butors to the flux at the point on the vessel wall with the highest damage

; accumulation rate. A 2-D transport calculation was used to determine the
benefit to be gained by replacing a few fuel assemblies by stainless steel
(SS) dummies, with appropriate water fractions to account for the coolant.
The core power distribution in the remaining fuel assemblies was assumed to
be unchanged except for a renormalization factor that maintained the same

_

total power output.

For the Type A PWR reactor with both accelerated and wall surveillance
capsules, reactor physics calculations were made for 3 conditions: (a) full
fuel, capsules in, (b) modified fuel, capsules in, and (c) full fuel, cap-,

sules out. The R and theta meshes were the same for the three cases. The
core map in (x,y) geometry is shown in Figure 3. The calculations used as-
built dimensions for a particular reactor installation. Figure 4 shows the
Type A reactor in an (R,e) map, which indicates the mesh detail in the 00T
calculation. A comparison of Figures 3 and 4 shows that two outer fuel
assemblies (a and b) in the region near (0* < e < 10') were replaced by SS
dummies with appropriate water fractions in the modified-fuel D0T calcula-

tion. For the case of surveillance capsules out, all three capsules were
removed and a normal fuel load was assumed.

|
1

|
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Figure 5 compares the dpa(1, 0) damage exposure dose on the front

face of the pressure vessel after 32 years of full-power operation for two
cases: (a) a full fuel load is assumed and (b) two fuel assemblies were
replaced by SS dunnies with power distribution renormalized to return to
full power. The reduction in dpa damage exposure rate at the 6 = 0* posi-

,

tion is 13.6/1.0, but the peak damage accumulation is shifted to the 29*
angular position. The ratio of normal to modified fuel in maximum-damage

,

rate is 1.58/1.0.

Using dpa is an attempt to express radiation damage in a unit that can
,

be applied to a wide variety of neutron spectra. Fluence greater than some
selected energy level (e.g., E > 1.0 MeV) does not correctly account for
lower energy neutrons and differences in spectral shapes in general. The
significance of this consideration to the neutron exposure of pressure
vessels throughout their thickness is irdicated in Figure 6. In this figure

we have taken a radi:tl sweep from the core out through a surveillance
capsule at the e = 35* angular position. We have calculated dpa/+t
(E > 1.05 MeV), normalized to unity at the capsule center. As can be seen
from Figure 6, the dpa/+t ratio at the 1/4 T position is similar to the
ratio at the surveillance capsule position; but the dpa/+t ratio varies by
a factor of 2.23 going from the PV front to the rear. Therefore, i f +t
(E > 1.0 MeV) information is used with surveillance capsule mechanical
properties data to develop in-vessel material property change trend curves,
the conclusions drawn from such information will be nonconservative. Also
exposures will be nonconservative by a factor of two if the trend curve is
used with +t (E > 1.0 MeV) exposure information for positions near the
PV rear wall. More information on this subject is provided in Table 3 of

| Ref.17 for PWR, BWR and Test Reactor neutron fields.

For the Type A Reactor accelerated and wall surveillance capsules, each
capsule was modeled as a 15 region rectangle (3 theta regions x 5 radial
regions). The center lines of the capsules are located at 3*, 35 and 45*.
The capsule perturbation effect can be seen in Figures 7 and 8, in which
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radial traverse values of dpa are plotted at the 3' and 35' angular posi-,

tions; capsule in is compared with capsule out for the 32-year full-power
dpa exposure. The capsule's presence causes an increase in neutron expo-
sure, measured either in dpa or in fluence (E > 1.0 MeV) units. At the'

capsule center, its presence causes an increase of about 24% in the dpa
exposure value or an increase of about 23% for the fluence (E > 1.05 MeV)
for the wall capsule located at an angular position of 3*. For the acceler-
ated capsule located on the core side of the thermal shield, the similar4

increases are about 27% for the dpa exposure and about 24% for the fluence

(E > 1.05 MeV). These types of calculated perturbation effects have been
verifled for the Westinghotse and Combustion Engineering perturbation and

,

the first ORR-SDMF RM sensor certification test (Figures 20 and 21). For
this type of power plant and surveillance capsule configuration, transport<

code solutions obtained without explicit capsule modeling will require cor-
rections of the magnitude indicated above, when the transport solution is
used directly to provide a " lead factor."

From the information provided in Figures 1 through 8 and in Table 1,
the significance to the nuclear industry of the determination and verifi-
cation of the effects of using old and new fuel management schemes and'

I dif ferent exposure parameters on the assessment and control of the condition

of PV and support strtcture steels is readily apparent. That is, timely:

reduction of vessel wall exposure by fuel management methods (low leakage-

cores) provides a practical and perhaps relatively inexpensive approach to
reducing or eliminating the risk of fracture associated with pressurized
thermal shock, it should be noted that low leakage core designs were
initially proposed for economic reasons (increased fuel burnup), and their
effect on ex-core component neutron exposure has since been recognized. The,

following section deals with the results and status of work on verifying the
effects of using different fuel management schemes and exposure parameters
by application of the new physics-dosimetry-metallurgy methods, procedures4

and data being developed and recommended in the set of 21 ASTM LWR standards
(Figures 1 and 2).

I
.|

J

I

I
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4. LWR-PV-SDIP VERIFICATION STUDIES FOR OLD AND NEW FUEL MANAGEMENT SCHEMES

Figure 9 shows the interrelationship of the new ASTM standard methods
for the application and analysis of radiometric (RM), solid state track
recorder (SSTR), helium accumulation fluence monitor (HAFM), and damage
monitors (DM) to the determination and verification of neutron exposure
parameter valuee. Using these new ASTM recommended procedures and data,

the results of LWR-PV-SDIP verification studies are summarized by the infor-
mation presented in Figures 10 and 11 and Table 3 for the period up to
September 1982.

New H. 8. Robinson, Maine Yankee and Crystal River (or Davis Besse)

benchmark tests have been designed to provide direct experimental verifica-
tion of the accuracy of reactor physics-dosimetry predictions for new low
leakage core fuel management schemes. Table 4 lists the power reactors
beirg used by LWR-PV-SDIP participants to benchmark physics-dosimetry
procedures and data for pressure vessel and support structure surveillance
for both old and new fuel management schemes.

The planning (P), selection [Y for yes, N for not desired ce cannot be
used, and any of the forenamed letters (P, Y, N) within parantheses suggest
some doubt], and fabrication of RM, SSTR, HAFM, and DM sensor sets for H. B.

Robinson and Maine Yankee are completed. The placement of the sensor sets

for H. B. Robinson has been completed and the one (or more) cycle, low
leakage core, irradiation has started. Figures 12 thorugh 15 show
photographs of as-built dosimetry and the locations for placement in the
in-vessel physics-dosimetry surveillance capsule and the reactor cavity.
This placement was completed in June 1982.

For Maine Yankee, the placement and start of irradiations has yet to be
accomplished. Figures 16 through 19 show photographs of the as-built dosim-
etry for a replacement physics-dosimetry-metallurgy surveillance capsule and
the reactor cavity. The new surveillance capsule, which is planned for irra-
diation in a previously removed surveillance capsule wall location, will be
held in reserve for future use, pending the establishment of an equilibrium
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low leakage core burnup distribution. The one or more cycle irradiation for
the cavity RM, SSTR, HAFM and DM sensor sets is expected to start in
November or December 1982.

Planning for the Crystal River (or David Besse) benchmark studies has
been init ' .ted and actual selection, fabrication, and placement of sensors
and metallurgical specimens could be accomplished in early 1983.

In support of these old and new type fuel management verification
studies are a series of planned benchmark studies in the Mol Belgium VENUS
and United Kingdom NESDIP benchmark fields.(IO'29) Related to these

benchmark studies, two considerations will be briefly discussed: core
management benchmarking plins and lead factor assessment.

|

The lead factor between surveillance capsule and vessel wall is a
complex parameter to determine at the required goal accuracy of 10 to 20%
(lo). If combined with a surveillance capsule accuracy of, say,15%, this
translates to a corresponding PV weld fluence accuracy of 18 to 25% (lo).
It can be conceptually separated into four parts or factors:

.

Radial Azimuthal * Vertical Perturbation, Exposure value with uncertainty .
,for each surveillance capsule

,

In this regard, neutronic exposures are needed for all the " limiting" weld
or other materials; the " beltline region of the reactor vessel" is defined
as encompassing indeed any weld or materials for which the predicted
adjustment of reference temperature at the end of its service life exceeds
50*F.(13)

The vertical correctinn is derived from dosimetry traverses within the
surveillance capsule or from 2D(R,Z) transport theory when the limiting
material is significantly outside the vertical range of the dosimeters. It

is noted that uncertainties of $10% or less may arise within the vertical
range of the active fuel. This problem becomes more difficult for support
structures and is particularly important in the case of water shield tanks
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i

- - - , . .



J1,

i

| (Maine' Yankee, Connecticut Yankee,. Surry, BR3) for which the 14DT temperature
may be elevated by irradiation to equal or even exceed the service tempera-
ture.67) This will be addressed as part of the NESDIP Program.(29)

Benchmarking the neutron field perturbation by the surveillance capsule
and RM sensor counting laboratory certification tests is an important part
o f the ORR-SDMF program. As shown in Figures 20 and 21, significant results

i have already been obtained for Westinghouse and Combustion Engineering type
capsules; and the ORR-SDMF irradiation is complete 'for Babcock and Wilcox
type capsules (Figure 22). Results of recent service laboratory RM sensor
counting certification tests for four reactor vendors and two other service

! laboratories in the U.S. and four laboratories in Europe are presented in
HEDL and C' H/SCK served as thc reference countingTables 5, 6, and 7. t

laboratories for these tests, respectively. RM sensor counting results
in the 5 to 10% (lo) range must be obtained routinely to achieve derived
exposure parameter values (fluence E > 1.0 MeV, dpa, etc.) in the 10 to
20% (la) range desired for fracture analysis studies.;

4

The radial in-vessel projection, exclusive of surveillance capsule>

| perturbation ef fects, has been addressed by the PCA blind test (2 ) and
is reasonably well understood. Three main areas of discrepancies or
inconsistencies remain:

;

-1. Integral C/E ratios at deep penetration and high neutron energy
indicate that calculations underpredict the flux; this is traced to

iron cross-section inadequacies in current nuclear data files.(23,58)

2. Differences between fission chamber and SSTR(23) measurement results
have been observed; further benchmark-field referencing work is
expected to largely resolve this problem.

3. Neutron spectrometry versus integral measurement and calculation
studies are in progress: Comparison of current transport theory with

the envelope (Figure 23) of all 'Li(n,=) energy-dependent flux spec-
trum attenuations as function of steel penetration (PCA 8/7 and 12/13,

1 91
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1/4 T versus 1/2 T, and 1/2 T versus 3/4 T ratios) displays overall
trends compatible with the ones under Figure 24, but inconsistencies
are claimed at the level of more detailed confrontations.(23)

Figure 24 was also prepared to illustrate the transferability of
neutronic benchmark observations to power reactor environments. From an

applied RPV engineering viewpoint, the primary program goals have been
reached; R&D improvement of the current PCA blind test results is not
considered a high priority, but should be useful for: (a) the analysis of
pressurized thermal shock insofar as more accurate dpa steel traverses would
ensue (the critical crack arrest depth after initiation of shallow flaws is
relatively sensitive to these traverses, out a host of other uncertainties
may be more critical at present); and (b) the interpretation of ex-vessel
physics-dosimetry, both in the context of a better understanding of lead
factor uncertainties and in assessing support structure embrittlement.(57)

'

The benchmarking of azimuthal neutron flux spectrum gradient
predictions for in-vessel locations is addressed in the VENUS zero-
power engineering mockup of a PWR core-baffle-barrel-thernial shield
con fi guration. I ) '

These predictions depend on:

1. Correct and detailed estimates of core fission source distributions
in the last core fuel rows relative to the plant power output.

2. Correct modeling of core boundary heterogeneity effects.

The first aspect is a particularly important focus for investigation because
usual core management considerations do not call for an accuracy as great as
needed for in-vessel RPV surveillance projections. Current lead factor
uncertainties are, therefore, likely to be dominated by core fission -source
uncertainties and are likely to be the most significant in plants displaying
large azimuthal effects (Westinghouse, Combustion Engineering); these effects
are not (or are less) sensitive to fuel burnup,(59) which enhances the
value of results from a zero-power benchmark. On another hand, in-vessel
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azimuthal gradients are attenuated by scattering within the vessel and dis-
torted by the cavity. This may be related to vessel exposure [ fluence
(E > 1.0 MeV) and dpa] when sufficient data and techniques are available
from benchmark and in-reactor tests. The VENUS and NESDIP programs are

expected to provide verification for in-vessel azimuthal gradient calcula-
tions and a better understanding and verification of in- and ex-vessel neu-
tron and gamma field predictive methods. Thus, the VENUS and NESDIP programs
will contribute to the development and verification of a fracture analysis
predictive methodology for RPV application and ex-vessel dosimetry, which
otherwise could never become quantitative and comprehensive. Two other
essential aspects of the VENUS effort, as already discussed in Ref.18, are
the investigation of pressurized thermal shock mitigation by core management
techniques and the investigation of PWR gamma heating.

Further discussion of the VENUS and NESDIP programs is provided in

papers being presented at this 10th NRC Water Reactor Research Information

meeting. It is useful to mention that the experimental and analytical
program is interlaboratory and open to more participants than the ones
already engaged in the U.S., Belgium and the United Kingdom. In this
regard, the active participation of reactor vendors, architect / engineers,
and utilities is deemed essential.

5. CONCLUSIONS

Fuel management schemes provide practical and perhaps relatively

| inexpensive ways of reducing the risk of PV fracture associated with
pressurized thermal shock. Assessment and control of the conditions of
LW5' pressure vessels ana support structures are related problems. The
regulatory demand ( ) is for assurance (verification)

,

1) that errors in neutron exposure values (fluence E > 1.0 MeV) of
a factor of two are a thing of the past; i.e., that there are no

more technical surprises, for instance, due to a lack of knowledge
of the effects of old and new fuel management schemes,

1
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2) that an improv:d n:utrcn exposuro parameter (such as dpa) b2 ussd
to account for neutron spectral effects,

3) that gamma heating be better understood to account for steel
metallurgy time-temperature effects, and

4) that all of the physics-dosimetry-metallurgy information corre-
lates properly with the embrittlement of the reactor vessel and
support structure materials.

To meet the above challenge, a new series of ASTM standards is being

developed,' tested, verified, and applied for LWR pressure vessel and support
structure surveillance. It is expected that all of these standards will be

in place by late 1984, with appropriate revisions thereafter. Routine and
careful application of these recommended ASTM physics-dosimetry-metallurgy
methods, procedures and data will allow verification at the required
accuracy level (10 to 30%, lo) of the effects of old and new fuel manage-
ment schemes on the estimated current and end-of-life condition of pressure
vessel and support structure steels.

,

|

|

|

194

.-. - .-- -_



ACKNOWLEDGMENTS

The success of the LWR PV Surveillance Dosimetry Improvement Program

(LWR-PV-SDlP) continues to depend on the efforts and the free exchange of
ideas and views by representatives of a large number of research, service,
regulatory, vendor, architect / engineer and utility crganizations. The
information reported herein could not have been developed without the con-

tinuing support of the respective funding organizations and their management
and technical staffs. Special acknowledpent is due to C. Z. Serpan of NRC
for having identified the need for such an international program as the
LWR-PV-SDlP and for making it possible by taking a strong overall support
and management lead position.

Additional acknowled pent is due to D. G. Doran and W. F. Sheely
of HEDL for their technical reviews and constructive comments related to
the subject material and preparation of this paper. The contributions of
G. L. Guthrie, B. J. Kaiser, J. P. McNeece, C. C. Preston, J. H. Roberts,
J. M. Ruggles and F. A. Schmittroth of HEDL and to G. C. Martin of General
Electric, G. P. Cavanaugh, J. D. Varsik and S. T. Byrne o f Combustion
Engineering, and W. C. Hopkins of Bechtel Power Corporation to this
multilaboratory program work are gratefully acknowledged.

Very special acknowledgment is given to J. M. Dahlke, who edited this
accument, and to the HEDL Publications Services, Word Processing, Graphics,
and Duplicating personnel who contributed to it , preparation.

195

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



REFERENCES

1. ASTM Standard E509-74, "Recomended Guide for In-Service Annealing of
Water-Cooled Nuclear Reactor Vessels," 1979 Annual Book of ASTM
Standards, ASTM, Philadelphia, PA,1979.

2. T. U. Marston and T. R. Mager, "EPRI Thermal Anneal Program RP1021-1,"
Report to ASME Section XI Subcomittee on Repairs and Replacements,
and to NRC, February 1982.

3. T. U. Marston and K. E. Stahlkopf, " Radiation Embrittlement: Sig-
nificance of its Effects on Integrity and Operation of LWR Pressure
Vessels," Nuclear Safety 21 (6), p. 724, November-December 1980.

4. U.S. Nuclear Regulatory Comission, Task Action Plan A-ll Report:
Resolution of the Reactor Vessel Materials Toughness Safety Issue,
NUREG-0744, Nuclear Regulatory Comission, Washington, DC,
September 1981.

5. Standard Review Plan and Branch Technical Position MTEB 5.2: Frac-
ture Toughness Requirements, NUREG-75/087, U.S. Nuclear Regulatory
Commission, Office of Nuclear Regulation, Washington, DC,1981.

6. P. N. Randall, "The Status of Trend Curves and Surveillance Results
in USNRC Regulatory Activities," Proceedings of an IAEA Specialists'
Meeting, Vienna, Austria, October 20, 1981.

7. P. N. Randall, " Status of Regulatory Demands in the U.S. on the Appli-
cation of Pressure Vessel Dosimetry," Proceedings of the Fourth ASTM-
EURATOM Symposium on Reactor Dosimetry, NUREG/CP-0029, p. 1011, July
1982.

8. Regulatory Guide 1.99, Effects of Residual Elements on Predicted
Radiation Damage to Reactor Vessel Materials, Rev.1, U.S. Nuclear
Regulatory Comission, Washington DC, April '1977.

