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ABSTRACT

The first in an annual series of five year progran plan,

documents is presented for the Heavy-Section Steel Technol-
ogy program. The program is carried out by the Oak Ridge

e National Laboratory for the Materials Engineering Branch,'

Division of Engineering Technology, Office of Nuclear Regu-
latory Research of the U. S. Nuclear Regulatory Commis-
sion. The program is aimed at advancing the understanding
and validation of materials and structures behavior as they
relate to light water reactor pressure vessel integrity.
The program has nine technical tasks and a management func-
tion. A background statement and a plan-of-action is given

'

for each. The nine technical tasks address fracture method-
ology and analysis, materials characterization,. crack
growth, crack arrest, irradiation effects, cladding evalua-
tions, intermediate-vessel testing, thermal-shock testing,
and pressurized thermal-shock experiments.,

.
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1. INTRODUCTION AND OVERVIEW

1.1 Objective of Program Plan Document,

This document is the first in a series that is to provide an up-to-
'

* date statement of the five year plan for the Heavy-Section Steel Tech-
nology Program. The document is intended to be the reference document
for management reporting during the forthcoming year. The forthcoming
year for this edition is FY 1984. The program funding assumptions and
the corresponding workscopes are responsive to guidance from _ the spon-
sor, the Materials Engineering Branch, Division of Engineering Tech-

; nology, Of fice of Nuclear Regulatory Research of the U.S. Nuclear Reg-
ulatory Commission (NRC). This document augments other planning instru-
ments, such as the Project and Budget Proposal for NRC work (189) in
two important ways. First, milestone charts and plan-of-action state-
ments can be presented here in detail without concern for space limita-
tions. Second, this document can purposefully be draf ted just prior to
the beginning of the fiscal year, and thereby be a more accurate#

(timely) statement of the program plan for the forthcoming year than is
possible with the schedule for some other documents, such as the 189.

This plan is a living document and is expected to be updated at the
| beginning of each year. The five years covered by the (current) plan

are the current year (FY 1983), the forthcoming year (FY 1984), and
three out years (FY 1985 through FY 1987). Since a major objective is,

to provide a reference document for management reporting during the
forthcoming year,- that . year is highlighted in the milestone charts and,

is emphasized in the plan-of-action sections. The subsequent years are1 .

j described in a decreasing level of detail without loss of comprehensive
coverage. A few identifiable events beyond FY 1987 are included for
continuity. Also for continuity, the current year is included in de-
tail, and the milestones that have been completed at the time of this
writing are shown by filled symbols.3

1.2 Objective of the HSST ~ Program

The Heavy-Section Steel Technology Program (HSST) is carried out to
advance the understanding and validation of materials and structures

| behavior as they relate to light water reactor pressure vessel integ-
rity. The program had its beginning in the mid 1960's and has contrib-
uted to verifying the applicability of fracture mechanics to vessel in -
tegrity assessments, to advancing . associated ' analysis tools, to data
generation and correlations development, and to code criteria and rule

i development. =The studies address the determination of the effects of.

flaws, variations in properties, stress raisers, and residual stresses
on the integrity of vessels under. combined thermal and mechanical load-
ings..

The program contains nine technical tasks in fracture methodology
and analysis, materials characterization, crack growth, crack arrest, ,
irradiation effects, cladding evaluations, intermediate-vessel testing,

- - - . -. .-
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thermal-shock testing, and pressurized thermal-shock experiments. The
objectives of the various tasks combine to bear on the major issues re-
lating to vessel integrity by providing improved techniques, data bases,

'
and bases of validation. This interrelationship is illustrated by the

| situation of pressurized thermal-shock loadings where current advance- *

i ments on fracture methodology and data bases combine with results from

7 previous material and pressure vessel studies to give an assessment for
,

'

conditions under combined thermal and pressure loadings.
The program budget has increased .in recent years to accommodate

more . complex experiments and increased irradiation work. Concerning
complex experiments, a test facility has been prepared for performing
tests of pressurized intermediate vessels that are exposed to sharp
thermal transients. The first such experiinent (PTSE-1) is scheduled for
early FY 1984, and a series of three tests is planned.

There is one remaining intermediate vessel for test under pressure-
| only loading (ITV-10), and it involves a nozzle-to-cylinder configura-
'

tion and is tentatively scheduled for FY 1987. Thermal-shock test TSE-7
was completed in FY 1983 and involved a study of finite-length flaw be--

,
havior. Further thermal-shock tests are planned with TSE-8 to involve

'

low upper-shelf weld material. Subsequent experiments with clad spec-
imens are to be performed af ter results are available on the behavior of
stainless steel cladding in irradiated conditions.

The major focus of the current irradiation work is on understanding
the fracture characteristics of irradiated weld materials. The Fourth
Irradiation Series includes four state-of-the-art weld materials that

; contain less than 0.12% copper. The Fif th Irradiation Series includes *

; two high copper weld materials (Cu = 0.25 and 0.35%) and the Sixth Irra-
diation Series will be fer stainless steel cladding.

.

l 1.3 Program Organization

|

| A well-coordinated program has been in effect for more than fifteen

years, and it has been instrumental in bringing the national technolog-
ical base to its current. status. The base _ includes national design
codes (e.g., the ASME Boiler and Pressure Vessel Code), standards (c.g.,
ASTM Standards and USNRC Regulatory Guides), analysis methods, materJ a1
properties data, and confirmatory structural behavior data. While the
program has been mostly carried out at the Oak Ridge National Laboratory
(ORNL), it has made use of ' subcontracted activities to take advantage.of
special expertise at other locations. The program has also been co-
ordinated with other _R and D programs sponsored by the NRC, DOE, EPRI,
etc. National and international committee involvements have been main-
tained to help assure that existing -technologies and data are employed

j and that developments are rationally sound and experimentally veri-
fled. In particular, the Pressure Vessel Research Cosunittee (PVRC) and *

, the NRC-appointed Vessel Integrity Review Croup (VIRC) . have played very.
I important roles. _
i The program is presently : composed of nine technical tasks and a '

1 management function. The organization of these tasks is illustrated in

.
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the level 2 work breakdown structure for the progract shown in Fig.
1.1. The tasks interface with each other and are augmented by documen-
tation and technology transfer efforts. The remainder of this document
is organized around this structure with a chapter addressing each tech-

,

nical task. The management task is addressed in the latter part of this
chapter. A work breakdown structure has been developed for each task,
and they are displayed in the corresponding chapters of this document.,

It is to be noted that those displays are actually work breakdown struc-
tures through level 3, with the fourth level (unnumbered) elements de-
veloped to illustrate the scope of work involved. In order to maintain
a manageable level of detail, the milestones _ in each task are written
under the level 3 elements of the work breakdown structure and not level
4. Each chapter also includes a brief objective statement for _ that
task, a background discussion, and a plan-of-action section that augment
the milestone charts.

1.4 HSST Task H.1 Program Management-

1.4.1 Objective

; The objective of Task - H.1 is to effectively manage the technical
tasks undertaken to address priority issues concerning LWR pressure ves-
sel integrity in keeping with NRC approved plans. Management includes
planning, integrating, monitoring, reporting, and technology transfer.

activities.

' 1.4.2 Background-

The HSST program has been administrative 1y carried out . through the
Engineering Technology Division of ORNL since its inception in the mid
1960s. A key part of that management function has been the integration
of the technical objectives and the efforts of various program partici-
pants. The participants have included various divisions of ORNL, but
most prominently the Engineering Technology and Metals and Ceramics
Divisions, and several universities and industrial organf eations through
subcontracts. The aim has been and is to utilize capabilities and fa-
cilities in a complementing way to meet program objectives. The place-
ment of the program within the ORNL organization is illustrated in Fig.
1.2, which also lists key staff members.

Concerning technical integration, a strong relationship has been
maintained with peer groups and committees. These have included the
Pressure Vessel Research Committee, ASME Code committees, ASIM Standard4

groups, and peer advisory groups. Their inputs on problems, priorities,
and approaches have been factored into earlier program plans.*1 In the,

most recent years, the NRC appointed Vessel Integrity Review Group
(VIRC) has served a vital role in this regard, whereas in earlier years,
the PVRC was similarly involved. A comprehensive review 2j was conducted.

I
i * References are listed in the end of each chapter of this document.

f

i
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Fig. 1.1 Level 2 work breakdown structure for the Heavy-Section
Steel Technology (HSST) program.
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Fig.1.2 Organization of the Heavy-Section Steel Technology pro-
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'

in the e.4rly stages' of the program covering the current practice in RPV
design, anslysis, materials, fabrication, inspection, and testing. This
review and the philosophy that ~ it set. in place have assisted in programa

.

i integration. Additionally such reviews have provided the community with
i interpretive statements of the state-of-the-art.

,

,
'Program developments have . been tranaferred to the technical com-' *

-

munity thro.igh progress and topical reports, program review meetings.
-information. meetings, open-literature papers, and committee participa-
tion. Technical interactions with foreign countries have been strong, |

! !
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particularly with the European countries. Those countries have acknowl-
edged the leading role that the HSST program has played in developing
and verifying methods for assessing pressure vessel integrity.

4

1.4.3 Plan of Action' 1

4 x .

'iTha plan for Task H.1 is to continue to manage the program through .

1appr'o'ved procedures. The level 3 work breakdown structure for this task
is shown in Fig. 1.3. The three subtasks are continuations of the man-g

agement functions that have historically been performed. The specific
activities and schedules within - the task are given in the following

,
' milestone chart. In addition to planning, monitoring, and reporting on

'

the program performance in a timely manner, efforts will continue to be
', > made to maintain ef fective technology transfer and to continue liaison

\, with peer groups, commit't'ees, and programs in foreign countries.5

.| _
,1 This task will administer the research and development subcontracts

and technical consulting ~ arrangements that are required to supplement
the ORNL work. The subcontractor reports are integrated into the over-
all program quarterly progress reports.- For example, see the FY 1983
progress reports fRefs. 3-6). The financial burden of progress report

i
1
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publication, all consultants, and program office administration will be
born by this task.