9. W. Schneider, Ed., " CAPRICE 79: Correlation Accuracy in Pressure
Vessel Steel as Reactor Component'' Investigation of Change of Material

~

Properties with Exposure Data," Proceedings of the TA' EA Technical
Comittee Meeting, Julich, Federal Republic of Germany, JUL-Conf-37,
International Atomic Energy Agency, Vienna, Austria,1980.

10. G. L. Guthrie, W. N. McElroy and S. L. Anderson, " Investigation of
Effects of Reactor Core Loadings on PV Neutron Exposure," NUREG/CR-2345,
Vol. 4 and HEDL-TME 81-36, Section E Appendix, September 1982,

11. G. L. Guthrie, W. N. McElroy and S. L. Anderson, "A Preliminary Study
of the Use of Fuel Management Techniques for Slowing Pressure Vessel
Embrittlement," Proceedings of the Fourth ASTM-EURATOM Symposium on
Reactor 00simetry, NUREG/CP-0029, p. 111, July 1982.

196



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

12. NRC Staf f, Presentation to Advisory Committee on Reactor Safety, Metal
Components Subcommittee, Meeting on Reactor Vessel Integrity (RVI),
Washington, DC, May 11-12, 1982.

13. " Domestic Licensing of Production and Utilization Facilities," Code of
Federal Regulations,10CFR50; " General Design Criteria for Nuclear -
Power Plants," Appendix A; " Fracture Toughness Requirements," Appen-

..

dix G; " Reactor Vessel Material Surveillance Program Requirements,"
|
; Appendix H; US Government Printing Office, Washington, DC, Current

Edition.

14. " Reporting of Defects and Noncompliance," Code of Federal Regulations,
10CFR21 U.S. Government Printing Office, Washington, DC, Current
Edition.

15. " Rules for Inservice Inspection of Nuclear Power Plant Components,"
ASME Boiler and Pressure Vessel Code, Section XI, ASME, New York, NY, .

i Current Edition.

l 16. " Nuclear Power Plant Components: General Requirements," Section III,
ASME Boiler and Pressure Vessel Code, Division 1 and Appendix G, " Pro- ;

;

tection Against Nonductile Failure," ASME, New York, NY, Current
Edition.

4
.

j ' 17. ASTM Standard E706-81a, " Master Matrix for LWR Pressure Vessel Sur-
1 veillance Standards," 1982 Annual Book of ASTM Standards, Part 45,

ASTM, Philadelphia, PA,1982.

! 18. A. Fabry et al., " Improvement of LWR Pressure Vessel Steel Embrittle-
| . ment Surveillance: Progress Report on Belgian Activities in Coopera-

tion with the USNRC and other R&D Programs," Proceedings of the Fourth'

ASTM-EURATOM Symposium on Reactor Dosimetry, NUREG/CP-0029, p. 45,
July 1982.

19. Regulatory Guide 1.150, Ultrasonic Testing of Reactor Vessel Welds
,

| During Preservice and inservice Examinations, U.S. Nuclear Regulatory
Commission, Washington, DC, June 1981.

20. S. K. Iskander, R. R. Cheverton and D. G. Ball, OCA-1, A Code for Cal-
cui3 tion of the Behavior of Flaws on the Inner Surface of a Pressure
Vessel Subject to Temperature and Pressure Transients, NUREG/CR-2113,
ORNL/NUREG-84, Oak Ridge National Laboratory, Oak Ridge, TN,
August 1981.

21. R. C. Kryter et al., Evaluation of Pressurized Thermal Shock, Initial
Phase Study, NUREG/CR-2083, ORNL/TM-8072, Oak Ridge National Labora-
tory, Oak Ridge, TN,1982.

22. R. D. Cheverton, "A Brief Account of the Effect of Overcooling Accidents
on the Integrity of PWR Pressure Vessels," Proceedings of the Fourth
ASTM-EURATOM Symposium on Reactor Dosiretry, NURtG/LP-0029, p.1061,
July 1982.

197

. _ . . _ . , _ _ _ _ -- _ . - . . _ . _ . . . _ _ _ _



, - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

23. W. N. McElroy, Ed., LWR Pressure Vessel Surveillance Dosimetry
Improvement Program: PCA Experiments and Blind Test, NUREG/CR-1861,
HEOL-TME 80-87, Hanford Engineering Development Laboratory,
Richland, WA, July 1981.

24. W. N. McElroy et al., " Surveillance Dosimetry of Operating Power
Plants," Proceedings of the Fourth ASTM-EURATOM Symposium on Reactor
Dosimetry, NUREG/CP-0029, p. 3, July 1982, also in LWR-PV-SDIP 1981
Annual Report, HEDL-SA-2546,1982.

25. R. Gold, B. J. Kaiser and J. P. McNeece, " Gamma-Ray Spectrometry in
Light Water Reactor Environments," Proceedings of the Fourth ASTM-
EURATOM Symposium on Reactor Dosimetry, NUREG/CP-0029, p. 267,
July 1982.

26. N. Maene, R. Menit and G. Minsart, "Ganna Dosimetry and Calculations,"
Proceedings of the Fourth ASTM-EURATOM Symposium on Reactor Dosimetry,
NUREG/CP-0029, p. 355, July 1982.

27. J. A. Mason, " Development of Sensitive Microcalorimeters for Absorbed
Dose Measurements in Benchmark Radiation Fields," Proceedings of the
Fourth ASTM-EURATOM Symposium on Reactor Dosimetry, NUREG/CP-0029,
p. 365, July 1982,

28. A. Fabry et al., "The Mol Cavity Fission Spectrum Standard Neutron
Field and its Applications," Proceedings of the Fourth ASTM-EURATOM
Symposium on Reactor Dosimetry, NUREG/CP-0029, p. 665, July 1982.

29. M. Austin, " Sense of Direction: An Observation o f Trends in Materials
Dosimetry in the United Kingdom," Proceedings of the Fourth ASTM-
EURATOM Symposium on Reactor Dosimetry, NUREG/CP-0029, p. 461,
July 1982.

30. ASTM Standard E693-79, " Recommended Practice for Characterizing Neutron
Exposures in Ferritic Steels in Terms of Displacements per Atom (dpa),"
Annual Book of ASTM Standards, Part 45, ASTM, Philadelphia, PA, Current
'Ed i t i on .

31. F. B. K. Kam, Ed., Proceedings o f the Fourth ASTM-EURATOM Symposium on
Reactor Dosimetry, NUREG/CP-0029, Vols. 1 and 2, July 1982.

32. J. A. Grundl et al., NRC-EPRI Studies of Pressure-Vessel-Cavity Neutron
Fields, presented at the NRC Ninth Water Reactor Safety Information Meet-
ing, October 26-30, 1981, National Bureau of Standards, Washington, DC,
1981.

33. R. A. Shaw, " Brown's Ferry and Arkansas Nuclear One Pressure Vessel
Neutron Fluence Benchmarks," Proceedings of the Fourth ASTM-EURATOM
Symposium on Reactor Co_simetry, NUREG/CR-0029, p. 513, July 1982.

34 G. C. Martin, " Brown's Ferry Unit-3 Cavity Neutron Spectral Analysis,"
Proceedings of the Fourth ASTM-EURATOM Symposium on Reactor Dosimetry,
NUREG/CR-0029, p. 555, July 1982, and EPRI NP-1997, August 1981.

198

. ____ _ _ __



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ .. .

. ,

35. W. E. Brandon et al., " Neutron Dosimetry in the Pressure Vessel Cavity
of Two Pressurized Water Reactors," Proceedings of the Fourth ASTM-
EURATOM Symposium on Reactor Dosimetry, NUREG/CR-0029, p. 533, July 1982.

36. N. Tsoulfanidis et al., " Calculation of Neutron Spectra at the Pressure
Vessel and Cavity of a PWR," Proceedings of the Fourth ASTM-EURATOM
_ Symposium on Reactor Dosimetry, NUREG/CR-0029, p. 519, July 1982.

37. M. Petilli, "A New Analysis of the Experiment for Measurement of
6 > 1 MeV in Pressur7 Vessel Cavity of U.S. Light Water Power Reactor
Arliansas," Proceedings of the Fourth ASTM-EUPATOM Symposium on Reactor
Dosimetry, NUREG/CR-0029, p. 545, July 1982.

38. W. E. Selph and J. MacKenzie, Passive Neutron Dosimetry for
Measurements at the McGuire Rei.ctor, EPRI NP-2570, September 1982.

39. ASTM E853-81, " ASTM Standard F actice for Analysis and Interpretation
of Light-Water Reactor Surveillance Results," 1982 Annual Books of ASTM
Standards, Part 45, ASTM, Philadelphia, PA,1982.

40. R. L. Simons et al., "Re-Evaluation of the Dosimetry for Reactor
Pressure Vessel Surveillance Capsules," Proceedings of the Fourth
ASTM-EURATOM Symposium on Reactor Dosimetry, NUREG/CR-0029, p. 903, j

July 1982.

41. H. Tourwd and G. Minsart, " Surveillance Capsule Perturbations Studies
in the PSF 4/12 Configuration," Proceedings of the Fourth ASTM-EURATOM
Symposium on Reactor Dosimetry, NUREG/CR-0029, p. 471, July 1982.

42. L. S. Kellogg and E. P. Lippincott, " PSF Interlaboratory Comparison,"
Proceedings of the Fourth ASTM-EURATOM Symposium on Reactor Dosimetry,
NUREG/CR-0029, p. 929, July 1982.

43. H. Tourwd et al., "Interlaboratory Comparison of Fluence Neutron
Dosimeters in the Frame of the PSF Start-Up Measurement Programe,"
Proceedings of the Fourth ASTM-EURATOM Symposium on Reactor Dosimetry,
NUREG/CR-0029, p. 159, July 1982.

44. ASTM E854-81, " ASTM Standard Method for Application and Analysis of
Solid State Tracks Recorder (SSTR) Monitors for Reactor Surveillance,"
1982 Annual Book of ASTM Standards, Part 45, Philadelphia PA,1982.

45. W. N. McElroy et al., LWR PV Surveillance Dosimetry Improvement
Program: 1979 Annual Report, NUREG/CR-1291, HEDL-SA 1949, February
1980.

46. A. Fabry et al., "Results and Implications of the Initial Neutronic
Characterization of Two HSST Irradiation Capsules and the PSF Simulated
LWR Pressure Vessel Irradiation Facility," presented at the NRC Eighth
Safety Research Information Meeting, at National Bureau of Standards,
Washington, DC, October 27-31, 1980.

199



.

-47. G. P. Pells et al., "An Investigation into theiUse of Sapphire as a
Fast Neutron Damage Monitor," Proceedings of the Fourth ASTM-EURATOM
Symposium on Reactor Dosimetry, NUREG/CR-0029,.p. 331, July 1982.

48. A. Alberman et al., " Nouveaux Developpements de la Dosimetrie des
Dommages par Technique Tungstene (W)," Ibid., p. 321, July 1982.

49. P. Mas and R. Perdreau, "Characterisation d' Emplacements d'Irradia-
tion en Spectres Neutroniques et en Dommages," Ibid., p. 847, July 1982.

50. -S. De Leeuw and R. Menil, " Silicon P.I.N. Diode Neutron Damage
Monitors," Ibid., p. 387, July 1982.

51. F. H. Ruddy et al., " Light Water Reactor Pressure Vessel Neutron Spec-
trometry with Solid State Tracks Recorders," Ibid., p. 293, July 1982.

'

52. R. Gold et al., " Computer Controlled Scanning Systems for Quantitative
|

Tracks Measurements," Ibid., p. 281, July; 1982. |

53. J. G. Bradley et al., " Threshold Response of Helium Accumulation
Fluence Monitors for Fast Breeder Reactor Dosimetry," Ibid., p.195,
July 1982.

54. B. M. Oliver et al., " Spectrum-Integrated Helium Generation Cross
Sections for 'Li and 8'8 in the Sigma Sigma and Fission Cavity
Standard Neutron Fields," Ibid., p. 889, July 1982.

55. W. N. McElroy et al., LWR Pressure Vessel Surveillance Dosimetry
Im rovement Program: 1980 Annual Report, NUREG/CR-1747,-

L TRE 80-73, April 1981.

56. A. Alberman et al., " Influence des Neutrons Thermiques sur la
Fragilisation de l' Acier de Peau d'Etancheite des Reacteurs a Haute
Temperature (H.T.R.)," Proceedings o f the Fourth ASTM-EURATOM Symposium
on Reactor Dosimetry, NUREG/CR-0029, p. 839, July 1982.

57. J. R. Hawthorne and J. A. Sprague, Radiation Effects to Reactor Vessel
. Support Structures, Report by Task C of Interagency Agreement
hRC-03-79-148, October 22, 1979.

58. R. E. Maerker, J. J. Wagshal and B. L. Broadhead, Development and
Demonstration of an Advanced Mett'odoloqy for LWR Dosimetry
Applications, EPRI-NP 2188, Interim Report, 1981.

59. S. L. Anderson, " Sensitivity of Vessel Exposure to Power Distribution
Uncertainties," Presented at the Fourth ASTM-EURATOM Symposium on
Reactor Dosimetry, March 1982.

t

I

i

200

[

, _ - - - .- , .. - -



. - _ _ _ _ _ .

. .

..,. ,
.. ,,

.,sm.
.. ,,,

. -a.
m.--,, . . . .=< .

., , , . ,
-...

l
.. , .. .. i . .. i . .. i . .. i . .. i . .. . . - i ,,

,,=_;; ,, .m
-. ,';'=:, ; .- .,- .,::.-. -.-... - -i

l
.. . ,n, ,

.,s.1f.,,.,,.,,.,,..
,1,.d, Il

,
EI Sp.E.L 1. . , ,

l .. .4 13 t nP . .5, .I.Cl 1-
,,a ,,,

,'g$;,o a'*;; ,',"'" j| 0,. . '=0,,, ..a.= .. o=
. . ..ma - ma ,

I I.
I'-"""a J | o.. .. ..

. . .. . . .. . .c
, , _ , . ..

g
..

.- - . -. . .. . . .,_. -

. . - - -
m.u .m.

. . . . . .. ._,
_.

- . , = . = . - -- ..c. . . .n .
.s= -. .u= .. . . .

,,;=,L .. ..

i i
I au

.. o

..==i.=.. ,n .

.
l im M

. . . =-a
_ .s .

= = =..

1.. .

1| ... . .....
a n. .. _ . .

' ~ = = = = =
..a .. . .,_

-
-=-= - ..... ..

.. ..... - _ . ..,, ._,

. . . . . . .

..

FIGURE 1. ASTM Standards for Surveillance of LWR Nuclear Reactor Pressure Vessels and Support
Structures.

_ _ __ _ _ _ _ _ _ _ _ _ _



r'

essCat vgas

seCowset=oso sie aeru stanomeos 's m es at | || j se f as {as e3 es

s wastte wafees swood to e a see I I=

s megewoog os sw vE'us=Cf a=o Cosegur@se
_ A_ je

eaaCt(gs

a amatvs.s amo e=vgarestafoo= 08 =wCLama
esaCioa swevesL6a=Ce asswgrs

54+s^ i ^ ^e
|

e emCes oe .=o= s=esov =suteo= aacwa noa
on udC=a=*Ca6 peoPsefits 49 * p4 *

I^ I
y

;; ; ; % ^iC suaventa=C8 f tof assusfs gataaPoution
*

I io ossetaCso atone soras tapoewed W=ef ^(; ;, M Q *,

G oatea.st CosegLariose eos agaCTom vesS4Ls.sv --. . ; m 3 -

e suavesLaseCE ff sts eon avCLdan
meaCTom vtss4La s**

1

%|{ f }| *

^ *

o suavem=Ca esses see ==Cuas seaCrom
Supeost svauCruess .M i@ ^

= supottwe=f at ttst witwoos eos staC?om
vessak suavseua=CE #9 Q-=g*y-( ^ ^ *

L amatytra ano serveeefvation De e=vs<3
OossufT*v #EswLfs eca rtst agaC?ons

3 g p -s*a

a suencen=a wetwooosoov avsoes

a a#8UCano= os 44u780= safCte wu
acaustwa=f ustiscos s. = ; ; A A a

e arouCare os e=oe a Ceoss seCno= a=o
w=Caata>=rveetas ;; pp ,Q - _

|
_

C ss.=som ser.oe.sso= a=o .anaosano= eon. asvm. ,- .

|s| |
1 .

o a. ~ a.. .e=...mo= ,e as.on,W.,*oos
eos esaCrom wesaas su vsm=Csa : ; yg ; g|

4 a;
e as=C= aan resn=a op esaCrom vesset

oosewerev ; ; ; * *

* Comaeunos os a more wer= *tus=Ce s9 I |;; 2- 4

M apson veesv ,we=es we+=oone

aneuC no= ano a=46's.e ce

a eso. owe =c.wo toes eon esaCtos vesm 9 C- g; y p+soeve m =C
T

g| > j|ge soue erare taaCa.esconose wo roes son .: *

T; *1 )asacrom vesss6 s vsma.Cs

C -suww aCC.uwvunog stus=C.s wo= tone soa ;^ - = ^esaCro.v s m su v. m =Ca
; <

o oawao.e eo... acro.v.s m : :sweve w =Ce ;

. w .a~.. w_,oes .oa .. o. v.ss., - - . =swevenaa=Cta9
| | | | V

. i 1, | >l i>1, . , ,

oaaao anaosaansaaca asoaaaoaaaosaaosaso
e oman ow u=s owe to asvu ew susCoww rves ease onov*sr

i O 's' oa"" to ****o'e'ar astw eie susCower'es 'ase onowes
, , , , , - , ,

1

Q mavisto osarf oos astu sw sweCowwfttes astu eg CowwerYtB ano on astu
soc!arv eauon=o -

A aCCaera=Cs as astu sta=oaao

[ a envis.o ano aCCana=Cs as asru ses=omeo
| e -o ...ev nue .eseva6 eon nov=o noe.= vaucario= a=o Causeano , vists
!

a= asene.se i=o. Cates n.ar n. inao esseo=sio ovv is
v= swsCoww. ass s',e an i=ste.me os wir= susCoww.ain iis 3-,=. . ,w. e . v, s =s ,u ,e.m a.. y isra.es= sr.=oaeo ,o seano.co m Co=s.s i=C,

FIGURE 2. Preparation Validation and Calibration Schedule for LWR Pressures

vessel and Support Structure Surveillance Standards.