Beginning with FY 1984, a revised management reporting system will
be employed. This will include monthly reports from the ORNL program

, manager to the NRC program manager that have six parts, (1) a meeting
and travel report, (2) a description of technical accomplishments, (3)
schedule deviations and impact statements, (4) an identification of an-

o ticipated problems, (5) a list of publications and (6) a financial re-
port. An associated part of this reporting procedure is the preparation"

of an annual edition of the program's five year plan. The plan will be

issued near the end of each fiscal year and will serve as the reference
plan document during the next year.

The coordination of technologies with foreign countries of ten leads
to cooperative efforts and assignment of personnel between the various
countries. Concerning cooperative efforts, the international round-
robin on precracked Charpy testing (Task H.2) will be completed in FY
1984 and irradiation and testing of a reactor vessel steel from West
Germany will also be carried out in FY 1984 (Task H.3). The program has

i

an invitation to participate in analyzing West Germany's HDR nozzle'

corner cracking test results and in the planning and analysis of the
Pressurized Thermal Shock Test of the HDR beltline region af ter inser-'

tion of an axial flaw. Especially, the latter of these invitations is
attractive to the HSST program; but they were not included in the
present plans due to budgetary restraints.

With regards to the exchange of personnel, Dr. Shafik Iskander of
ORNL is to continue his assignment as the NRC representative to the MPA*

in the FRG through FY 1984 (funded under a separate FIN number). A rep-
resentative (Dr. Keith Reading) from the UKAEA-Risley is to be on as-
signment to ORNL for the first seven weeks of FY 1984 to work with the*

thermal-shock task (Task H.9). Dr. Reading is the principal investi-
gator for the UKAEA spinning disc thermal-shock testing program. It is

anticipated that a representative (Dr. H. Stamm) from the Institute fur
Reaktorbauelemente, Karlshrue, is to be assigned to ORNL for three
months in late FY 1984. Also Dr. Wanner of the Swiss Federal Institute
for Reactor Research is expected to request a one year assignment to
ORNL beginning in the second half of FY 1984. These latter two
individuals are analysts working with fracture computer programs such as
ADINA and would be working in that area during assignments to ORNL.
They both will be participating for their respecti'e organizations in
the analysis of the HDR experiments performed in West Germany.

' 1.4.4 References

1. G. D. Whitman et al., Program Plan - The Heavy-Section Steet Tech-
; - nology Program, February 27, 1970, Rev. O, April 1, 1968, Rev. - 1,
! '' (prepared for the USAEC). /

' 2. G. D. Whitman, G. - C. Robinson, Jr. , and A. W. Savol inen, Technot-
ogy of Steet Pressure Vessets _ for Water-Coota! Nuclear Reactors,'

ORNL-NSIC-21,. December 1967. .
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3. G. D. Whitman, C. E. Pugh, R. H. Bryan, Heavy-Section Steel Tech-
nology Program Quart. Prog. Rep. October-December 1982, NUREG/CR-
2751, Vol. 4, (ORNL/TM-8369/V4).

4. C. E. Pugh, Heavy-Section Steel Technology Program Quart. Prog.
Rep. January-March 1983, NUREG/CR-3334, Vol.1 (ORNL/TM-8787/VI).

.5. C. E. Pugh, Heavy-Section Steel Technology Program Quart. Prog.
Rep. April-June 195, NUREG/CR-3334, Vol. 2 (ORNL/TM-8787/V2).

6. C. E. Pugh, Heavy-Section Steel Technology Program Quart. Prog.
Rep. July-September 192, NUREG/CR-3334, Vol. 3 (ORNL/TM-8787/V3).

1.4.5 Milestone Statement and Schedule

The statement and schedule for the milestones in Task H.1 are given
in the following charts.

The symbology used in all the milestone charts in this plan and in
the HSST program management reports is given in Fig. 1.4 below. The "n"
over of the symbols designates the calendar month when a schedule change
is made.

CRNL-DWG 84-4356 ETD

MILESTONE SYMBOLOGY *

t-- Starting date
.

Q Intermediate Milestone

V Intermediate Milestone Completed

b Major Milestone

k Major Milestone Completed

n

Q Rescheduled Milestone
"

'

h Rescheduled Milestone Completed

Revised Milestone
'n

h Revised Milestone Completed
.

g Milestone Deleted

Fig. 1.4 Milestone chart symbology.
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MILESTONE STATMENT AND SCHEDULE

Task: H.1 PROGRAM MANAGEMENT (continued)

'# "
SUBTASK / MILESTONE

1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87
,

H.1.3 Documentation and Technology Transfer
,

A. Coordinate Issuance of Topical. r

Reports and Papers

B. Maintain Membership on ASME, ASTH, r
and International Cyclic Crack Growth
Committees

C. Exchange Technology with Foreign =
Countries as Approved by NRC-NRR
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2. HSST TASK H.2 FRACTURE METHODOLOGY AND ANALYSIS
|

2.1 Objective
.

The objective of Task H.2 is to develop and evaluate the experi-
mental data and methods of analysis by which the f racture toughness of,

reactor pressure vessel (RPV) steels can be reliably determined and the
results applied with confidence to the design and safety analysis of

!

nuclear vessels.
.

4

2.2 Background

The activities covered by this task have generally been and are now
organized according to the work breakdown structure shown in Fig. - 2.1.
The approach has been to assess the applicability of fracture strength
methods, with initial methods being based on linear-elastic fracture
mechanics, to nuclear vessels on the basis of experimental validation.
The HSST Program was the first research ef fort specifically concerned
with high-toughness structural materials that recognized the need for
elastic-plastic methods of calculating fracture toughness and analyzing
cracked structures. The preceding C0D methods considered only crack tip
yielding and did not involve elastic plastic stress analysis. At. the

; , outset it was recognized that direct as well as numerical analysis pro-
i cedures are requited, and that experimental programs are vital to the

development as well as the validation of analysis methods. The follow-
,

,

ing paragraphs address some of the background in terms of 'the four sub-
tasks shown in Fig. 2.1.

2.2.1 F_racture Toughness Determinations and Strength Methods
.

2.2.1.1 Small specimen fracture toughness in the cleavage range.
On the basis of the large specimen sizes that had to be used- to measure

l
,

LEFH valid values of fracture toughness for HSST Plate 02, it was clear'

that specimens small enough to be used routinely for material character-,

! ization would yield before fracturing. Therefore, early in the program,
semiempirical. methods,2,3 and correlations" were developed for -estimat-

; ing fracture toughness values from specimens of limited size for the
design and analysis of the intermediate test vessels. Following the

5 6initial multi-specimen experimental . applications og the J Integrals
for measuring fracture toughness, the HSST Program contributed to the
development of single specimen equations applicable first to the notched
beam and then to the compact specimen.8 The latter analysis is now the7

, basis for the measurement of J Integral resistance curves for structural,

and pressure vessel - steels.9
,

Although the existence of size effects -in the measurement of frac-
,

ture toughness has been known for some time, the dependence of . these;

effects on specimen geometry, . loading rate, and fracture mode has not
. been clear, nor the effects consistently recognized. The large scatter>

!

)
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in data and elevation of small specimen toughness values with respect tolarge specimen test results10,11
for TSE-5 and TSE-5A brought this prob-les to focus, and motivated a deliberate study of the problem.1 It

turns out that a semiempirical method of analysis developed by Irwin13*

in 1960 can be applied to this problem, but that a better understanding
of the physical basis for size effects is necessary to justify the ap-
plication of such a procedure to important problems involving structural,

safety. The method, as refined by ORNL, is currently being applied to
the toughness characterization of the vessels scheduled to be used fori

future thermal-shock and pressurized thermal-shock tests.,

J Resistance curve measurements of ductile-tearing toughness cur-
i rently require the measurement of small amounts of crack extension by

somewhat difficult means. This requirement thwarts the use of load-
displacement data from specimens not instrumented for Aa measurement for

t

estimating resistance curve values. A method of estimation based only
on load-displacement measurements recently developed - under the f racture
mechanics task helps to circumvent this difficulty.14 In addition, the-

proper application of a correction to the J calculation for stable crack
extension during ' an R curve test has a strong effect on the size inde-

, pendence of the resulting R curve and the toughness level implied by the
| data. An improved correction has been developed by Ernst,15 and a di-

rect derivation, based on physical reasoning, has been developed and
implemented at ORNL, facilitating the direct application of the improved

j correction to new experimental data.
In the temperature range within which cleavage is the dominant mode

of fracture, an increase in loading rate or crack speed tends to lower*
,

the toughness toward a minimum level.- However, fast running cracks
i eventually display an increase in toughness with crack speed implying* the interaction of multiple - physical phenomena. A preliminary analysis

has been developed that implies that the observed minimum is the result '

of the opposite effects of strain rate and entrapped heat in the crack
tip plastic zone. This hypothesis will be investigated further, because;

it offers the possibility of estimating the crack arrest toughness from
i other more easily measured properties.
; 2.2.1.2 Cleavage-fibrous transition investigations. The Univer-

sity of Maryland, under UCCND Subcontract, has been investigating the~

physical and metallurgical basis for the ~ conversion of fracture mode:
with temperature from cleavage to fibrous tearing. ' This ' inves tigation
utilizes and extends previous observations of cleavage microcracking16
and ductile remaining ligaments,lE and has provided direct supporting
information for the study of size effects in cleavage fracture toughness
testing (Milestone H.2.1.A). Improved methods of etching and crack pro-
file measurement have been developed,_ and they promise to facilitate- the
obtaining. of metallurgical information_-~ specific to reactor grade

'

steels. An ef fort has also been underway at Battelle Columbus Labor-
atories,18 under UCCND Subcontract, in coordination with the work at the, *
University of Maryland.~