202

_ -- - _ _ _ _



.

~~% %
*%

N

N
b/(g

' / ///
#*4 e % N s.

N
N

s# rg N#
\,

4to

\\
N
\ +
\ RADIAL

4,E DISTANCE temiSS
I rg #'"tA g

||/ ////[//,1,,,, $ LANCE

E84 ('S ,4 C' 27q s239:- . .- '''' -'
,, y bi,, . tigS'

272,713

'/ , /@p/f j
,

la) (b) 4 Pp9
'

-

'G,, %
,

/.t
#'

__

t,

CORE
' 243 503

BARREL
221 596

SC' 216.952

199 073CORE
SC 196 sn

>
132 405

/ 1:7.seo~

N k

-

/
/

HEDL 8210032 7

FIGURE 3. Schematic Representation-Type A PWR with Two Types of Surveillance
Capsules (taken from Reference 10).

203

:
'''

,, .
.



| | | | 1 1 I I I I I I I
@ FUEL @ CARBON STEEL,

L
SURVEILLANCE

@ STAINLESS STEEL CAPSULES

@ VOID (REACTOR CAVITV)

@ 560*F WATER @ t20*F WATER -61 -

ISHIELD TANK)

% '' LB1.

'

51 '
- -

-

k
' '

41. -

2 -

@

2

E 31 -

@ @ @ @ @ @ @ @ @~

4' -21 -
. -

/
DUMMY FUEL

11 - IN 2nd CASE
-

_O @

I I I I I I I I I I I1
1 11 21 31 41 51 61 71 81 91 101 111 121 131 141

RADIAL MESH LINE NUMBER
HEDL 8210432.2

.

FIGURE 4. Mesh Line Description for R,e Analysis of the Type A Reactor with Two Types of
Surveillance Capsules (taken from Reference 10).

- -

- _ _ _ _ _ _ _ _ _ _



|

|

0.10 , , , , , ,
0.09 - -

TYPE A PWR, DISTINGUISHED 8Y THE EXISTENCE OF0.M --

TWO TYPES OF CAPSULES, ONE ON THE CORE SIDE
0.07 -- OF THE THERMAL SHIELD AND ONE NEAR THE PV WALL.

0.06 --

E 0.06 --

o
a
[ 0.04 --

o
3
o 0.03 --

H
<
E ~ % +, ,

f0.02 %, --

9
2
o
P
<
m
w
g 0.01 - -

0.ms - -m
0 0.008 - -

us
e 0.007 - -

<
* 0.006 - -

m
Sw 0.005 --

3 S
o o

fn. 0.004 --

d
:s
* 0.003 - -

M
m

2
g 0.002 - -

u

I I I I I I0.001
O 10 20 30 40 50 60

AZlMUTHAL ANGULAR POSITION (deg)
HEDL 8214032.5

FIGURE 5. Dpa for 32 Years Full Power Exposure on the Front Face of the
Pressure Vessel, Plotted as a Function of Angular Position
(taken from Reference 10).

205



E

f I | | | | | | |
2 2.3 -

-W dpa/ FLUENCE * PLOTTED AS A FUNCTION OF
U

RADIAL POSITION. FOR A RADIAL TRAVERSE
j 2,2 _ IN THE 36* ANGULAR DIRECTION. THIS
3 TRAVERSE CUTS THROUGH THE CENTER OF AN
U) ACCELERATED POSITION SURVEILLANCE CAPSULE.

TYPE A PWR, DISTINGUISHED BY THE EXISTENCE2,1 ,_

g OF TWO TYPES OF CAPSULES. ONE ON THE COflE
SIDE OF THE THERMAL SHIELD AND ONE NEARg
THE VESSEL WALL. -o 2.0 -

* FLUENCE (E > 1.06 MeV)

a 1.9 -
-

IIi
>
E 1.8 -

3
-

us

y 1.7 -
-

F-
>-
< 1.6 -

-

DN

@ E 1.5 -
_i

3

h 1.4 -
-

o 5

N 1.3 -
OEW
z= -

3 0

4 "!

g1.2 - jy -
,

o 36
2 j,3 _

_

*.
W yo
2 1.0 - -

| i 4 WATER >- 4 PRESSURE VESSEL > < AIR > ; SHIELD TANK +
| g | | | | | l | I I

's 190 200 210 220 230 240 250 260 270 " 280 290a
"

RADIAL POSITION FROM CORE CENTER (Cm)
HEOL NMS32 4

FIGURE 6. Dpa/ Fluence Radial Traverse for Type A PWR (taken from Reference 10).

l
.

.

.

___

. . . ._. .



0.10
, , ; g g | | g | | 1 I I

~ ~
*

CAPSULE PERTURBATION EFFECT FOR THE WALL CAPSULE
AT THE 3' ANGULAR POSITION. TYPE A PWR DISTINGUISHED
8Y THE EXISTENCE OF TWO TYPES OF CAPSULES. ONE0.M "

ON THE CORE SIDE OF THE THERMAL SHIELD AND ONE
E NEAR THE PV WALL dpa IS COMPARED FOR TWO CALCULATIONS,
O ONE WITH NORMAL FUEL AND THE CAPSULE IN PLACE. AND THE
e 0.07 - ~

OTHER WITH NORMAL FUEL AND THE CAPSULE ASSENT.
4
O
# 0.06 --

E I

&

a 0.Os g --

e
>= f

I
%'4, -2 0.04 -

h #ege
Q.
O

$ 0.03 - -

m
i e

4
w
> '

x_

O

$ 0.02 - -

J

A
e
Ow
at
a NOTE: dpa SHIFT IS 24.1% INCREASE

AT THE CAPSULE CENTER DUE TO THE
PRESENCE OF THE CAPSULE. A SIMILAR
INCREASE IN FLUX (E >1.06 MeV) IS 22.9%.

WATER ? : - CAPSULE 7 4 WATER ;- PRESSURE VESSEL >
I I I I ' ' I I I I I I I0.01 -

213 214 215 216 217 218 219 220 221 222 223 224 225 22C

RADIAL POSITION FROM CORE CENTER
MEDL E2 44EL3

FIGURE 7. Wall Capsule Perturbation Effect for Type A PWR (taken from
Reference 10).

207

_ _ _ _ _ __
._-



*

I I I I I I I I I I I i

0.9 -
-

0.8 -
-

G **o60.7 4-
-

E +a-
t

LL. 4
0 0*

0.6 -

2 -

O
H

0.5 #+ ,
-

-

2
O
H
b
y 0.4 -

-

p
4
m
W
Q.
O

o 0.3 -
-

f/3
E . CAPSULE PERTURBATION EFFECT FOR THE ACCELERATED
4 CAPSULE AT THE 35' POSITION. ON THE CORE SIDEw OF THE THERMAL SHIELD. TYPE A PWR DISTINGUISHED>

BY THE EXISTENCE OF TWO TYPES OF CAPSULES.m ON THE CORE SIDE OF THE THERMAL SHIELD ANC ON"W
3 NEAR THE PV WALL. COMPARISON of dpa FOR TWO CALJULATIONS.

O ONE WITH NORMAL FUEL AND THE 35' CAPSULE IN PLACE. AND

b ONE WITH NORMAL FUEL AND THE 35' CAPSULE ABSENT.
0*2 dpa VS RADIAL POSITION FOR A RADIAL TRAVERSE IN-

d THE 35' DIRECTION ITHRU A CAPSULEl.
_

2
A
E

NOTE: dpa SHIFT IS 26.9% INCREASEk AT THE CAPSULE CENTER DUE TO THE
g PRESENCE OF THE CAPSULE. A SIMILARg INCREASE IN FLUX (E > 1.05 MeV) IS 24.0%.

:i
3

+ W ATE R ? t CAPSULE : -- C -THERMAL SHIELD

I I I I I I I I I I I I I0.1

192 193 194 196 196 197 196 199 200 201 202 203 204 205
RADIAL POSITION FROM CORE CENTER (Cml

MEDL C4022 S
FIGURE 8. Accelerated Capsule Perturbation Effect for Type A PWR (taken

from Reference 10).

208

_



+- ,

Vf 94F*EO h COaspeaMEO
EXPOSURE PAnaes4TER

WALUGS IWfTH UNCERTAeN-
Tisse POa Pv AwO suppOmf

SimuCTung stegLS

I I

I I

.s.or.O. C2 uM .e...,0.o.,
. .uA C. .. .oLi.

ADJUSTMENT WhtT STApsOAAO
SEIRAPOLATOOas 37AssOAAO

ASTM 9N01101
ASTM 91mifC3 ASTM ENespas

I - 1

I I
ss= son ser

meutnOm inanseOavt senson eri
CaOSS SECTIONAssO IARADIATIOssMETHOOG STANOAm0 Es UNCERTAINTYOf $4G48 $f ANDARO fitt St AssOAAO

ASTM EleIIIeOf ASTM CI AnfM EMBangt

I I
'

|I
-

i
f1MPenafunt

RAOGOMtTfliC IAMI SOLIO STAft islacst DAMAGE MOessTOm 10e86 MON 110RITMI
SINSOM STAfsOARO RECOmotR #88fmf grANOAm0

STANDARO$fANDARO
ASTM $1EBilHOfA$f M (MtsHIAl g, , g

HGLIUM ACCURAULAflOss
7tutNCE MO80tTOA
iMAFMI STAfsOARD

ASTM EMBlillCD

FIGURE 9. Interrelationship of ASTM Physics-Dosimetry Standards to
Determination of Exposure Values.

* CURRENT ANALYSIS PROCEDURFS AND DATA
USED BY A NUMBER OF US LABORATORIES AND VENDORS

T r anspor t transport Co<te Sensor Cross- Adjus tment Currently Reported
Analyst __ Code med Cron 5cc tion Data section Data _ Cnde fsposure Values

i Westinghouse Dill tilW (NDF/8-II -Ill ENDF/8-IV 5AC580l* E > 1.0 MeV Fluence
& -!V adjusted Thermal Fluence
in-house dpa

,
Gener at 14|T !! [hDF/8 IV Eh0f/8-v GE -A D-M02 1 > 1.0 MeV F luence

f > 0.1 MeV fluence
| tiectric Variant

Thermal Fluence(5h2D)'

I some use of dpa

t wtsustten LA)I lit DLC-2X (Cad ) SAND-Il 5AND-Il L > l.0 MeV Fluence
ingineer ing Changing Ltbrary Thermal Fluence

to IV.2 dpa

Babcod & Previously OtC-2X (Cad ) t hDF /8 -V (quiv alen t E > 1.0 MeV Flwce
Wticon 00f 111.5 to 54C5801* f > 0.1 MeV Fluence

now IV.2 Thermal Fluence

UrtH A hav en loi III 5 thDF/8-IV Collapsed S AC5801* E > 1.0 MeV Fluence
version of E > 0.1 MeV Fluence
ENI1F/8 V Thermal fluence

dpa

5dl 00f III.5 DlC-2M (Cad ) (NDF/B-tv Prewtously I > 1.0 MeV Fluence
C hanging Thanging to DCL-75 Changing to SANO.II E > 0.1 MeV Fluence

to IV.2 8tG[-80 (emf /8.IV) 14f/8.V now 5ACS801* Thermal Fluence

6M1 00T !!!.5 DLC-2R (Can) 5AND-Il 5AC580T* E > 1.0 MeV Fluence
C hanging Changing to 00 -15 Library E > 0.I MeV fluence
to IV.2 60Gt t-80 (flutt i8-IV ) Thermal Fluence

dpa

EAL580f * InJtvidual Sensor pectrue Averageo Crois Sections 8,esed On Transport Calculations.
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TABLE 1

|
LICENSING AND REGULATORY REQUIREMENTS

RELATED TO THE ASSESSMENT AND CONTROL OF
| THE FRACTURE TOUGHNESS OF REACTOR PRESSURE VESSELS

A. Two distinct'llcensing requirements form the backbone of the latest
regulations rela *.ed to the fracture toughness of reactor pressure
vessels:*

1. Protection against failure by tearing instability:

(Ductile regime, 1001 shear fracture)

USE 150 ft-Ib (67.8 joules) (1)

(USE is the Upper _ Shelf Energy absorbed in the Cv-impact test at the
vessel operating temperature)

2. Protection against non-ductile failure:

Applied Load a Safety Margin < Material Strength (2),

2 Kgp + KIT " KIR (T RTNOT)

Pressure + Thermal Reference Fracture Toughness Kg =

e e Lower Scund of Valid Kte, Kla. Id
(Calculated Stress

Measurements (Indexed (
reference

Intensity Factors) temperature, T-RTnoi)

where RT oy = (unirratiated nil-ductility temperature) + (ARTNDT).h
From this relationship are derived the pressure versus temperature
heat-up and cool-down limit curves P(T): at core criticality, these
limits must, furthermore, be shif ted conservatively by an additional
margin of 40*F.

B. Surveillance-capsule physics-dosimetry measurement results enter into
the application of requirements of Eq. (1) and (2) at two stages:

! 1. Mechanical testing and physics-dosimetry data are used to consolidate
plant-specific " trend curves":

USE = function of neutron exposure and other variables (3)

ARTNDT = function of neutron exposure and other variables (4)

The neutron exposure is expressed as fluence of neutrons
energy greater than 1 MeV or, more appropriately, as doa.g' **i

2. Dosimetry data are used to consolidate reactor physics calculations of
in-vessel neutron exposure projections (lead factors) at the end of the
considered plant service cycle: The derived exposures are then input
to Eqs. (3) and (4) in order to g 1* 8(3 are s particularly relevantas. (1) and (2); in this regard,ex-vessel dosimetry measurementsi
supplement to surveillance capsule
power benchmarking studies in PCA,(dqgimetry( pq to the extensite lowO f VENUS 'OJ and NESDIP.i d1**

*In addition, screening criteria to sort out plants for which more extensive
analysis of thermal shock risk is needed have recently been proposed by the
hR C.

** Physics-dosimetry licensing requirements are as yet unspecified, but the
technology and the ASTM Standards are at hand for the use of dpa and

t ex-vessel measurements, see Refs.17, 30 and 39.
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TABLE'2*

PROCEDURES FOR ANALYSIS AND INTERPRETATION
OF NUCLEAR REACTOR SURVEILLANCE RESULTS

PROCEDURA!. STEPS:

1. Establish the basic surveillance test program for each operating power
plant. Currently Practice E185 is available and is used. However, updated
versions of this standard should include the following:

2. Determination of surveillance capsule spatial flux-fluence-spectral and
DPA maps for improved correlation and application o' measured property change
data (upper shelf, WTT, etc.). Measured surveillance capsule fission and
nonfission monitor reaction and reaction rate data should be co s ined with
reactor physics computations to make necessary adjustments for capsule
perturbation effects.

3. As appropriate, use of measured / calculated DPA damge for normalization
of Charpy to Charpy (and other metallurgical specimen) variations in neutron
flux, fluence, and spectra. Here, an increased use of a larger numer of
metallurgical specimen fron drillings may be appropriate for dosimetry.

4 Establish a reactor physics computational method apolicable to the
surveillance program. Currently Practices E 482 and E 560 provide general
guidance in this area. However, updated versions of these standards should
include the following:

5. Determination of core power distributions applicable to "long-term (30 to
40 year) irradiation. Associated with this is the need for the use of updated
FSM (Final Safety Malysis Report) reactor physics information at startup.

6. Determination of potential cycle-to-cycle variations in the core power
distributions. This will establish bounds on expected differences between
surveillance measurements and design calculations. Ex-vessel dosimetry
measurements should be used for verification of this and the previous step.

7. Determination of the effect of surveillance capsule perturbations and
photofission on the evaluation of capsule dosimetry. Adjustment codes should

,

be used, as appropriate, to cosine reactor physics computations with
| dosimetry measurements.

8. Benchmark validation of the analytical method.

9. Establish methods for relating dosimetry, metallurgy, and temperature
data from the surveillance program to current and future reactor vessel and
support structure conditions. Currently, Practice E 560 provides general
guidance in this area. M updated version of this standard should include
the following considerations:

10. Differences in core power distributions that may be expected during
long-term operation and that may impact the extrapolation of surveillance
results into.the future. As previously stated, ex-vessel dosimetry should be
used for verification.

11. Establish methods to verify Steps 2 - 10 and to determine uncertainty
and error bounds for the interpretation of the codined results of dosimetry,
metallurgical and temperature measurements. Currently, Practice El85 provides
general guidance in this area. An updated version of this standard should
more completely address the separate and combined accuracy requirements of
physics, dosimetry, metallurgy, and temperature-measurement techniques.