.
.2.2.1.3 Precracked Charpy V-notch (PCCV) round robin. Because of

the need for reliable small specimen testing methods -(Milestone H.2.1.A),
,

and - bacause of periodic proposals and problems concerning the use of
. PCCV specimens, a meetin on the subject was held at EPRI in December
-1980, sponsored by CSNI.g9 The NRC proposed at '.that meeting that the;

, .. _ . _ _ _. . _ _ _ .
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HSST Program furnish PCCV specimens from the TSE-5A cylinder for an in-"

ternational round-robin test program. Eleven laboratories, including
ORNL, volunteered to test specimens. To date ORNL and six other labor-
atories have delivered results, all consistently indicating the same .

large degree of scatter and upward elevation of toughness valves in the
transition range. A final evaluation of data received will be performed

.

in FY 1984. .
1

2.2.2 Analysis Methods and Computer Programs

2.2.2.1 Computer code development. Both general and special-
purpose computer programs are being developed for use in HSST f racture
studies. Table 2.1 gives the status and capabilities of each of the

j fracture codes developed at .ORNL. These programs perform static anal-
ysis of brittle or ductile fracture in 2-D or fully 3-D crack geom-
etries. In addition, the SAMCR dynamic fracture analysis code has been

,

developed under subcontract to the University of Maryland; and the dy-
namic fracture code FRACTDYN has been utilized through a subcontract
with Battelle Columbus Laboratories. SAMCR (Stress Analysis of Moving

|,
Cracks) has been used to perform posttest analyses of TSE-5, with lim-
ited success.20 Improvements have recently been made to. the program,21
which should lead to improved results and an independent: capability to
check on the static results obtained with the OCA code at ORNL (see Task
H.9) and the dynamic results obtained with the FRACTDYN code by Battelle
Columbus Laboratories.224 ,

The OCA series of codes and the ORVIRT-ADINA finite element system.

have been extensively applied in the . design of HSST experiments. The
OCA codes employ a cost-effective influence function approach which when .,

coupled with their outstanding post processing capabilities make them,

particularly suitable for parametric studies. With the exception of
OCA/ USA which has an upper-shelf analysis capability, and a direct . lig-
ament stability analysis, the OCA codes are linear elastic and limited
to the analysis of surface flaws in PWR or ITV geometries. The ORVIRT-
ADINA finite element system represents a more general capability, and is
a fully 3-D thermo-elastic plastic finite element system which uses a
virtual crack extension technique for the computation of energy release
rates at various points along the crack front. Special crack tip ele-
ments are employed which introduce . the appropriate stress singularity.

! 2.2.2.2 Direct analysis techniques. Up to the present time, the
analysis of pressurized thermal-shock events in reference model vessels
have been performed by elastic analysis, e.g., with the OCA Code.23
However, direct analyses have been used to show that as the crack be-
comes - deep, the remaining ligament yields under combined bending and
tension, causing additional crack opening displacements. Under pressure
loading, a crack depth is subsequently. reached 'at which the remaining
ligament is- yielded . 'under uniform tension, causing large . additional

''

crack. opening'. displacements which would.. eventually _ lead to ligament
necking and ~ tensile ' instability.28,- The analysis of this phenomenon : for

'

an external crack has been included 'in a' modification of the .0CA code
called OCA/ USA 25 -(0CA Upper-Shelf . Analysis), and is being used in the.
pretest analysis of PTSE-1 (see Task H.10).

|

|

t

I
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Table 2.1. Summary of HSST computer programs for fracture analysts

" "**
Fracture Este Numerical * * *

code developed method behavior

ORML Developed Fracture Codes

DCA/ USA Under Influence 2-D, limited 3-D Limited An enhanced version of OCA-II, designed prt-

development -function marily for pressurised-thermal shock expert-
ments

OCA-P June, 1983 Influence 2-D, limited 3-D No Probabilistic fracture code employing a Monte

NUREC/CR-3618 function, Carlo simulation technique

ORNL-5991 Monte Carlo

OCA-II .Nay, 1983 Influence 2-D. Itatted }-D No Outstanding post processing capabilities.

(Report in pre- function especially suitable for parametric analyses

paration) of surf ace flaws in PWR and ITV geometries

ORVIRT February, 1983 Fintre element 2-0, 3-D . Tes Versatile and powerful fracture code, inter-

NUREG/CR-2997 (Virtual crack f aces with ORMGEN and ADINA
Vol. 2 ORNL/TM- extenstion)
8527/V2

ORMCEN ' December 1982 Fintre element 3-D N/A Cenerates a }-D finite element model for

NUREG/CR-2997 mesh generator cracked plates or cylinders in an ADINA com- ("n
.Vol. I patible format

ORNL/TM-8527/V1

ORFLAW April, 1982 Fintre element }-D No Developed under subcontract to S. Atlurt,

NUREG/CR-2494 (Embedded K) Georgia Tech, }-D, linear elastic only.

ORNL/CSD/TM-165 automatte mesh generation

OCA-I August, 1981 Influence 2-D No Strictly 2-D analysts of surf arec flaws in PWR

NUREC/CR-2113 function and ITV geometries
ORNL/NUREC-84

NGEFLAW March, 1981 Fintre element }-D No Developed under subcontract to S. Atlurt,

NUREC/CR-1843 (Embedded K) Ceortga Tech. Addresses nozzle corner flaus

DRNL/NUREG only, automatic mesh generation

CSD/TM-18

FMECH February 1981 Finite element 2-D No First ORNI. developed code, Itatted capabilities

NUREC/CR-1499 (Virtual crack relative to more recently developed codes

ORNL/NUREC/CSD/ est ens 1on) '
TM-14

Outside Codes thar Interface with ORNL Computer Programs

BICIF 1978 Influence 2-D, limited 3-D No Developed under EPRI sponsorship, widely usee

EPRI RP-700-1 function used by utilities

ADINA 1975 (rev. -1978) - Finite element 2-D, 3-D Tes A general purpose finite element code for

MIT report structural analysts developed by K. J. Bathe

92448-1 at MIT
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2.2.3 Analysis of Specific 2nfigurations

At the outset of the HSST Program it was recognized that -the de-
_

velopment of fracture mechanics estimating methods for finite length .

i~ through and part-through surface cracks subject to stress gradients
would be an important part of the fracture mechanics task. In fact, the
realism and practical applicability - of the experimental and analytical3 .

results of the HSST program were seen to depend significantly on this,

! factor. Numerical methods were not capable of treating this problem
with sufficient speed or accuracy, so semiempirical methods were de-
veloped. These methods still prove extremely useful for preliminary
estimates, experimental design and the definition of problems for numer-
ical analysis by methods that are now much improved (see the completed1

| Milestone H.2.2.D.a).
An experimental approach to the problem for inside nozzle .orner

i

flaws was taken, based on the - fracture testing of ep7,y8o scale model ves-
| sels.26 Three-dimensional photoelastic studies and analytical
[' studies 29 followed. Some differences between these results, with re-
1 spect to Ky variations around the flaw perimeter for deep cracks, still
I remain to be resolved.29
! The burst analysis of through flawed cylinders utilized semi-

empirical equations - . developed at Battelle Columbus Laboratories, for
i which rational de rivations were developed at ORNL.30 These analyses
j need to be augmented for the purpose of estimating flaw opening areas
j and leak rates for through flaws, a problem concerning which assistance~

| 1s being provided to Pacific Northwest Laboratories. ,

'

. The work on the finite length part-through surface crack subject to
a stress gradient began with a review of existing solutions and esti-
mates,31 followed by the development of a ,

semiempirical equation ad-
justed to fit three-dimensional photoelastic. experimental data.32 A
preliminary version of this e
ofthethermal-shockproblem,p3ation was used for the~ initial ORNL study

,

i and later for the design and analysis of
!

the two thermal-shock experiments involving finite length part-through
j surface cracks,34,35 TSE-2 and TSE-7. It was also used for the posttest
; analysis of1 the V-8 Test,36 the flaw design and pretest ductile-tearing
i instability analysis of the V-8A test,37 and the design of. the flawed*

stainless steel clad plate tests 38 (see Task H.7). In the latter case a
method was developed whereby the shape of arrested cracks propagating in

' a region of stress and toughness gradient can be estimated. This aspect
[ of the method will be further explored.
j In the posttest analysis of the V-8 Test,36. it was noticed that the

-

back face f ree surface magnification factor ' found to be appropriate for -,

i a flawed plate produces an overestimate of K for a deep crack in a cyl-y
! inder, because of the circumferential continuity of the cylinder. The

use of a different magnification factor based on no change in back sur-
face curvature was found to remedy this problem.36,

,

f In. studying a question concerning the shortest length of a surface
4 crack that could be treated as a continuous crack, for PTS experimental
i design, it became evident that a considerable . difference in Ky values *-'

exists between finite length and continuous cracks in pressurized cylin-
i ders, for a/W > 0.5. This is because bending stif fness is not ' lost be-

yond the ' ends of ' the crack - for a finite-length crack. This investiga-
I tion led directly to the consideration of finite-length flaw effects in -

PTS analysis 39 (see Tasks H.9'and H.10).
.

,

3

, - , - , -,n -s,-g ---4 - - - , , a,-. ,c,y, w,+ , , , - ,-m , , - . , . , , - - , . - , , , ,,
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2.2.4 Guidelines for codes and Standards

2.2.4.1 Fracture-toughness correlations. Current specifications
do not require the measurement of complete curves of fracture toughness

,

versus temperature for reactor vessel steels. Therefore correlations
are needed in order to facilitate the construction of such curves, which
are necessary for performing safety analyses, especially for loadings,

involving thermal transients. The HSST Program has contributed several
useful correlations between impact data and fracture toughness,4,40,41
as well as the valid data ,42 on which the present ASME Section III andl