*Taten from ASIN Standard E 853-81.(39)
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TABLE 3

RE-EVALUATED EXPOSURE VALUES AND THEIR UNCERTAINTY FOR
LIGHT WATER REACTOR PRESSURE VESSEL SURVEILLANCE CAPSULES

(revision of Reference 40 data)

Eluence (et > 1 wV) (n/cm2)
tiposure a

Plant L_as t.t Capulg Old w [t (1 )] perm /Old dpa (1 (lef dpa/et % .dpa/s time (s)
westinghouse

. Conn. Tennee A 2.08 + 18 3.17 + 18 (12)** 1.52' - 4.89-03 (12) 1.54-21 9.18 11 5.233 + 07
. Conn. Yemee F- 4.04 * 18 6.11 + 18 (24 i 1.53 9.70-03 (27). 1.57-21 1.27-10 1.651 + 01

f onn. Tankee H .l.79 + 19 2.06 + 19 (25 i 1.15 3.38-02 (28) 1.64-21 1.42 10 2.390 + 08
San Osofre A 1.20 + 19 2.9) + 19 (22) 2.44 5.04-02 (27) 1.12-21 8.66-10 5.824 + 01
San 0=ofre 0 2.36 * 19 5.66 * 19 (26) 2.40 9.51-02 (29) 1.6R-21 .1.07-09 8.881 + 07
San unofre F 5.14 + 19 5.81 + 19 (14) 1.13 -9.79-02 (21) 1.69-21 4.02-10 2.438 + 08
Turkey Pt. _3 5 1.48 * 19 1.66 * 19 (25;i 1.18 2.6bO2 77) 1.60-21 2.42-10 1.095 * 08 -1er k ey P t. 3 I 5.68 * 18 1.05 * 18 (10 1 1.24 1.09-02 12 1.55-21 4.14-10 .2.302 + 07:

t@t 0 i LP5 : l M: lim hi; W3 h i mi a:18 k99 m
H. 8. Robinson 2 5 3.02 + 18 3.99 * 18 (24) I.32 6.99-03 (21) I.75-21 1.66-10 4.209 + 07
M. 8. Robinson 2 V 4.51 * 18 7.43 * 18 (22) 1,65 - .1.19-02 (25) 1.60-21 1.14 10 1.050 + 08Surry 1 1 2.50 * 18 2.88 + 18 ( 9) 1.15 4,56-03 (12) 1.58-21 1.35-10 3.J78 + 07Surry 2 X 3,02 * 18 3.05 * 18 (11) 1.01 4.81-03(13) 1.58-21 1.30-10 3.687 * 07hurth Anna 1 V 2.49 + 18 2.74 * 18 ( 9) 1.10 4.11 03 (11) 1.52-21 1.17-10 3.570 + 07
Pr. Island 1 V 5.21 + 18 6.09 + 18 (11) 1.17 1.05-02 (16) 1.72-21 2.46-10 4.248 + 07Pr. Island 2 V 5.49 + 18 6.80 + 18 (101 1.24 1.19-02 (13) 1.75-21 2.71-10 ' 4. 394 + 07 -R. L. 6tnna I R 7.60 + 18 1.17 + 19 (10) 1.54 2.18-02 (14) 1.86-21. 2.62-10 8.328 + 07.a. E. Ctana i V 4.90 * 18 5.98 + 18 (14J 1.22 1.02-02 (22) 1.71-21 2.22-10 4.612 * 07Renaunce V 5.59 + 18 6.46 * 18 (10L .1.16 1.16-02 (13) 1.80-21 2.86-10 4.057 + 07Pt. Beach 1 5 8.51 + 1R (10. 3.48-02 (13) 1.74 21 1.27-10 1.163 + 081 ----

Pt. Beach I A 2.22 + 19 2.17+19(10L 0.98 4.41-02 (14) 2.03-21 2.70-10 1.632 + 08Pt. Beach 2 1 9.45 + 18 9.47 + 18 (10J I.00 1.59-02 113) 1.68-21 1.46-10 1.087 + 08Pt. 8+ach 2 V 4.74 + 18 7.33 + 18 (11|| 1.56 1.23-02 i 13) 1.68-21 2.56-10 4.805 * 01Pt. beach 2 R 2.01 + 19 2.54 + 19 (10) 1.26 4.68-02114) 1.84-21 2.85-10 1.640 + 08
0. C. Cook 1 i 1.80 + 18 2.78 + 18 (22) 1.54 4.61-03 126) 1.66-21 1.16-10 3.991 * 07Indian Pt. 2 1 2.07 + 18 3.34 + 1!t (22) 1.65 5.49-03 ' 27) 1.64-21 1.23-10 4.473 + 07Indten Pt. 3 1 2.92 + 18 3.30 * 18 (22) 1.83 f 38-03 i 26) 1.63-21 1.28-10 4.211 + 072 ton 1 i 1.80 + 18 3.06 + 18 10) 1.70 4.97-03 i 12) 1.62-21 1.31-10 3.789 + 07lion 1 U 8.92 + 18 1.02 + 19 10) 1.14 1.68-02 1 13) 1.65-21 1.49-10 1.123 * 08Ilon 2 U 2.00 + 18 2.82 * 18 9) 1.41 4.54-03 i 12) 1.61-21 1.13 10 4.007 + 07Salem 1 I 2.56 * 18 2.91 + 18 (22) 1.14 4.77-03126) 1.64-21 1.39-10 3.426 * 07

(omhustton Inqineffing

Palisades A240 4.40 + 19 6.10 * 19 (23) 1.39 9.71-02 (28) 1.60-21 1.37-09- 1.130 + 07Fort Calhoun W225 5.10 + 18 6.22 + 18 (15) 1.22 9.20-03 (18) 1.48-21 1.12-10 8.191 + 07Manne Tankee 1 1.30 + 19 1.79 + 19 (19) 1.38 2.43-02 (23) 1.64-21 1.05-09 2.177 + 07Maine Vankew 2 8.84 + 19 7.85 + 19 (13) 0.89 1.25-01 (18) 1.59-21 8.61-10 1.446 + 08Maine Yankee W263 6.90 + 18 6.12 + 18 (13) 0.89 9.21-03 (15) 1.50-21 6.37-11 1.446 + 08

Sabcock & Wilcon

Oconee 1 F 8.70 + 17 7.10 + 17 (21) 0.82 9.83-04 (20) 1 .38 -21 3.74-11 2.629 + U1Ottmee 1 E I.50 + 18 1.50 + 18 (10) 1.00 2.11-03 (10) 1.41-21 4.07-11 5.186 + 07ULonee 2 C 9.43 + 17 1.02 + 18 (10) 1.08 1.50-03 (11) 1.47-21 3.95-11 J.80z + u7Ocone, 3 A 7.39 * 17 8.10 + 17 (10) 1.10 1.15-03 (11) 1.42-21 3.65-11 2.983 + 01ihree Mlle it. 1 E 1.07 * 18 1.09 + 18 ( 9) 1.02 1.53-03 ( 9) 1.40-21 3.80-11 4.036 + 07

*(quivalent constant pn=er
"3.17 + 18 reads 3.17 a 10 gevel esposure time.I with a 121 (le) uncertaints.
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FOOTNOTES * for Table 4:

Power Reactors Being used by LWR-PV-SDIP Participants

i

aEnergy ranges for the solid state track recorders (SSTRs) are the same as those given for the-
fissionable radiometric sensors,

b Generally these reactions are used with cadmium, cadmium-oxide or gadolirium filters to eliminate.
their sensitivity to neutrons having energies less than 0.5 eV.- The cavity measurements in the

Arkansas Pgw)er & Light reactors have also inclugU, g8
in

rmediatg3'NP fission sensors.-gnergy measurements using thick(1.65 g/cm' boron-10 filters (shells) for the 0 and

cDM means d_amage mcnitors (damage to the sensor crystal lattice, such as A3028 and. A5338 or
other steels with high copper content and high sensitivity to damage).

d
HAFM means h_elium a_ccumulation fluence m_onitors.

g eGenerally cobalt and silver are included as dilute alloys with aluminum. Scandium is normally-Sc0 ,2
and more recently as a +1% Sc0 -Al 02 3 ceramic wire.2

f requently when there is no specific HAFM dosimetry package, some of the radiometric sensorsi F

and some of the steel damage monitors serve as HAFMs after they have been analyzed for their
principal function.

9Ni and/or Fe gradient disks were also included in the SSTR capsule, as required.

h Iron from RM sensors or Charpy specimens. .

i Note that power plant CR is Crystal River-3 (Florida Power Corp.) and 08.is Davis Besse-1
(Toledo Edison Co.).

i JThe Y following the P refers to a previous Oconee 2 test.
1

k; Surveillance capsule reference correlation material (ASTM reference steel plates).

! I The determination (or feasibility) of using any of the Oconee plants for future benchmark studies' has
I yet to be made.

!
:

!
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TABLE 5

RELATIVE RATIO FIRST ORR-SDMF RM SENSOR CERTIFICATION TEST *
(X/HEDL)-1 (%) (taken from Reference 42)

t AsCa AT0AY * * L A40 RAT 0av * *

Set 10 seaction A B C D E F 5et ID R eac tlam A B C D E F

235 NMW-1 al(a.p) 2.38 - 7.05 -3.99 2.10 -l.60 -1.77 HF-3 yg,,gg 8a 0.00 - 4.35 - 6.68
-3 2.16 - 6.34 -3.63 1.37 -2.60 0.24 HF-5 9.46 - 9.40 - 4.26
-2 2.33 - 0.59 0.15 -0.93 -2.82 2.69 HF-4 9.39 - 2.42 - 5.36
-4 3.34 - 9.24 -0.84 0.47 -2.03 3.90 NF-6 -2.92 -14.79 -13.08

HW-1 ''il(n.p) 2.33 -10.6 3.60 1.43 -0.71 2.16 NF 3 #3 U(n.f)"Its 5.27 -13.09 - 3.18 0.88

-3 1.10 -13.9 4.72 2.23 -2.11 1.82 NF-5 8.27 6.21 - 9.00 1.54

-2 5.72 -7.52 6.98 5.76 -0.85 5.26 NF-4 3.31 - 5.59 - 2.57 3.17
-4 4.56 -1.33 7.84 4.56 0.27 3.98 W-6 6.39 - 6.37 - 8.18 0.99

03
HmF-1 Cu(n. ) 1.76 -3.38 8.59 -1.12 -2.27 8.05 HF-3 ule.f)'$2r 0.76 0.00 -13.49 4.99 - 2.84

-3 2.63 1.61 3.05 1.81 -2.00 2.01 HF-5 5.67 -14.40 9.29 2.26 - 3.31
-2 1.06 1.40 8.37 3.00 0.59 5.73 HF-4 -2.40 - 6.49 -11.47 - 8.10 - 8.M

-4 4.66 1.85 6.50 2.00 2.14 6.85 NF-6 3,16 - 1.78 - 6.99 1.54 - 5.22
rd HW-1 fe(n.p) 3.02 -4.31 1.95 -3.73 0.39 -5.37 HF-1 237,,g,,g3N8e 1.27 - 6.30 -11.20 -5.58

-3 0.56 -10.26 0.11 -2.27 -3.35 -4.13 NF-2 3.29 - 0.91 -13.29 -3,05

-2 2.19 -7.63 1.76 1.30 -3.96 0.24 HF-1 237,,g,,ggM38e 3.06 -31.26 - 4.37 - 8.92 -4.06
-4 6.49 -7.53 4.69 1.52 0.68 -1.94 W-2 4.11 - 6.94 2.91 .- 3.28 -2.38

IHW-1 Fe(e.v) 1.54 1.19 HF-1 Mp(n.f) 2r -0.22 10.59 - 9.06 4.12 - 4.44 -1.46
-3 3.29 0.81 HF-2 1.99 5.38 - 4.76 10.83 - 2.80 -1.24

238 M-2 -4.87 -2.97 HF-l yg,,gg 8a 2.96 - 2.19 - 5.60 -0.35
-4 1.96 3.25 NF-2 0.65 - 0.40 - 2.05 -l.33

HW-3 Ce(nv) 2.84 -1.55 7.45 1.09 1.83 -1.07 NF-1 % (e.f) #8e 5.48 - 4.29 - 1.93 0.44 5.17
-5 0.06 -7.42 6.16 -1.00 -1.61 -0.52 HF-2 3.74 1.65 2.08 - 2.58 -l.79

238 M-4 2.28 -1.84 7.74 1.56 2.82 1.28 HF 1 9g,,gg 2r 1.72 2.60 - 5.81 8.55 - 2.56 1.37
-6 1.95 -9.21 6.76 3.72 -0.49 2.35 HF-2 -1.58 4.41 - 3.83 5.36 - 6.62 -3.48

*ThefirstRMsensorcertificationtestandtheWestinghouseandCombustigEngigeeringtype
surveillance capsule perturbation tesg fluence (E > 1.0 MeV) of s6 x 10 n/cm for the
thermal shield back (TSB) and s9 x 10 n/cm2 for the pressure vessel front (PVF) locations.

**Four vendors and two service laboratories in 'Se U.S. participated in this test. All
laboratories remain anonymous for these intercomparisons and are identified only as
Laboratories A, B, C, D, E and F.

***HNF-1 and -3 and HF-1, -3 and -5 are the TSB and HNF-2 and -4 and HF-2, -4 and -6 are the
PVF locations, respectively.

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



TABLE 6

RELATIVE RATIO SECOND ORR-SDMF RM SENSOR CERTIFICATION TEST *
(X/HEDL)-1 (%) (taken from Reference 42)

Reaction La bora tory **
A 8 C-1 C-2 0 E F$0Nt(n.p) 1.40 - 9.57 - 6.85 -0.96

63
Cu(n a) 0.88 - 3.71 - 2.04 1.84

'

Fe(n.p) 1.98 - 7.38 - 3.42 0.75
8Fe(n,y) 0.11 - 2.51 0.22 2.17

59Co(n,y) 1.30 - 4.32 - 1.44 1.65
237Np(n.f) 103Ru 3.42 - 9.70 -10.4

95Zr - 1.58 -10.9 - 5.6
I37

Cs - 7.83 - 1.34 1.73
238 103gg,,f) Ru 2.59 -11.9 - 8.86

80 Zr 0.78 -11.6 1.58
I3

Cs -16.8 ,7.96 1.38

*The second RM sensor certification test and the ORR-PSF first simulated
surveillang capsgle (SSC-1) metallurgical irradiation; fluence (E > 1.0 MeV)of s2 x 10 n/cm .

**Four vendors and two service laboratories in the U.S. participated in this
i test. All laboratories remain anonymous for these intercomparisons and are'

identified only as Laboratories A, B, C, D, E and F.
!

i
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TABLE 7

SPECIFIC ACTIVITIES MEASURED BY THE DIFFERENT LABORATORIES
FOR THE ORR-SDMF STARTUP TEST

AND FIRST EUROPEAN LABORATORY RM SENSOR CERTIFICATION TEST
(taken from Reference 43)

SPECITIC ACTIVITIES R1LATIVE TO 3CK/CT.N
RECCMME.TDED

LA ORAMRT SPECITIC.

REACTION AERE/33 8 A CAPSULE , 4 ,)
CAPSULE ACTIVITIES

( 48ECN PTB (AERE)3 (1) (AIRE 1 II)2

Mb(n.n') 1 17 1.02 2 062 10 90
3SONt(n.p) 1.01 1.09 1.05 7 2*2 10 39

N e(n.p) 1.01 1.00 1.07 1.10 1.103 10 43T 78
46 0Ti(n.p) 0 99 1.02 1.12 1.07 8 508 10 53
03Cu(n.4) 1.02 1.01 0 99(2) 1 201 103 1.4

(1.29) (1 05)

93 r 0 97 0 98 3 437 107 1.6
PI"'" 5137Ce 0 96 0 98 2 522 10 2.0

93 , 0 95 0. ,8 3 508 406E 2.6238.,,,,)
('37Ce 0 99 0 97 2 738 10* 1.4

93 ib(n.n') 1.00 1 330 10 o,)t 6
"

56Nt(n.p) 1.00 1.00 1.07 1.03 4.*72 10 317

YTe(a.p) 1.00 0 98 1.11 1.09 6.956 105 6.0
46Ti(n.p) 1.C0 1.01 1.92 1.04 3 831 103 49g

63Cu(n.a) 1.01 1.01 1.01(2) 9 2C6 103 05
(1 15) (1.081

93Nb(n,n') 0.85 6.643 105 33,3

58st(3,p) 0 99 1.09 1.02 1 721 107 4.4
3'Te(n.p) 0.97 1.00 1.10 1.10 | 2.606 103 6.0% '
46- Ti(n.fi 0.98 1.02 1.13 1.07 2 161 to5 38
63Cu(n.a) 1.03 1.02 1.02(2) 3 465 103 1.0

(1 37) (1 3C)

93.Yb ( n . n ' ) 0.84 3 336 1C5 | 33,9
NNi(n.p) 1.00 0.99 1.07 1.00 6 310 106 ),)

3*Tein.p) 1.C0 1.00 1.10 1.07 9 306 10' 47
* "0Ti(n,y) 0.96 0 98 (0 76) 1.01 7 566 10' 22

63 u(n.a) 1.00 1.01 1.02(2) 1,245 go3 o,9C

(1.46) (1 27)

I''
(AERE)3 1 ME AS"REMENTS FERTCRXED AT MARhT.LL; (AERE)2 : MEASURIMINTS PERTORMED LT h!NTRITH

(2) Cu ?1IL TRCH INTERLASCR ATCRT CAPSUt.E

2?7



UNITED STATES NUCLEAR RE2ULATORY CCISSION

TENTH WATER REACTOR SAFETY RESEARCH INFORMATION MEETING
(Held at the National Bureau of Standards, Washington DC. October 12 15 1982)

DESCRIPTION AND STATUS OF THE NESTOR DOSIMETRY IMPROVEMENT PROGRAMME (NESDIP)
Author: M Austin, Rolls Royce and Associates Ltd, Derby. England.,

1. NESTOR DOSIMETRY IMPROVEMENT PROGRAMME OBJECTIVES
The NESTOR Dosimetry Improvement Programme (NESDIP) comprises a series of experiments in which, in
conditions broadly representative of current Light Water Reactor designs, some outstand ng problems of Pressure
Vessel (PV) dosimetry and monitoring can be explored. The objectives of the programme are as follows:-

1) To provide ' benchmark' quality measurements of neutron and gamma-ray fields against which
calculational methods for predicting damage to PV and reactor internals can be validated. In addition
provision will be made for the further development or refinement of necessary dosimetry measurement
techniques.

2) To ensure that the programme complements, and where necessary extends, the scope of other
international programmes in the PV dostmetry area . for example the USNRCISDIP and the VENUS
programmes.

3) To incorporate, as part of this complementary role, the requirements of external calculational and
experimental groups in the development of the NESDIP. (This requirement has to conform to the overall
level of time and resources available to the programme).

4) To provide reports of calculational and experimental data derived as part of the programme in an available
form, in a manner similar to those provided as part of the USNRC/SDlP.

2. INTENDED SCOPE OF THE NESDiP

The NESDIP is being carried out on the ASPIS facility of the NESTOR reactor situated at the United Kingdom
Energy Authority Establishment, Winfrith, England. Reference has been made elsewhere, (1,2) to the main j

i

dif ferences between the UK facility and its US counterpart at the Oak Ridge National Laboratory,(the Pool Critical |
Assembly). In essence the radiation source for ASPIS is a fission plate rather than a volume distributed core I

thereby ensuring a precise definition of source terms in experiment and calculation. In addition the ' cave' f acihties
of ASPIS provide a convenient environment in which the proposed experiments may be performed, thus facilitating
their easy : unting and dissembly. As will be further explained below it is also possible to extend the ASPIS cave
facility to * mock up" features such as the PV ' Cavity' which have not to date been amenable to benchmark quality
experimental investigation. As mentioned in Section 1 the prog amme development depends to a large extent on
input from interested partles, so that, at present, the following three broad phases of the NESDlP have been
identified. These are:-

Phase 1 - the ' Replica' experiment
Phase 2 - Pressure Vessel Cavity Simulation studies
Phase 3 - Pressure Vesel Support-structure and Streaming studies

Of these, Phase 1 of the programme has been started and is initially supporting UK methods development work in
the dosimetry area and measurements to aid the evaluation of UK specimens irradiated in the ORNL Poolside
Facility experiment. Detailed proposals for Phases 2 and 3 have not yet been agreed and the opportunity for input
from groups othe.r than the UK participants has yet to be formally examined. It is hoped that such planning canproceed within the next few months.
However it is possible to describe briefly the work envisaged under the phases given above and reference should be
made to the accompanying figures (Figs 3 8).

2.1 The Replica Experiment

As is evident from Figs 3,6,7 and 8, the purpose of this phase is to essentially reproduce the features of the
Oak Ridge PCA measurement arrays with the important difference that the core source of radiation is
replaced by a fission plate. In addition full use will be made of the Winfrith experience in active neutron
spectrometry to derive full range-of interest (0.1 - 10 MeV) neutron spectra in measurement positions of
interest. (It is possible within this arrangement to produce any of the arrays used for the US PCA
measurements). In the initial experiments attention will be concentrated on the "12/13" configuration. The UK
programme planned for this phase will aim at providing detailed neutron measurements for the development
and validation of adjustment techniques currently under investigation in the UK and linked to PV Cavity
measurements. Some work in the ~4/12" array will be carried out to facilitate the analysis of the UK
metallurgical specimens irradiated in off axis positions of the ORNUPSF experiment.

2.2 PV Cavity Simulation Studies

It is possible to provide,in the ASPlS cave, a " roof slot" f acility which may be used very offectively to simulate
PV Cavity arrangements, representativ1 of LWR plants,(see Fig. 4). In this phase of the work it will be possible
to measure not only relevant react'an rates and spectra in the cavity, but also to investigate the effect of
varying associated design parameters such as a range of cavity dimensions and structural materials, in
validat ng calculational and measurement techniques. This is seen as an ideal experimental arrangement for
the investigation of the application of cavity-momtormg techniques to the prediction of damage rates within

! the PV itself.
I
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13 PV Support Structures and Streaming Studies
This phase may be seen as an estension of the investigation into the practical problems of carrying out cavity-
monitoring meawrements with high accuracy. but further, as a means of investigatmg the effects of neutron
spectrum and streaming upon other features to which attention has been drawn as part of the USNRCISDIP,
tfor example the reactor pressure vessel support structure). Fig 5 merely serves to indicate the potential
present in the ASPtS facihty for " mocking up" such support structure arrangements

Sucrwding sections of this paper deal with current progress and proposed future activity but it shuuld be stressed
that the detailed planning of later phases of the NESDIP are intended to reflect as wide a range of design and
anaNsis requirements as possible, and that early input is sought from mterested groups who may intend to
participate.

3. MEASUREMENTS TO BE PERFORMED IN THE NESDIP
ASPIS is a penetration-benchmark f acility in which the power is restocted in order to reduce back ground activation
and mamtain a clean environment for spectrometry n,casurements. Thus reachon-rate measurements will be
obtained with indium, rhodium, su phur and nitb el foils at a representative range of positions throughout the arraysl

to be studied These results will be supplemented by actrve spectrometry measurements using the well estabhshed
Winfrith hydrogen proportional counter techmaues (covering the energy range 0.1 2 MeV) and the NE213
spectrometer (covering the range 2 10 MeV) Experience has demonstrated the feasibility of using individual
proportional Counters as " integral detectors" in their own nght in regions where low sensitivity precludes the use
of activation monitors Moreover consistency between spectrum measurements and activation techniques is
alwap sought by ' predicting' reaction rates from the measured spectrum and the actuation cross Scutions in
addition to the neutron measurements the NESDIP will place more emphasis on the evaluation of the gamma ray
environment within the chosen expenmental arrays. These measurements will include the estimatiun of integrai
quantit es using thermoluminescent dosameter techniques, and,it is hoped, assessment of the gamma spectra at
bey positions The environment and access would be very suitable for such a characterisation using the HEDL
J ANUS probe.
It is intended to reference the measurement techniques (both neutron and gamma ray) by making use of the
NESSUS faciisty of the NESTOH reactor (see Fig 10) although such " benchmark referencing" can be usefully
entended in pnnciple to include any other benchmark field which may be suggested by participants. Particular
attention is being paid to the development of niobium as a fluence monitor: measurements of the cross section are
being made and integral checks carried out by irradiation in NESSUS British MTR s. and other standard fields.

4. CURRENT NESDlP STATUS
As mentioned above, only Phase 1 of the programme has been planned in detait and th:s is currently being ca'ried
out The timescales envisaged for this stage of the programme are outlined on Fig 11 and cover the penod from
September 1982 to March 1983 Signihcant effort has been invested in careful characterisation of the source
distribution in the fission plate and this is now substantially complete. First measurements in the Phase 1
programme are concentrated on the *12/13" array and in this configuration foil measurements have been carried
out at all centre line locations and spectral information ohtained at the Tl4 and Cavity positions usmg the hydrogen
proportional counters As shown by Fig 11 the remainder of the currently planned NESDlP penod will be devoted to
completing centre line activation foil measurements, checking of f axis locations and perf orming first uradiations
of gamma ray detectors
As mentioned, a real advantage of the ASPIS cave f acility is the ease with which experiments can be mounted and
dismantled Thus although it will be necessary to re assemble-the ' Replica expenment dunng 1983 for further

*

measurements this poses no difficultms in terms of run to run reproducibility. It is hoped that dunng these
operating penods the first opportunity will t'e taken to arradiate detectors from other participalmg groups tat
present pnncipally Mol and HEDL) and propasals for further measurements by other potential participants are
WeIComOd

5. NESDlP: THE COMPLEMENTARY CONTEXT
As emplained in Section 1 NESDiP is seen as part of a complementary cycle of benchmark experiments which

| Includes the PCA programme and the VENUS programme at Mot in Belgium. These are aimed,in their entirety, at a
l comprehensive investigation of current problems and techniques for pressure vessel dosimetry (see Fig.12) It

should be noted that each programme possesses its own, independent, features _ Thus the FCA was able to present
an extended core source and pressure vessel array capable of a wide dynamic range in terms of activation and

( fission foil measurements
As a result of this programme the importance of catculation and representation of core sources was recognised
together with some features of the transport calculation of penetrating neutrons within the PV array The purpose

' of NESDiP therefore is to provide first a rephca of the PCA PV array driven by a fission plate in which source
representation uncertainties were reduced to a mimmum thy virtue of the thin plate source) and secondly to extend
the PC A " Cavity box" concept to include a full range, f ull depth cavity facility. In the VENUS programme the cycle
will be completed by an experimental array which will concentrate heavily upon the representation of a typical LWR
core in which core physics calculations and fuel management strategies can, in pnnciple, be investigated.
D/ means of such a cyche programme, and the international collaboration which typified the USNRC/SDlP it is
hoped that these projects will achieve their common goal of resolving outstanding PV dosimetry problems and of
standardising the solution techniques
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THE INTEGRITY OF PWR PRESSURE VESSELS
DURING OVERCOOLING ACCIDENTS *

R. D. Cheverton S. K. Iskander G. D. Whitman

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830, U.S.A.

ABSTRACT

The reactor pressure vessel in a pressurized water reactor is normally
subjected to temperatures and pressures that preclude propagation of sharp,
crack-like defects that might exist in the wall of the vessel. However,
there is a class of postulated accidents, referred to as overcooling acci-
dents, that can subject the pressure vessel to severe thermal shock while

,

the pressure is substantial. As a result of such accidents vessels con- |
taining high concentrations of copper and nickel, which enhance radiation
embrittlement, may possess a potential for extensive propagation of pre-
existent inner surface flaws prior to the vessel's normal end of life.

For the purpose of evaluating this problem a state-of-the-art fracture-
mechanics model was developed and has been used for conducting parametric
analyses and for calculating several recorded PWR transients. Results of
the latter analysis indicate that there may be some vessels that have a po-
tential for failure in a few years if subjected to a Rancho Seco-type tran-
sient. However, the calculational model may be excessively conservative,
and this possibility is under investigation.

INTRODUCTION

The reactor pressure vessel in a pressurized water reactor (PWR) is normally sub-
jected to temperatures and pressures that preclude propagation of sharp, crack-like
defects (flaws) that might exist in the wall of the vessel. However, there is a class
of postulated accidents, referred to as overcooling accidents (OCA's), that allow cool
water to come in contact with the inner surface of the vessel wall, resulting in high
thermal stresses and a reduction in fracture toughness near the inner surface. This
introduces the possibility of propagation of preexistent inner-surface flaws, and this
possibility increases with reactor operating time because of the additional reduction 6
fracture ~ toughness that results from exposure of the vassel material to fast neutrons.

Thermal loading (thermal shock) by itself presumably cannot drive a flaw all the
way through the wall; however, if the primary-system pressure is substantial, a

*Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear
Regulatory Commission under Interagency Agreements 40-551-75 and 40-552-75 with the
U.S. Department of Energy under contract W-7405-eng-26 with the Union Carbide
Corporation.

By acceptance of this article, the publisher or recipient acknowledges the U.S.
Government's right to retain a nonexclusive, royalty-free license in and to any copy-

; right covering the article.
!
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potential for vessel f ailure could exist; that is, a preexistent flaw, under proper |
'

circumstances, could penetrate the vessel wall and provide a large enough opening to
prevent flooding of the reactor core. The nuclear industry has been aware of this.
problem for quite some time, 1,2,3 but the probability of the existence of the requi-
site conditions for significant flaw propagation seemed ver remote. In recent years

however, several PWR OCA initiating events have occurred,".y',6and there has also been
a growing awareness that copper and nickel significantly enhance radiation damage in
the vessel.7,8 As a result a reevaluation of the integrity of PWR pressure vessels
during OCA's has been undertaken.

A complete evaluation of the OCA problem in terms of its threat to pressure ,

vessel integrity requires consideration of a number of factors, including postulated
accident initiating events, reactor system and operator response to these events,
specific design features of the reactor vessel and core that affect fluence-rate and
coolant-temperature distributions adjacent to the inner suf t ace of the vessel wall,
sensitivity of the vessel material to radiation damage, size and orien'ition of pre-
existent flaws, and remedial measures. This paper examines primarily the fracture-
mechanics-telated conditions that could lead to a potential for vessel failure.

TIIE TENDENCY FOR INNER-SURFACE FLWS TO PROPAGATE
DURING THERMAL-S110CK LOADING ONLY

The tendency for inner-surface flaws to propagste as a result of thermal-shock
loeding is illustrated in Fig. 1, which shows the temperature, resultant thermal
stress, and fracture toughness distributions through the wall of the vessel (exclusive
of cladding) at a particular *ime during a postulated large-break loss-of-coolant
accident (LBLOCA). Also included in the figure for the sa=e time in the transient'

are the stress intensity factors (K ) for long axial flaws of different depths andI
the radial distribution of the fast neutron fluence. As indicated, the positive

;
gradient in temperature and the steep attenua-'

tion of the fluence result in positive

! I I i gradients in the crack initiation toughness'

tend to limi)'
toughness (K(K and the crack arrest

anh)thesepositivegradientsI
t

K"
- "U - crack propagation. However, K for the assumed

7long axial flaw also increases with flaw depth,FL Am s #""E8',/ except near the back surface, and for the
- ,-- K , - particular case and time analyzed it is evi-

dent that both shallow and deep flaws cane
initiate; that is, K >K for a broad range

7 g
of crack depths. As the crack tip moves

\g
4

through the wall it encounters higher toughness\ TEvpERATURE
material and for this particular case even-g

y,mgy \ tually arrests.*

15 HALLOW SI"LSS If the crack depths corresponding to theFLAW) ,
initiation and arrest events are plotted as a

function of the times in the transient at,;
~ FLUENCE

~

which the events take place, a set of curves' '

r- -INNf R $URF ACE
# is obtained that indicates the behavior of the

,

flaw during the entire transient. A typical
0 02 04 06 08 10 set of critical-crack-depth curves for a LBLOCA

ra. FRACTIONAL WALL AND FL AW OEPTH is shown in Fig. 2. As indicated by the dashed
lines the long axial flaw would propagate in a

,

Fig. 1. Radial distributions in series of initiation-arrest events and, if a'

a vessel wall of several fracture- phenomenon referred to as warm prestressing
mechanics-related parameters at a (WPS) were not effective, would penetrate deep
specific time during a PWR LOCA. into the wall.
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og Warm prestressing, as referred to above,, , ,

ARIEST CU;VE g iS a term USed to describe a situation where Kr(M, a KJ s,---------- is decreasing with time (t) when K becomes
1i equal to KIc by virtue of a decrease in tempera-

04 - , * , ," ,'
- ture. It has been postulated and demonstrated,

experimentally .10 that under these conditions98
,

I e flaw will not propagate; that is, a flaw will
(g'gQ^,"

a
~~

5 not initiate while K is decreasing. In Fig. 2
y03 -

; 7
, f tx, . up

-

the WPS curve is the locus of points for Kg =
'5 (K ) max (dKr/dt = 0). To the left of the WPSt

g ,--- curve dK /dt > 0 and thus crack initiation canI
Y take place, but to the right of the WPS curve

{#
~ 4, -

dK /dt < 0, and crack initiation will not take, 7
.

-- "i'" place. For the particular case illustrated in
* i Fig. 2, WPS limits crack propagation to N40%

'
,, , N _ of the wall thickness.

i lx, t u,) !
" ' "

Even if WPS vere not effective, the flaw
'

,/~ " ' " " , could not completely penetrate the wall under
#

thermal-shock loading conditions only. This isg

o <, io is 20 a result of the substantial decrease in K asrthe crack tip approaches the outer surface (seef e w o .. .

Fig. 1) and has been demonstrated recently in a
Fig. 2. Critical-crack-depth the rmal-shock expe riment . ll llowever, when

curves for a PWR LOCA assuming a pressure is applied in addition to the thermal
long axial flaw, high concentra- loading, the possibility of vessel failure
tions of copper and nickel, and (complete penetration of the wall) exists for
normal end-of-life fluence. some assumed conditions.

FRACTURE MECilANICS CALCULATIONAL MODEL

Linear elastic fracture mechanics (LEFM)12 has been used thus far to analyze the
behavior of a flaw during the postulated overcooling accidents. The initial flaw was
assumed to be quite long on the vessel surface, to be oriented either in an axial
or circumferential direction and to extend radially through the cladding into the base
ma te ria l . The thin layer of stainless steel cladding on the inner surface was in-
cluded as a discrete region, in which case its effect on temperature and stress and
thus K K "" "#* #'" ""gc, Ia' I

*

Fracture toughness data (K1c and K vs T - RTNDT, where T is the temperature andIa
RTNDT is the reference nil ductility temperature) were taken f rom ASME Section XI,13
and the reduction in toughness due toradiationdamagewasestimatedusingEq. 1,which was recently proposed (tentatively) by Randall as a revision to Reg. Guide 1.99,
Rev. 1. W

ARTNDT = f (Cu, Ni, F) = (F) (1),

where

2 x 1017 19g F 3 6 x 10 neutrons /cm2 ,

ARTNDT = change in RTNDT at tip of flaw due to fast neutron exposure,
Cu, Ni = copper and nickel concentrations, wt %

F = fast neutron fluence (E > 1 MeV) at tip of flaw

A typical attenuation of the fluence through the wall of the vessel that includes a
correction for the effect of displaced atoms (DPA) on radiation damage was also

8recently proposed by Randall and is being used in the ORNL studies. The relation is
234
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-0.0094a mm-1 (2)
F=Fe ,

o

whnre

F = fast neutron fluence at tip of flaw
= fast neutron fluence at inner surface of vesselF

o
a = depth of flaw

to note that the use of Eq. 1 as oppotid to Reg. Guide 1.99, Rev. 1,
It is of interest in
and the inclusion of the effects of DPA in the fluence attenuation equation result(ARTNDT) deep in the wall of
relatively greater estimated values of radiation damage
thu vessel.

For some postulated OCA's, following
crack initiation the tip of the fast-running
crack will encounter upper-shelf-toughness"

I I I I i

temperatures prior to crack arrest, as illus-
- trated in Fig. 3. Since techniques are not

" -
,

yet well established for evaluating flaw,

\
y __

m .v.u . J _
behavior under these conditions, it was assumed
that crack arrest would not occur if KI was,_ gM above an arbitary upper-shelf toughness value

1 "'
'

~ of 220 MPa 4 prior to a calculated arrest
event.

g
- -

The procedure used for evaluating the
;y -

*

,\ integrity of a pressure vessel was to calcu-
1 ate, using the above model, the threshold or" - k.

~

critical values of RTNDT corresponding to
- incipient initiation (II) of a flaw andw

incipient failure (IF) of the vessel (exten-
sion of the flaw through the wall) and then

i i : i i
compare these critical values with the esti-,

a o- o n u e oa

mated actual values for a particular PWR pres-n,. .w[t b .. .e m - sure vessel. To obtain the critical values of
RTNDI it is necessary to specify a transient,

and the f racture-mechanics model, a f ailure cri-Fig. 3. Plots of K , KIcI

K vs fractional crack depth at terion and an initial (zero fluence) value ofg
a specific time in an OCA trans- RTNDT (RTNDT ), although the results are noto

To
|

1ent, indicating initiation but no very sensitive to the latter parameter.
arrest unless on the upper shelf. obtain the actual value of RTNDT for a specific

|
plant it is necessary to have a consistent set
of values for the fluence, C u, Ni and RTNDTo

| that corresponds to an area of the vessel wall that is most likely to experience pro-'

pagation of a flaw; that is, the area in which the worst combination of the four para-
meters exists.