Section XI reference fracture-toughness curves are based.43'44:

j The HSST Program continues to participate in efforts to develop
improved impact energy-toughness correlations, principally through ac-
tive membership in the PVRC/MPC Task Group on Reference Toughness. This

i group is currently evaluating the applicability of a statistically aug-
mented correlation between Charpy-impact energy and fracture toughness,
based on curve fitting with a hyperbolic tangent equation.45 ORNL has
contributed directly to clarifying the mathematical basis of the method,
as well as pointing out size effects between the EPRI ITCT toughness'

data base and the large specimen data for Plates 02 and 03. Another'

,

problem remains regarding the inability of the method to make consist-
'

ently accurate predictions of mean values, despite the statistical t

nature of the method. Additional attention to these problems will be,

required. We have also participated in the deliberations of ASTM Com-'

mittee E-24 on Fracture-Toughness Testing concerning the proper applica-
tion of Equivalent Energy procedures, again pointing out the existence*-

of size ef fects so as to make the description of the procedure accurate
and acceptable. These efforts will continue.

* 2.2.4.2 Fracture strength (analysis) procedures. The development
; of strength analysis methods applicable to flawed regions in pressure
'

vessels that consider strain gradients and inelastic behavior has been a
focal point of the fracture mechanics task since its beginning. As,

'
stated earlier, the development of direct as well as numerical iterative
methods of analysis has .been a guideline within the task. This approach
recognizes the existence of cost and time limitations, the need to de-
termine the significance of specific variables, the need for considering
flaw size as a dependent variable in experimental design, the need for

I independent checks, and the fact that numerical methods are not speci-
j fled in the ASME Code. Pre and posttest analyses of intermediate vessel

tests were solicited from others, and made at ORNL, using as many dif-

|
ferent methods as could be identified and shown to be applicable to the
problem.46-48 Two of the earliest methods of analysis developed were
the Equivalent Energy method and the Tangent Modulus 5049 method, the
latter of which was originally semiempirical and based on experimental;

'

results from surface flawed bars tested to fracture in the elastic-
plastic range.51 Although controversial for some time, the Equivalent! ,

; Energy method was eventually shown to be relatable to the J Integral, on
the - basis of an assumed power law stress-strain curve.52 Furthermore,i

an extension of this approach resulted in the development of the British-.

Normalized COD Design Curve, thus relating three ' originally separate
fracture analysis procedures.53 The Tangent Modulus method was ~ subse-
quently derived theoretically from the J Integral, via the ' development

j of an incremental form of Neuber's equation for calculating inelastic

| stress and strain concentration factors.54
I
!

|

|
_ , . ..
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In addition to fracture mechanics analyses, it was also necessary
to develop direct methods of calculating or estimating the nominal elas-

47tic-plastic pressure versus strain curves for vessel cylinders and
nozzle corner regions.55 The former is an exact solution for a t ri- ,

linear stress-strain curve, and the latter is semiempirical. Both esti-
mates are used to judge the detail necessary for representing the
stress-strain curve in a numerical analysis, and the accuracy of the .

results.
Eventually, a load will be reached at which a flawed structure will

f ail by necking and tensile instability due to the reduction of load-
bearing area caused by the flaw. An analysis of this phenomenon was
developed for a part-through surf ace crack in a vessel cylinder,46 and
it continues to prove useful in analyses such as those for pressurized
thermal shock.

It turns out that two of the most difficult fracture mechanics
tests to analyze over the entire range of load from elastic to fully
plastic are the surf ace cracked tensile bar and the inside nozzle corner
crack. The only analysis method that has so f ar been successfully ap-
plied to both as well as an ITV cylinder, is the Tangent Modulus me-
thod.50,55,56 , The complications in the data are due to such factors as
the ef fects of incremental yielding, transverse contraction, net section
eccentricity, strain gradients, and tensile instability. Given the op-
portunity, numerical methods will be applied to these problems, because
they constitute a severe test of the generality of analytical methods.

An important aspect of the HSST Program has been the interpretation
*

of the experimental and analytical results with respect to the expected
performance and safety margins of reactor pressure vessels in service.
In 1975, a report was prepared concerning the interpretation of the in-

*
termediate vessel test results obtained to that date with respect to the
safety of actual vessels. It was concluded that only inadequate ma-
terial properties, large flaws or extreme loading conditions exceeding
the values permitted by present codes remain as

under operating conditions.5possible causes of ves-sel ma1 performance Pressurized thermal-
shock transients fall in the latter category, and are presently the sub-
ject of intensive investigation (see Task H.10).

The HSST Program staff also participated actively in the work of a
recent NRC task group which prepared recommended analysis procedures for
determining the safe y margins of vessels containing low upper shelf
toughness materials.5 A follow-up report containing comparative exam-
pie calculations by some of the methods discussed was also presented to
the ASME Section XI Working Group on Flaw Evaluation and subsequently
published as a NUREG report.59 The data from intermediate test vessel
V-8A relate directly to this subject,37 and their posttest analysis will
provide an opportunity to evaluate the proposed criteria.

.