For convenience che particular values of RTNDT that are compared with each other
are the values '.orresponding to the inner surface of the vessel wall, using material
properties for the base material rather than for the cladding. These values of RTNDT
are ref erred to herein as (RTNDT )c, the critical value, and (RTNDT ) A, the actual3 s

value.

The critical value of RTNDT is the minimum value, with respect to both titre in
and/or crack penetration ofthe transient and crack depth, that results in Ky = KIc

Ie = f (T, RTNDT , ARTNDT) only. I 3 where T is the tem-the wall (no arrest). Since K o
perature at the crack tip, it is only recessary to determine these three parameters
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and K I to perform thz analysis. Values of 4RTNDT are calculated from Eq. 3, which
was obtained by combining Eqs. 1 and 2.

* # **~

ARTNDT = ARTNDT e ~

s

The com lete analysis for obtaining (RTNDT )c was perfomed with the computers
code OCA-ll, 5 which accepts as input the downcomer-coolant-temperature and primary-
system-pressure tr1nsients and automatically searches for (aRTNDT )c. For some OCA'ss(aRTNDT,)c corresponds to incipient initiation followed by crack arrest and no rein-
initiation, as shown in Fig. 4 assuming WPS to be ineffective. Hcwever, increasing
ARTNDT will eventually result in failure (no arrest), and the corresponding minimums
value is (aRTNDTs)c for incipient failure. For other OCA's, (ARTNDTs}c corresponds to
both incipient initiation and incipient failure because, as shown in Fig. 5, there
is no arrest following initiation of a shallow flaw. This latter situation tends to
be typical of high-pressure transients and the former of low-pressure transients.
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Fig. 4. Critical-crack-depth curves Fig. 5. Critical-crack-depth
i for an OCA illustrating incipient initia- curves for an OCA illustrating incipient

tion followed by arrest and no reinitia- initiation and failure (no arrest unless
tien, on the upper shelf).

The sets of critical-crack-depth curves in Figs. 4 and 5 include the locus of
points for constant values of K . This allows one to determine if arrest takes placey
in accordance with a maximum specified value for K Ia (220 MPa vm for these studies).In Fig. 4 it does and in Fig. 5 it does not. [The initiation and arrest curves in
Figs. 4 and 5 were extended beyond points corresponding to existing maximum values

! for KIe and K ( 200 MPa /m') using the Ki Ie and KIa equations in Ref. 13 for extropola-
tion purposes;athus, the extensions of the initiation and arrest curves beyond these,

points are fictitious to some extent but nevertheless allow one to apply different
upper-shelf toughness values when using the critical-crack-depth curves to evaluate
flaw behavior.]

The existence of two initiation loops (locus of points for K1=KIc) in Figs . 4
and 5 suggests additional criteria for calculating (aRTNDT )c. One is a reasonablesrange of depths for initial flaws, and the other is the duration of the transient,

(tmax). For the cases depicted by Figs. 4 and 5, specification of a maximum initial
f ractional flav size of 0.15 made a difference, because for lower values of aRTNDT
the small initiation loop (actually just a point for incipient initiation) would s

disappear, and (aRINDT )c would be determined by the other initiation loop in accor-3

dance with some other criteria such as a greater critical flaw depth.
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EVALUATION OF THE FM MODEL

The' validity of LEFM for application to thermal-shock problems has been verified
in a series of thermal-shock experiments with thick-walled steel cylinders.10,11,16
These experiments were designed to exhibit flaw behavior trends calculated to exist
during OCA's and thus included initiation and arrest of long axial shallow and deep
flaws, a stepwise progression of the flaw deep into the wall, arrest in a rising Kr
field (dKr/da>0) and WPS with dK /dt<0.

There are still some areas of uncertainty,I
but in each of these areas the FM model described above is believed to be conservative.
The degree of consarvatiam is not known at this time, but programs are underway to
obtain such information. The presumed conservative features in the model include
(1) consideration of long flaws that extend through the cladding, (2) no arrest on
the upper shelf, and (3) to some extent a disregard for the beneficial effects of warm
prestressing. Long surf ace flaws have a greater potential than others for penetrat-
ing deep into the wall, but the probability of a long flaw existing as an initial
flaw and of any length flaw extending through the cladding presumably is very small.
One justification for assuming long flaws was that under thermal-shock loading condi-
tions and in the absence of cladding short flaws tend to extend on the surface to
become long flaws.17 However, it may be that the cladding will prevent short flaws
from extending on the surface and if so would limit radial growth of the flaw.la

If long flaws through the cladding must
|

|
be considered, there is still the possibility
that the tearing resistance of the naterial

no mano mmationm_ will be sufficient to permit arrest on the,, a " mano
I' "d',,,, upper shelf, and it is also possible that WPSj* ' "y effects in addition to the one mentionedm. ._ h_ earlier will help to limit flaw propagation.

i For instance, Fig. 6, which compares K andI!
' * ~ -~ KIc for a particular crack depth during a

postulated transient involving loss of pressure
g ,,

and then repressurization, indicates two types' 4 mo - ,, -

k p*, ,,, N of WPS. During normal operation of the reactor
(t<o), the material toughness corresponds to''

,,, _
''' N

_

upper shelf conditions and K7 is relatively
,,

N low, as indicated. The transient starts at" ' .

becomestime zero, and as it progresses K1'88 - S

equal to K , but only after K has begun to7decreasewfEhtime. Thus, crack initiation,

so _ e... _.

would not take place even though Ky becomes
.

,

substantially greater than KIc. When repres-
; I I i | I

, surization finally takes place, Kr increases
.ie o so ao so .o so

withtimeagain,butWPSexgerimentsconductedY=t W

by Loss, Grey and Hawthorne indicate thato<eneasmo rametmaruns r

because of the particular thermal and loading
i Fig. 6. Illustration of an history that the stationary flaw was exposed to.

OCA transient involving.repressuri- the effective value of K c would be elevated,I

zation and two types of WPS. perhaps to a value equal to the previous maxi-
3 mum value of K . Thus, presumably some repres-

I

surization would be possible, but this

particular beneficial effect of WPS was not included in the FM model. (There is some
hesitancy at this time to take advantage of WPS even with dK /dt<0 because there is1

no assurance that dKy/dt will remain negative.)

OCA PARAMETRIC ANALYSIS
1

To obtain a better understanding of the sensitivity of (RTNDT }c to the manys
parameters involved in an OCA Mi analysis, a parametric study was conducted, assumingi

a constant pressure and an exponential decay of the downcomer coolant temperature.!
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Tha temperatura trcnsient io exprccccd cc

- T )[""T =Tg +-(Tg g (4),

where

T = downcomer coolant temperature,

T - initial . temperature of vessel wall and coolant,g

T = . final (asymptotic) temperature of coolant,g .

n = decay constant,

t = time in transient.

The fluid-film heat transfer coefficient (h ) which is a necessary input to OCA-t

II, was assumed to be independent of time and for most cases was assigned a value that
is achieved with the main circulating pumps running (5680 W m-2 *C-1). In order to
determine the sensitivity of (RTNDTs)c to hg a relatively low value corresponding _ to
natural aonvection cooling (1700) was also used for a few calculations.

A list of pertinent input data for the parametric analysis is included in Table 1,
and a summary of results of the analysis is presented in Fig. 7, which shows the rela-
tion between (RTNDT )c and pressure (p) for RTNDT = -7'C and for several values of3 oTg and n, ignoring the beneficial effects of WPS. The dashed lines in Fig. / corre-
spond to both incipient initiation (II) and incipient failure (IF), the latter corre-
sponding to no crack arrest following crack initiation. The solid line corresponds
to II only; however, as indicated, only a small increase in RTNDT is required fors
failure, except as the pressure approaches zero. As already mentioned, thermal shock
alone will not drive the flaw completely through the wall.

N 045N ,i = 0 030 mC ' I20o
Table 1. Input data for parametric analysis N\

-

0K s g N T, 149"C
N N N _in s N Ns'N[s'NVesse1 dimensions, mm "

s
'NN N "N N

!. Outside diameter 4800 iso
s '%- - -

;

Inside diameter 4370 ' '

| Cladding thickness 5.4 a"
= = =

,,*irwouv oituns
-

IIANDtF

O

Flaw type * Long, axial, 2
I

through clad $'20 \ ,, , o oao ,,,,, , -

T , *C 288 5t N '' * Cs
100 N o4s N

_.Tg, *C 66, 93, 121, 149 % N
) n, min-1 0.015 - = -Q Ns s

#
t .h 2, l -s Q-

' N

h , W m-2.*C'l 5680, 1700 # - '
g ,N#

p, MPa 0-17.2 in 1.72 | | |,9
increments O s io is

PR ESSURE (VPalRTNDT , *C -29, -7, 4o
Fig. 7. Summary of results for

OCA parametric analysis showing
Used in a few cases for comparison (RTNDT )c vs p for two vajues of T#

s g

and three values of n and ignoringpurposes,
the beneficial ef fects of WPS.
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The rcruito in Fig. 7 chow that et high prc: cura and for ' J.030 ein-1, (RTNDT )eg

to in::nsitiva to tha rcto et which tha coolent te parcture decrc: cs; and for the

highest pressure considered (17.2 MPa, which is approximately the safety-valve setting)
it was found that over the range of Tg values considered (66~149'C)

(RTNDT,)c = 1.10 Tg - 22*C (5).

Equation 5 might be used for obtaining a conservative maximum permissible value
of RTNDT, by specifying a reasonable minimum value of T . Suppose such a value of Tgg

would be %110*C.is 120*C. Then the maximum permissible vrlue of RTNDTs

The sensitivity of (RTNDT )c to RT!iDT was found to be rather small (%3*C) overs o
the range of RTNDT values considered. Furthermore, the sensitivity to t Ver th"maxorange of 1 to 2 h and to hg over the range of 1700 to 5680 W m-2 *C-I was found to
be small except for a few cases involvin a sensitivity to t as shown in Table II.
Forveryslowtransients(n=0.015 ming), (RTNDT )c decreased significantly with the

max
3

decrease in tmax. Of course for cases where II takes place prior to I h (see Figs.
4 and 5), changing t from 2 to I h would make no difference. This tends to bemax
the case for the more rapid transients.

nc tical values of AR U DTTable II. Effect of hg and tmax s

corresponding to II without WPS

Case (ARTNDT )c, Cs

hg, W m-2,.C-I /tmax, hrTg n p

C min-1 FPa 5680/2 1700/2 5680/1 1700/1

66 0.015 3.4 152 157 196 208
66 0.015 17.2 101 107 163 173
66 0.15 3.4 79 95 79 95

66 0.15 17.2 58 61 61 71
149 0.015 3.4 >220 >220 >220 >220
149 0.015 17.2 177 181 216 >220
149 0.15 3.4 180 194 180 194
149 0.15 17.2 151 153 151 157

Another sensitivity investigated was that of (RTNDT )c to the imposed limit on3

the maximum critical crack depth. Decreasing this limit tends to increase (RTNDTs)c'
and the increase is larger for high-pressure cases since the critical crack depths
are greater for higher-pressure transients. Calculations were made for two limiting
fractional crack depths of 0.15 and 0.076 and for n = 0.015 and 0.15 min-1, Tg = 66
and 149 'C , and fo r p = 17. 2 MPa . The differences in (RTNDT )c associated with the twos
limits on critical crack depth were small, the maximum values being 8'C.

ANALYSIS OF SEVERAL RECORDED P'iR OCA*s

Several PWR OCA's have occurred in recent years, and recordings of the pressure
and temperature transients have been used as input to f racture-mechanics analyses,
using the FM model described herein. The temperature transients were measured up-
stream of the injection point for the emergency core coolant and thus do not neces-
sarily reflect the temperature of the coolant in the downcomer. However, in the
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1

absence of more accurate data-tha recordsd transients were used so as to obtain some
; indication of the severity of actual OCA's in terms of pressure vessel integrity.

Table III. Values of (RTNDT,)e for several The sccidents analyzed and the
I-

recorded PWR OCA's results obtained are shown in Table
III. The values of (RTNDT )c1 corre-

| spond to either incipient initiation
s

; (RTNDT,)e w/o WPS, *C followed by crack arrest and no rein-.

itiation or to incipient initiation

Plant (date) Flaw Orientation and failure,-as indicated; WPS was*

ignored, and the imposed limits on
Long. Cir, critical fractional crack depth. vere

: 0.025 and 0.15, the lower limit.
'

disallowing crack initiation in the

Robinson (1970) 161 (F)" 177 (A) cladding. Because copper and nickel
Robinson (1972) 193 (F) >249 c ncentrations can be very much dif-

f rent in the circumferential~andRobinson (1975) 179 (F) 189 (A)
Rancho Seco (1978) 146 165 (A) axial welds, (RTNDT )c was calculateds

,| TMI-2 (1979) 98 (F) 124 (F) f r both crack orientations for the
lP ate-tvoe vessels.R. E. Ginna (1982) -- 192 (F)

'

1
Estimates " of'(RTNDT )A for alls"A and F in parentheses indicate PWR pressure vessels in service today

arrest (with no reinitiation) and failure, indicate that at this time (September
j 1982) a few vessels have values ap-
: proaching 120*C for axial welds and
j 140*C for circumferential welds. Thus, assuming appropriate flaws to exist in the
;

welds, the analysis indicates that these few unidentified vessels would have a poten-
tial for failure today, if the reactor facilities were subjected to a TMI-2-type OCA;,

*

however, the Rancho Seco-type transient would not be a threat for several more years.

!

; SUMMARY

A state-of-the-art fracture-mechanics model has been developed that is based on,

} LEEH, includes recent modifications to the radiation-damage trend curves and to the
fluence attenuation curve, and is believed to be conservative. The results of an OCA,'

parametric analysis indicate that crack propagation will not take place under the
; most severe accident conditions if RTNDTs < l.10 Tg -22*C, and it was determined that
i this relation was not sensitive to RTNDT , hf or the assumed duration of the transiento

over a reasonable range of values.

i A fracture-mechanics analysis was also performed for several PWR recorded OCA's.'

and it was determined, based on preliminary estimates of actual values of RTNDT fr
existing PWR vessels, that a few vessels may have a potential for failure in a fews

years if subjected to the 1978 Rancho Seco-type transient.

! Presumed conservatisms in the fracture-mechanics model are associated with arresti on the upper shelf, the effects of cladding on surface extension of short flaws and
!

warm prestressing. These areas are being investigated to determine the degree of
conservatism and to see if the model can be modified to remove excessive conservatism,
should it exist.

i

t
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Failure Probability of a PWR Pressure Vessel
Subjected to Pressurized Thermal Shock

by
'

Jack Strosnider, NRC

1.0 INTRODUCTION

Reactor pressure vessels (RPV) in nuclear power plants have traditionally
been considered extreecly reliable structural components. Indeed,
studies completed in the United States and Europe have concluded that
the disruptive failure rate (loss of the pressure retaining boundary)
for nuclear pressure vessels is less than 10'O at a 99% confidence level-
for RPVs designed, fabricated, inspected, and operated in accordance.

with the B611er and Pressure Vessel Code of-the American Society of,

Mechanical Engineers. However, recent results from surveillance and
research programs and operating experience suggest that the issue of RPV

t

failure probability should be reassessed. The renewed interest in'RPV
failure probability is.due to the observation that thermal hydraulic
transients occuring in commercially operating nuclear pcwer plants are
subjecting RPVs to unanticipated loadings which could contribute significantlyto the failure probability of RPVs. In addition, operating experience
and research programs over the past few years have provided additional
information that more clearly defines both material property variations
in RPVs and the effect of neutron irradiation on the material's resistancei - to fracture. The objective of this study is to assess the contribution
to RPV failure probability of recently observed thermal hydraulic transients
using the most recent material property data..

'

In this study, Monte Carlo simulation techniques have been used
because of the ability to consider a greater number of significant,

random variables and to perform a wide spectrum of sensitivity studies.
'

The results of extensive sensitivity studies whie' have been conducted
are extremely important because they quantify i tect of uncertaintiesin the input parameters, thereby providi.ng an ee of the accuracy.<*

of the calculated failure probabilities, and ti. . .ntify.the significant
variables and variable interactions. The results are best applied in a
relative sense, and extreme caution must be exercised in applying the
results in an absolute sense.

.
'

2.0 RPV FAILURE PROBABILITY MODEL

Figure 1 illustrates the simulation model developed for RPV failure
probability. The left hand column in the figure is the deterministic,

analysis which includes the heat transfer, thermal and pressure stress,
and applied stress intensity value calculations for a range of crack
depths at ten time steps in the transient. The KI values are calculated
for two dimensional (infinitely long) surface cracks oriented in the

i

i

4
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values are
| longitudinal direction. Matrices of temperature and Kg

stored for use later in the simulation analysis.
|
|
'

The variables designated " simulate" in the diagram are treated as
random variables, and their values are sampled, using Monte Carlo
techniques, from appropriate statistical distributions. Crack depth, a;
fluence, F; initial RTNDT, RTNDTo; copper content , Cu; Kic; and K al
were treated as random variables in this study. On each pass through
the loop a flaw size is simulated and the corresponding applied stress
intensity, KI, value retrieved from the KI matrix. The mean KIc value
is then calculated using the temperature corresponding to the time step

based on the values of copperand simulated crack depth and an RTNDT
sampled from their corresponding statisticalcontent, fluence, and RTNDTo data exhibits significant variability, thedistributions. Since the Kic

value is simulated by sampling from a distribution about the mean KicKic
value.

If crack initiation is predicted, the crack is allowed to advance
through the RPV wall in discrete steps of 0.25 inches, and a check for
crack arrest is made at each crack advance. Kla is treated in a similar
fashion to Kic as mentioned above. If crack arrest is predicted, the
code continues to analyze successive time steps in the transient using
the arrested crack depth. Since the applied K values and material'

temperature at the crack tip are a function of time in the transient.
| reinitiation of the crack may occur.

Each pass through the simulation loop depicted in Figure 1 represents
a single computer experiment conducted to determine if RPV failure will

Up to a million passes through this loop can 'ce made. The codeoccur.
keeps track of the number of crack initiations and RPV failures and the'

probabilities of crack initiation and RPV failure are estimated by
dividing these values by the total number of trials. Thus, the code
actually perfoms millions of deterministic calculations with each set
of calculations based on a different set of values selected from the
appropriate statistical distributions for the significant variables.
This is equivalent to subjecting a population of up to a million operating
reactor pressure vessels to the pressurized thermal shock transient of
interest and then inferring the failure probability based on the number
of observed failures.

3.0 INPUT DISTRIBUTIONS _

Unfortunately, very little information exists in the literature
i

regarding the required statistical inputs, and the time frame of this
initial study was not sufficient to allow the necessary research and
analysis to develop rigorous statistical inputs. Therefore, many of the
statistical distributions associated with the random variables in the
model are based on expert opinion and have somewhat ill-defined " levels -

|

i

I |

|
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of confidence." Table I presents the statistical distributions that
were defined for the reference case analyses.

4.0 RESULTS

The simulation model has been used to evaluate a reference case
defined by an idealized representation of the March 20, 1978 hancho Seco
transient, illustrated in Figure 2 and the reference case statistical
distributions shown in Table I. Sensitivity studies were then performed
to determine the sensitivity of the calculated results to assumptions
regarding input distributions and modelling assumptions. Finally, a set
of idealized transients characterized by an exponential decay of the
primary coolant temperature and constant pressure was analyzed. The
results presented are conditional probabilities; that is, the probability
of failure of a RPV weld given that the pressurized thennal shock
transient under consideration occurs. To convert the results into
failure rates, the frequency of the transient considered must be defined.
Since the results presented are for an individual weld in the RPV beltline,
the total conditional failure probability of the RpV beltline welds is
the appropriate summation of the failure probabilities for each weld.
If these values are sufficiently low and independence is assumed, the
failure probabilities for the six welds can simply be summed. If the
failure probabilities become high, the intersection of the weld failure
probabilities must be subtracted.

4.1 REFERENCE CASE

The refo-ence case analysis was conducted for an idealized representation
of the March 20, 1978 Rancho Seco transient and the reference case
statistical distributions shown in Table I. Figure 3 presents the
failure probability versus the mean fluence for a specified mean copper
content of 0.34% and for three mean values of RTNDTo. Also, plotted
across the top of the figure, is the ARTNDT calculated using the mean
HEDL curve. These shifts are based on the mean copper content and
fluence value in each figure. A set of curves like this for various
mean copper contents makes it possible to estimate the failure probability
for the beltline region of a PWR for which the mean values of the
random variables can be estimated.

4.2 SENSITIVITY STUDIES

Sensitivity studies were conducted on the distribution for copper
content, initial RTNDT, fluence, and fracture toughness. In addition,
conditional failure probabilities were calculated assuming that specific
flaw sizes exist with a probability of 1.0.

4.2.1 COPPER CONTENT

Figure 4 illustrates the results of the sensitivity study on copper
content. When the standard deviation for the copper distribution was
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incressed from 0.025% to 0.07%, the calculated failure probabilities
increased by approximately a factor of 5.

4.2.2 INITIAL RT

Figure 5 illustrates the results of the sensitivity study on
When the standard deviation for the RTNDTo distribution wasRT NDTo.increased from 15*F to 25'F, the calculated failure probabilities were

increased by a factor of approximately 3.

4.2.3 FLUENCE

Figere 6 illustrates the results cf the sensitivity study on fluence.
The standard deviation for the fluence distribution was increased from
30% to 50% and decreased to 15%. The increased standard deviation
resulted in approximately a factor of three increase in calculated
failure probabilities, while the decrease in the standard deviadan had
little effect on the calculated failure probabilities.

4.2.4 FRACTURE TOUGHNESS

Figure 7 illustrates the results of the sensitivity study on fracture
toughness. Three different representations of the fracture toughness
distribution were considered. In the first two cases the normal distribution
about the mean fracture toughness values for K c and K a was maintained,I l
but the standard deviation was increased to 15% and then 20% of the mean
value. In the third case, KIc and Kla were treated deterministically
using the lower bound fracture toughness curves from Section XI of the
American Society of Mechanical Boiler and Pressure Vessel Code. The
sensitivity study was conducted for a mean copper content of 0.34% and a
mean initial RTNDT of 0*F. Assuming the large standard deviations
resulted in less than a factor of three difference from the reference
case failure probabilities for a mean RTNDT of 236*F or less. At higher
values of RTNDT the calculated failure probabilities. for the assumed
standard deviations of 15% and 20% were a factor of DC 59d over an order
of magnitude greater than the reference case, resped When the.

lower bound fracture toughness curves from Section XI ( f 1.ne Code were
used, the calculated failure probabilities were one order of eagnitude
to almost two orders of magnitude higher than the reference case.

Figure 8 presents the failure probabilities calculated when copper
content, fluence, and initial RTNDT were assumed to show the increased
variances used in sensitivity studies, including one case where K c andI
Kla were treated as random variables and one case where they were modelled
using the lower bound curves. For the first case, the calculated failure
probabilities were approximately an order of magnitude greater than the
reference case, while for the second case (lower bound Klc and Kla) the
calculated failure probabilities were almost three orders of magnitude

| higher.
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4.2.5 FLAW DISTRIBUTION

Figure 9 presents the conditional failure probabilities calculated
; assuming that flaw sizes ranging from 0.125 inches to 2.0 inches exist

with a probability of 1.0 and for several different mean fluence values
and values of RTNDT. These curves are useful because they can be used
to calculate failure probabilities for different assumed crack distributions.

4.2.6 HEAT TRANSFER COEFFICIENT

Figure 10 presents the results of a sensitivity study conducted on
heat transfer coefficient. The two curves in the figure present RPV
failure probability versus heat transfer coefficient, h in BTU /hr ft2,

*F, for two different hypothetical exponential cooldowns. One has a
final transient temperature of 150*F while the other has a final transient
temperature of 200*F. A constant pressure level of f C00 psig was assumed
and the RPV material was assumed to have an adjusted RTNDT of 250*F.
When the thermal conductivity of the cladding is considered, the range
of the effective heat transfer coefficient for the thermal hydraulic
transients under consideration is between 200 BTV/hr ft2*F and 400

2BTU /hr ft *F. The results indicate that over that range, the assumed I

heat transfer coefficient can make as much as an order of magnitude
difference in the calculated RPV failure probabilities. The results
presented in this study were generated assuming an effective heat transfer
coefficient of approximately 300 BTU /hr ft2*F.

4.3 Transient Sensivity Studies

In addition to the reference Rancho Sece transient, a set of hypothetical
pressurized thermal shock tra..sients with assumed exponential temperature
decays and constant pressure levels was analyzed to determine the sensitivity
of failure probability to the minimum temperature reached in the transient,
rate of temperature drop, and pressure level. The temperature time
history in each transient is assumed to follow an exponential decay
defined by

p + (550 - T )e-OtT(t) T
< =

f

where T is the te.nperature in *F, t is time in minutes, Tf is the finaltemp
min-prature of the transient in *F, and B is the decay constant in
0.05 min gree values gf Tf,1E0*F, 225'F, and 300*F; three values of s,T.

, 0.15 min , and 0.:i0 min-1; and five ccnstant pressure
levels, 0 psig , 500 psig,1000 psig,1500 ps'g, and 2000 psig were

was eva{uated for Qve levelg of fluencgdneu.5 x 10 considered for a total of 45 different transients.19 neut/cm2,1,0 x 10 9
Each of t3ese transients

-

'

0 1

neut/cm , 2.0 x 10 neut/cm', 3.0 x 10 t/cm2, and 4.0 x 1019 neut/cm2'

assuming a mean copper content of 0.30% and a mean initial RTNDT Of'

20*F.

i
l
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Figure 11 presents failure probability versus Tf - RTNDT for the
three different vclues of A considered and a constant pressure of 1000
psig.

Figure 11 indicates a much greater increase in failure probabilities
when s is increased from 0.05 to 0.15 than when a is increased from 0.15
to 0.50. This observation is more clearly illustrated in Figure 12
where failure probability is plotted as a function of 6 for several
values of T -RTNDT and 1000 psig constant pressure. The curves illustratef

min-l while increasing a beyond 0.15 min g to a in the range below 0.15that failure probability is very sensitiv ' increases the failure probability
by less than a factor of five. This result is related to the assumed

! thermal inertia of the system, and the sensitivity curves will change ifi

different thermal characterisitics are assumed in the heat transfer
analysis.

Figure 13 is a plot of failure probability versus pressure for
several values of the parameter T -RTNDT. The figure illustrates increasingf

increases.sensitivity to pressure as the parameter T -RTNDTf

5.0 CONCLUSIONS

The results presented indicate that the most significant random
variables in the reactor vessel pressurized thermal shock analyses are
flaw distribution, fracture toughness, and heat transfer coefficient.

Further work is underway to develop more rigorous statistical
distributions and to better define the uncertainties associated with the
estimated failure probabilties. In addition, other refinements are

going to be incorporated in the model. These include far. tors such as
cladding effects on crack initiation and growth, *inite shaped flaws,
and warm prestressing. At this point in time, it is suggested that the
results presented be used in a relative sense for studying the significance
of certain variables in reactor vessel analysis and that the results not
be applied in an absolute sense until the levels of confidence associated
with the failure probability estimates are more rigorously defined.
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TAB 12 I: EERFflCE CASE PM00n VARIABLES

OCTAVIA FLAl DISTRIBilT10f
*

* COPKR COET ~ il(*, 0.025D, 0.087.s Cus 0.40%

*

RT:UTo ~ il(4,15 F)

IFLLEiiCE ~ cl (+, 30D

^ RT CAi_CllAlED BY TENl TREiOLl!4E DEVELOPED BY EDL
IOT

* K - N( + , 0.10 )
Ic

sf = f 36.2 + 49.4 EXP (0.0104 (T-RTiOT)) , T-RT!OT s -50 F

55.1 + 28.0 EXF (0.0214 (T-RTUDT)), T -RT'OT > -50 F l

" K ~ N("t, 0.10 )g3

{ 19.9 + 43.9 EXP (0.00993 (T-RT;0T)) , T-RT;g7 6 53 F

( 70.1 + 6.5 EXP (0.0196 (T-RT,.0T)) , T-RTiOT> 50 F

1. McElroy, et al., Surveillance 00simetry of Operating Power Plants, NRC
9th Water Reactor Safety Information tieeting, October 16, 1981.

2. W. E. Vesely, E. K. Lynn, and F. F. Goldberg, The OCTAVIA Computer
. Code : PWR Reactor Pressure Vessel Failure Probabilities _Due to
Operationally Caused _ Pressure Transients __, U.S. Nuclear Regulatory
Conniission Report, NUREG-0258,1978.
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PRESSURIZED-THERMAL-SH0CK EXPERIMENTS *

G. D. Whitman R. W. McCulloch

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The reactor pressure vessel in a pressurized water reactor'is normally,

subjected to temperatures and pressures that preclude propagation of sharp,;

crack-like defects that might exist in the wall of the vessel. However,

there is a class of postulated accidents, referred to as overcooling acci-
dents, that can subject the pressure vessel to severe thermal shock while

: the pressure is substantial. As a result c7 such accidents vessels contain-
ing high concentrations of copper and nickel, which enhance radiation em-
brittlement, may possess a potential for extensive propagaticn of preexistent
inner-surface flaws prior to the vessel's normal end of life.

The primary objective of the ORNL pressurized-thermal-shock (PTS) experi-
ments is to verify analytical methods that are used to predict the behavior of:

pressurized-water-reactor vessels under these accident conditions involving
combined pressure and thermal loading. The criteria on which the experiments
are based are:

(a) Scale large enough to attain effective flaw border triaxial restraint
and a temperature range sufficiently broad to produce a progression from frang-
ible to ductile behavior through the wall at a given time.

(b) Use of materials that can be completely characterized for analysis.
(c) Stress states comparable to the actual vessel in zones of potential

flaw extension.

(d) Range of behavior to include cleavage initiation and arrest, cleavage
initiation and arrest on the uoper shelf, arrest in a high K1 gradient, warm
prcstressing, and entirely ductile behavior.

*

Research sponsored by the Office of Nuclear Regulatory Research, U.S.
Nuclear Regulatory Commission under Interagency Agreements 40-551-75 and
40-552-75 with the U.S. Department of Energy under contract W-7405-eng-26
with the Union Carbide Corporation.

By acceptance of this article, the publisher or recipient acknowledges
the U.S. Government's right to retain a nonexclusive, royalty-free license!

in and to any copyright covering the article.
1
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|

(e) Long and short flaws with and without stainless steel cladding.

|
(f) Control of loads to prevent vessel burst, except as desired.
A PTS test facility is under construction which will enable the establish-

.

ment and control of wall temperature, cooling rate, and pressure on an inter-'

mediate test vessel (ITV) in order to simulate stress states representative ;

i

of an actual reactor pressure vessel. The facility, to be completed in June
of 1983, will house an ITV in a heated shroud, which will also serve to
establish sufficient flow of a precooled water-alcohol mixture to thennally
shock the flawed ITV outer surface. The ITV will be pressurized internally
during the test and will contain instrumentation to enable on-line data
acquisition and control. Vessel wall temperatures, initiation and arrest

i fracture toughness, and stress intensity will be calculated and displayed
during the tests.

Three experiments are presently planned. The first will address warm
prestressing effectiveness and arrest on the ductile upper shelf. The second
will examine arrest on a low-toughness ductile upper shelf, and the last will
evaluate stainless steel cladding effectiveness in restricting small | law
growth. The test matrix and first two experiments are discussed in detail
and the third experiment is sunmarized.
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SMALL-SCALE CLAD EFFECTS STUDY *

G. C. Robinson

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The Small-Scale Clad Effects Study of the HSST Program was initiated
to study the interaction of stainless cladding with flaws initiated in and
propagating in base metal. From the designer's viewpoint stainless clad-
ding is primarily viewed as a corrosion- and crud-prevention measure in light-
water reactor vessel design, and except for its effect upon fatigue in thermal
transients, its effect upon structural integrity has heretofore been largel/
disregarded. With the more recent focus of safety studies upon LOCA scenarios
that emphasize the behavior of small flaws, it has become evident that stain-
less cladding may have a key role in the propagation and/or arrest of propa-
gating flaws. A complicating factor in ur.derstanding the role of stainless
cladding in this setting is its fracture toughness as a function of radiation
dose and as a function of fabrication process for which meager data exist.
The initial phase of this study has attempted to address this question by
testing stainless-clad specimens that had been subjected to heat treatments
to simulate "beginning-of-life" and "end-of-life" toughness conditions to
fast-running cracks.

A survey of fabrication processes employed on reactor vessels revealed
that the majority of light-water reactor vessels have employed either three-
wire or strip-clad processes with the three-wire process being predominantly
used on early vessels, strip on later vessels. Because of the pressing need
for data, the mothballing by vendors of their three-wire equipment and the
attendant difficulty in obtaining timely contracts for vendor preparation of
specimens, we elected to prepare specimens in-house by using a single wire
welding procedure.

*

Research sponsored by the Office of Nuclear Regulatory Research, U.S.
Nuclear Regulatory Commission under Interagency Agreements 40-551-75 and
40-552-75 with the U.S. Department of Energy under contract W-7405-eng-26
with the Union Carbide Corporation.

By acceptance of this article, the publisher or recipient acknowledges
the U.S. Government's right to retain a nonexclusive, royalty-free license
in and to any copyright covering the article.
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The specimens were designed as rectangular parallelepipeds with stainless
cladding on one face. Grooves were machined in the cladding with the intent
to provide a plane surface at the bottom of the groove at the stainless-base
metal interface. An electron beam (EB) weld was then applied to the bottom'

groove surface. Specimens were cooled to the testing temperature and were
loaded by four-point, constant-moment loading to the stress state required.
Hydrogen charging of the EB weld was initiated and presented the stainless
cladding with a relatively fast-running cract. A matrix of specimens was
planned that varied the parameters: flaw size, run distance from EB weld to

cladding, cladding type, and stress state in order to elucidate cladding
arrest behavior.

,

Problems were experienced with groove machining to obtain the stainless
base metal interface, in some cases the groove was too shallow, in others too

deep. On specimens where stainless remained below the groove, premature pop-
ping of the EB weld prior to hydrogen charging was a common phenomenon, pre-
venting a proper control of the stress state. On specimens with too deep
grooves, the geometry caused premature arrest and prevented the flaw from
running to the cladding. In addition, the specimens prepared by sigma-phase
heat treatnent were too brittle and, based on lanited data, are not representa- -

tive, at intended, of end-of-life conditions.
1 Ine tests completed to date under th? initial phase of this study indicate

that the cladding employed to represent beginning-of-life conditions has suf-
ficient arrest toughness to stop running cracks, but the upper and lower
bounds of crack arrest are not yet determined. Analyses of the tests by tvo
approximate techniques and by tne ORVIRT finite-element methods have not been

completely consistent. The fabrication techniques employed for this first
series of tests have resulted in conditions that have prevented control of the
stress state at pop-in of the h,yJrogen-charged EB welds. Consequently, bound-

ing of the arrest toughness of the stainless cladding has been prevented.
Preparations are now under way to redesign and fabricate a new series of

specimens that will eliminate the problems presented by the groove /EB weld

design of the first series. In addition, this series will em,loy a three-wire
weld cladding technique typical of many early reactor vessel desig3s.,

,
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RESULTS OF THERMAL-SH0CK EXPERIMENT TSE-6*
and

PROPOSAL FOR TSE-7, 8, 9*

.R. D. Cheverton

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Results of Thermal-Shock Experiment TSE-6

In the event of a PWR large-break loss-of-coolant accident, and provided4

there has been a substantial reduction in the fracture toughness of the pres- j
sure vessel material due to radiation damage, a potential could exist for deep

,

penetration of a preexistent long axial flaw. According to an LEFH analysis, '

there could be a long crack jump followed by arrest deep in the wall without
the tip of the crack encountering upper-shelf toughness conditions. The prox-
imity of the arrest point to the outer surface of the vessel wall and the pos-
sibility of dynamic effects associated with the long crack jump introduced
uricertainties in the analysis that required experimenta) investigation. A
thermal-shock experiment, TSE-6, was conducted for that purpose.

The desired co..ditions for TSE-6 were ac;.ieved with an A508 class-2-
chemistry test cylinder tempered at 613 C and having dimensions of 991-mm OD x
76-mm wall x 1.2-m length. The initial flaw was on the inner surface and
extended the full length of the cylinder; it was generated by means of the EB-
weld technique and had a depth equal to ten percent of the wall thickness.
During the experiment, the test cylinder, initially at s96 C, was subjected to
a severe thermal shock by exposing the inner surface of the cylinder to liquid
nitrogen.

Prior to the experiment the required tempering temperature for the test
cylinder was detennined through a combination of fracture toughness determina-
tions for different tempering temperatures and fracture-mechaaics analyses of
the proposed experiment for different fracture toughness-vs-temperature curves.
Once the specific tempering temperature was determined, the test-cylinder
material was completely characterized using a prolongation of the ter' cylinder
as a source of test specimen material.

As a result of the severe thermal-shock loading durin3 TSE-6, there were
two initiation-arrest events. The first took place at 69 s into the transient
with arrest at a fractional crack depth (a/w) = 0.27, and the second event took

* '

Research sponsored by the Office of Nuclear Regulatory Research, U.S.
Nuclear Regulatory Comission under Interagency Agreements 40-551-75 and
40-552-75 with the 'J.S. Department of Energy under contract W-7405-eng-26
with the Union Carbide Corporation.

; By acceptance of this article, the publisher or recipient acknowledges
the U.S. Government's right to retain a nonexclusive, royalty-free license
in and to any copyright covering the article.
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place at 137 s at a/w = 0.93. The seco'id event included the desired long crack
jump with arrest near the outer surface and demonstrated, in agreement with the
LEFM analysis, the inability of the crack to completely penetrate the wall
under thermal-shock-loading conditions only.4

The first arrest event took place in a steeply rising Kg field (dKy/da > 0),
and the corresponding critical value of Kg fell within the scatt'er band of the
lab Kya data. This indicated that there are no significant differences between4

field, which is calculated t's take place during thermal-
,

arrest in a rising KI
field (cKj/ca < 0), which is character-shock loading, and arrest in a falling Ky'

istic of a lab measurement s.' K a-l'

.

1 value corresponding to the second arrest event also fell within theThe K
data, and thus it appears that dynamic effects ati scatter band of the lab KIa

arrest were negligible; that is, they were not discernible by comparing values4

of Kla-;

| With TSE-6 completed, all of the KIc and K a values deduced from TSE-5, 5Ai
and 6 were compared with the ASME Section XI KIc and K- vs T - RTNDT lower-

AllofthedatapointsfromthethermalNhockexperimentsfell.

: bound curves.
! to the lef t of the ASME curves, indicating perhaps that the latter curves are
1 indeed conservative.

Proposal for TSE-7, 8, 9
.

The purpose of thermal-shock experiments TSE-7, 8, and 9 is to investigate
the effect of cladding on the surface extension of short flaws that extend,

through the cladding into the base material. If the cladding can present sig-
nificant surface extension of a short flaw in a PWR vessel during an overcooling'

accident, and if the probability of initial through-clad cracks being long is
small enough, then the concern over vessel failure as a result of overcooling
accidents may vanish.

4

I The proposed thermal-shock experiments would be similar to TSE-5, 5A and 6,
although the initial flaws would be short, and at least one of the tests would;

j be conducted with a test cylinder clad on the inner surface. The first test,
TSE-7, would be conducted without cladding to demonstrate the ability of a short
axial flaw to extend the length of the test cylinder under severe thermal-shock
loading and in the absence of cladding. The second test, TSE-8, would be very

,

*

i similar but with cladding on the inner surface of the test cylinder. The
specific purpose of TSE-9 will depend on the results of TSE-8 and may include;
cladding tnat is degraded to simulate radiation damage effects.;

i i

i

~

!

i

a
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RESULTS OF LOW DUCTILE SHELF INTERMEDIATE
VESSEL TEST V-8A*

R. H. Bryan

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Intermediate test vessel V-8A was pressure tested hydrat'.ically-at 150'C
on August 11, 1982, in the twelf th test of a flawed 152-mm-thick steel vessel.
The purpose of the test was to investigate the' tearing behavior of material
having low upper-shelf toughness similar to the toughness of irradiated high-
copper seam welds in some existing reactor pressure vessels. A primary
objective of the test was to induce and interrupt a tearing instability so
as to obtain experimental data by which the application of methods of elastic-
plastic fracture mechanics to large structures could be evaluated. _This
objective was attained. Posttest examinations and evaluations of data are
progressing. A preliminary assessment of results follows.

All of the previous intermediate vessel tests invcived material with
: high-upper-shelf toughness typical of steels in reactor pressure vessels of
; current design, while some vessels in operating plants contain high-copper

welds of lower toughness and greater sensitivity to neutron embrittlement.
Af ter some period of operation, the toughness of these welds is expected to
be degraded to the extent that practical operating temperature limits may not
be definable in accordance with present regulatory guidelines. However, no
one has actually demonstrated that a vessel with low toughness doer not have
adequace resistance to tearing.

Vessel V-8A had previously been tested as vessel V-8 in 1918.1 It is a

cylindrical vessel fabricated of ASTM A533, grade B, class 1 steel plate.
The original V-8 flaw was removed, and the Babcock and Wilcox Company (B&W)
repaired and placed a special seam wld in the vessel.2 B&W used an automatic
submerged-arc process with mai 7d postweld heat treatment selected to
produce the desired upper-sh ..!- ss properties. The tearing resistance
properties (JR vs crack exte of characterization welds produced by
this process compared favoraby ..n tt:e resistance of irradiated high-copper
welds.' "

The flaw in vessel V-8A was placed in the special seam weld by first
machining a notch and then cyclically pressurizing it to extend the notch by'

fatigue. The location of the tip of the fatigue crack during the fatiguing
process was determined by ultrasonic measurements. Our pretest estimate of
the pretest crack dimensions was that the flaw was 93-mm deep by 280-mm long.

*Research sponsored by the Of fice of Nuclear Regulatory Research, U.S.
Nuclear Regulatory Commission under Interagency Agreements 40-551-75 and
40-552-75 with the U.S. Department of Energy under contract W-7405-eng-26;

with the Union Carbide Corporation.
By acceptance of this article, the publisher or recipient acknowledges

the U.S. Government's right to retain a nonexclusive, royalty-free license-

in and to any copyright covering the article.
J
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The vessel was instrumented inside and outside with thermocouples and
strain gages. Seven ultrasonic transducers were mounted on the inside sur-
face in the plane of the flaw to observe changes in crack depth. Displace-
ment gages were mounted across the mouth of the flaw to provide data for post-
test estimates of flaw size at all stages of the test.

Stress and fracture mechanics analyses were performed by ORNL prior to
machining the initial notch, as a basis for selecting an initial flaw geometry,
and after flaw sharpening for planning test operation and predicting flaw be-
havior during the test. Five types of analyses were made. Gross yield pres-
sure of an unflawed cylinder was calculated, and local plastic instability
pressure vs crack size was determined. Calculations of JI vs pressure and

5aa were made by two simplified methods: the Raju-Newman equations 6 for
linear-elastic conditions and the tangent modulus method for elastic-plastic
conditions.7,8 Results of these calculations and ;inear-clastic finite ele-

ment computations suggested a range of parameters to be considered by three-
dimensional, elastic-plastic finite-element analyses using the ADINA-0RVIRT-30'

,

! computer programs.''' Elastic-plastic calculations of JI vs Aa were compared I

with the JR curves to predict the pressures and flaw sizes pricr to and at l

instability.,

Vessel V-8A was mainta ned at about 150 C during pressurization. Pres-i

sure was increased slowly with intermittent small decrements introduced so
as to record the elastic response of crack-opening displacement even after
yielding. An instability was observed between 135 and 140 MPa for a period
of a few minutes. The vessel restabilized when the pressure decreased slightly.
Pressure was subsequently increased to about 143 MPa; and the vessel again be-
came unstable, at this time between about 139 and 143 MPa. After several
seconds of instability the vesscl was depressurized in order to preserve evi-
dence of the final crack geometry for posttest evaluation.

Af ter the test, visual examinations indicated that the initial flaw was,
as intended, well sharpened by fatigue along the entire crack front and that
the flaw grew in size during pressurization. Tearing appears to be greatest
near the ends of the flaw but without much tearing on the outside surface of
the vessel. Precise measurements of the crack geometry arr being made of the
fracture surface. Crack-mouth-opening displacement (CMOD) vs pressure recorded
during the test is compared with values calculated by the ADINA 3D finite-
element computer program for several specific flaw shapes. Material from the
seam weld in vessel V-8A is being tested for J-R properties. Fractographic
investigations and analysis of test data are being pursued in an attempt to

| determine actual crack depth versus pressure and time during the test.

The objectives of the intermcdiate vessel V-8A test were achieved with

tne successful conduct of the pressure testing of a thick pressure vessel with
a large sharp flaw in a region of the vessel having low upper-shelf toughness.
A tearing instability developed at about 140 MPa (about twice the design pres-
sure), a pressure in the range of pretest predictions based on elastic-plastic
fracture mechanics and measured matetial properties.

.
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PRELIMINARY RESULTS OF INTERNATIONAL

ROUND ROBIN ON ITV-8A*

J. G. Merkle

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Because of the widespread international interest in the reliability
of analysis methods for ensuring the safe operation of reactor pressure
vessels, the NRC asked ORNL to implement a pretest analytical round robin

for the test of intermediate vessel V-8A. This vessel, the testing of which

is described in the preceding paper,1 contained a deliberately flawed low
upper shelf toughness wald, and was pressurized to the point of incipient
flaw tearing instability.

Following the performance of flaw sizing calculations, notch machining
and f atigue sharpening by cyclic pressurization, a complete package of pre-
test analysis information was mailed to a distribution list of all parties
indicating an interest in the round robin. Since the purpose of the round

robin was to f acilitate the objective evaluation of analysis methods,
including the time required to implement them in a realistic engineering

,

situation, the time provided, five weeks, was considered reasonable. Since

the problem involved the ductile tearing of a flaw under elastic-plastic
conditions, the analysts were asked to estimate the nominal pressure-strain
curve for the vessel, the variation of flaw dimensions with pressure, and
the pressure at flaw tearing instability. For comparison, the original

flaw sizing calculations were perf ormed by the Tangent Modulus Method in
three working days during the end of year holidays. These calculations

were expedited by superimposing transparencies of the R curves for the
test veld material, fitting these curves with power laws, and by the fact
that the calculations were algebraically direct, as were those for several
of the other methods used by the round robin participants.

*Research sponsored by the Office of Nuclear Regulatory Research, U.S.
Nuclear Regulatory Commission under Interagency Agreements 40-551-75 and
40-55-275 with the U.S. Department of Energy under contract W-7405-eng-26
with the Union Carbide Corporation.

By acceptance of this article, the publisher or recipient acknowledges
the U.S. Government's right to retain a nonexclusive, royalty-free license
in and to any copyright covering the article.
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A summary of the results of the pretest analytical round robin is
shown in Fig. 7. It is noteworthy that all but the lowest of the estimated

instability pressu.es are within ten percent of the actual instability
pressure, and the lowest is only fourteen percent low. The three estimates
received from the United Kingdom were all performed by the R-6 Method, which

has developed f rom a generalization of the through-crack strip yield equation
for a plate under tension. The letter transmitting the UK estimates dis-
cussed the assumptions involved in the analyses, which included. (1) com-
pletely ductile crack extension, (2) material properties falling within
the scatter bands of the characterization data, (3) material properties
unaf fected by intermittent partial unloading or sustained loading, (4)
the crack acts as a sharp planar defect, and (5) pressure is reduced at
initial through-thickness flaw instability in order to prevent axial flaw
instability. It was noted that there might be a potential for tima dependent
effects to promote a flaw instability if the pressure was held constant.
close to flaw instability.3

The estimate by the Simplified Line Spring Model." perforned by NBS,
Boulder, Colorado, was particularly complete. It inc luded estimates of
both the crack meuth opening displacement (CMOC) and the crack tip opening
displacement (CTOD). as well as the pressure strain curve and the flaw
instability pressure. The crack mouth opening displaceraer t e st ima te wa s

in good agreement with the elastic-plastic finite element calculations
performed at ORNL,l' although both estimates underpredicted the maa-5|

| sured values near flaw instability, probably because of a: sal flaw growth.1
1

The method of analysis used by I.|M Freiburg was unspecified, but the
result was presented a; a plot of pressure versus current crack size.
Three curves were prepared, corresponding to the estimated m<an and
extremes of R c mye behavior. Instability was defined by the maximum
load point on the plot of pressure versus crack depth. The calculations
performed at ORNL by the ORGMEN-ADINA-ORVIRT program. 6 the results of

which are discussed in Ref. 1, proved to be quite accurate, inc lud in g
indications of a propensity for axial crack tunneling.

In general. It was observed, from the estimates submitted, that a

lower bound R curve provided the best estimate of flaw instability pres-

unless other deliberate conservatisms were introduced. Crack
sure,
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opening displacements and strains for partial yielding were estimated, and

good accutacy was obtained by algebraically direct approximatir ns as well
as by numerical methods. It aas demonstrated that engineering methods are

available for analyzing three dimensional flaw problems involving clastic-

plastic behavior, at least for flaws in plain plates and cylinders.
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NEW METE 0D FOR ANALYZING SMALL SCALE

FRACTURE SPECIMEN DATA IN THE TRANSITION ZON_E*

J. G. Merkle
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Among the problems related to the use of small specimens for measuring
fracture toughness, those concerning siza effects and data scatter are
perennial. Figure 1 shows an early case encountered by the IISST Progtam.
These data are from Compact Specimens of three different sizes, for en
irradiated A508 Class 2 forging steel.1 Later on, as shown in Fig. 2,

substantial size effects and data scatter were encountered in the material
characterization and experimental phases of HSST Thermal Shock Experiment

was drawn as a lower bound to the small speci-TSE-5A. The line labeled KIc
men data before the test, but the actual test data, indicated by the solid
triangles, fell below the line.2

Although the results shown in Fig. 2 were postulated to be statistical
in nature, due to r9ndomly dispersed brittle zones, metallographic exami-
nation failed to locate any such atypical regions.3 In addition, a
statistical approach to the problem of size effects and data scatter would
be likely to require more specimens than are available in a surveillance
capsule. Consequently, an attempt was made to find a suitable method for
adjusting individual small specimen fracture toughness values for size
ef fects in the transition range of temperature. The method selected was
one already proposed by Irwin." As illustrated in Fig. 3, taken from a
study by Corten and Sailors.5 1rwin's S equatior recognizea an interactionIc

between toughness and size. If either toughness increases or size decreases,

will increase. This interaction magnities the scatterthe ratio Kc/KIc

*Research sponsored by the Office of Nuclear Regulatory Research, U.S.
Nuclear Regulatory Commission under Interagency Agreements 40-551-75 and
40-552-75 with the U.S. Department of Energy under contract W-7405-eng-26
with the Union Carbide Corporation.

By acceptance of this article, the publisher or recipient acknowledges
the U.S. Government's right to retain a nonexclusive, royalty-free license
in and to any copyright covering the article.
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inherent in plane strain K values. Although the more common applicationIc

of the S f rmula is the estimation of Ke values from known values of B andIc

K the original application" was the one considered here, i.e., the esti-Ic,

mation of K f r m measured values of B and Kc. So the new aspect of theIc

application described here is mainly the use of small specimen test data,
analyzed inelastically.

An algebraic development of the OIc adjustment equation is described in
Figs. 4 thru 6, and trial results, for both static and dynamic data, are shown
in Figs. 7 thru 14. In Figs 7 thru 14, the open points are the original
small specimen toughness values, the closed pofnts of the same shape are the
corresponding Syc adjusted valu(s, and the solid triangles are valid or large
specimen test data. The appropriate ASME Code K # EIR curves are shownIc

for comparison. The original test dat" were obtained from Referen ms 2, and
6 thru 8.

3The above results are not without apparent contradiction, however.20
Figure 15 shows that maximum load toughness values for A533-B steel plate
show little data scatter or size ef fects. And as shown in Fig. 162 the
same is true, wJth respect to data scatter, for the cylinder plate of HSST
vessel V-9. Ilowever, Fig. 17 shows that the weld metal in vessels V 8 and
V-9 develops consi.ierable data scatter and size ef fects. ll These observations
concerning differences in the degree of scatter between plate, forgings and
weld metal appear to be common, although unexplained.

Tlie question of the presence or absence of size ef fects also appears to
| Involve dif ferences between plate and forgings, at least for static data. It

also involves the definition or the toughness measurement point. Figure 10

shows definite size ef fects in static data at the point of cleavage instability ,
for A533-B steel, and their removal by applying the S f rmula. But Fig. 18k
shows no appreciable size effects in the maximum load toughness values cal-
culated for the same specimens,' although the final toughness values are
higher in Fig. 18 than in Fig. 10. Fig. 19 shows the predictable results of
applying the F Ic adjustnent to the A533-B plate maximum load data shown
in Fig. 15, in which no appreciable size effects were evident. This size
offeet enigma is probably due in large part to the fact, illustrated in
Fig. 20, that the maximim i aad point is often not the point of onset of
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unstable cleavage. It is hypothesized here that, although enough micro-
12, 13 occurs to produce ascopically stable cleavage microcracking

temperature dependent maximum load toughness value, this value may not be

a reliable K c value because crack extension is predominantly by ductileI
tearing until the occurrence of unstable cleavage. This problem appeare

to be avoidable by using the point of onset of unstable cleavage as the

toughness measurement point.
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