2.3 Plan of Action

''
The plan of action for each subtask is depicted in the milestone

chart for Task H.2. A transition from previous- accomplishments to the
planned activities is provided in many instances by the background dis-
cussions given in Section 2.2 above.

_ _ . . _
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| 2.3.1 Fracture-Toughness Determinations and Strength Methods

!

The emphasis continues to be on providing analytical models for
i representing the behavior of finite-length flaws in RPV steels under

* '
overcooling accident conditions. Predictions of the initiation, propa-

i gation, and arrest of flaws are involved for materials whose fracture
characteristics vary in position and time. Consequently the applica-p

!, bility of concepts for a unified f racture mechanics strength methodology

| to treat different regions of fracture behavior will be developed and/or
[ assessed. In the near term, these ef forts will be augmented by the is-

: suance of a report on small specimen fracture tcughness in the cleavage
range and a report . on the cleavage to fibrous transition. Under the!

current budgetary plan, the level . of effort on the unified theory is

{ modest during FY 1984, with a more vigorous ef fort in FY 1985 when the
t predictions of candidate theories will be evaluated against available

data from pressurized thermal-shock tests and wide plate crack arrest

; tests.

i In concert with improved fracture modeling, compatible bases for
; stress analysis (constitutive equations) are required. Time (rate) de-
I pendent inelastic material response will be considered in terms of con-

} stitutive equations that do and those that do not distinguish between
; plastic and creep strains. The applicability of current theories of
i viscoplasticity will be assessed first in terms of dynamic analyses of
, fast-running cracks and of arrest events.- The laborn ory tests that are

) required to identify and quantify properties that appear in these equa-

| tions must be performed as a part of implementing the assessments for.

i the specific materials of interest. Assessments of the applicability of

{ constitutive equations must include an evaluation of the following as-
e pects: (a) the ability to predict the deformation (rate-dependent) re-,

j sponse of laboratory specimens, (b) the ability to predict the response
of structural configurations that include multiaxial stresses and stress
gradients, (c) compatibility with practicable analysis tools such as4

! finite-element computer programs, and (d) compatibility - of mechanical
| properties requirements with existing data bases 'or. those that might be
j developed with reasonable cost. Milestone H.2.1.E as defined in this

.

~plan is (through a subcontract) to employ a selected theory of visco-
plasticity in an advanced version of the dynamic fracture analysis com-

,

i puter code FRACTDYN. A combined ORNL and subcontractor approach is en--
] visaged over the longer run if the initial studies show sufficient-

promise. After current theories of viscoplasticity are assessed,i

;. further analysis methods developments would be pursued ' as needed.
!- In addition to investigating . the application of advanced rate-
; dependent inelastic constitutive equations to ' f racture mechanics anal-
: ysis, the ef fects of the conversion of plastic work to heat near the tip.
! .of a running crack will be investigated. Since .the zone of actual ma-

terial separation is very near the crack tip, this energy conversion asy-
*

j affect the temperature at the point of ' incipient microcracking, and this
: affects the toughness itself. The interaction of this effect with the
!, ef fects of strain rate will be examined with a view toward making esti-
| mates of the crack-arrest- toughness when direct measurements cannot be
j nade.

i

I
4

-

'
- -, - . - - . - -- , - - - . - .- . -. - - - -
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2.3.2 Analysis Methods and Computer Programs
.

'

An emphasis in this subtask continues to be on analytical tech-
. niques applicable to the analysis of the behavior of ' finite-length flaws
[ under OCA conditions. A secoad emphasis is on the provision of dynamic

.

fracture analysis - programs that are compatible with available fracture
theories and constitutive equations. In addition to computer based me- .

; thods, -direct analysis methods are developed where possible for classes
of problems.

i The upper-shelf analysis capability that is presently in the com-
; puter code OCA/ USA will continue to be improved, including an extension
; to be applicable to clad vessels. A report will be prepared in FY 1984
1 by . the University of Maryland covering the developing and qualification

of the dynamic fracture analysis program SAMCR. This program is consid-
ered to provide a backup or confirmatory dynamic analysis capability to1

: other programs, e.g., FRACTDYN. A dynamic crack analysis capability
I will be incorporated into the ADINA-ORVIRT system' to give ORNL an in-
i house dynamic analysis capability. This will also serve as the basis
j for a later incorporation of improved unified fracture models and visco-

plastic constitutive equations into the ADINA-ORVIRT system. Consider-J

ing the current overall capabilities of ADINA, current viscoplasticity
; theories can be exercised in this finite-element analysis program with
! relatively low developmental requirements when compared with other large

computer codes.

As noted in the background ' discussions, a ligament instability
analysis has been developed for an externally flawed vessel. This me- *

thod 'is based on direct analysis approaches and not on finite-element or4

! other numerical techniques. An analogous ligament instability analysis i
j will be developed for an internally flawed ' vessel. Although the the-

.*

|- otetical foundations are the same for the two. situations, aa internally ,

i flawed vessel is the specific geometry of concern in overcooling acci-
| dent' situations.
'

,

e

4 2.3.3 Analyses of Specific-Configurations :
r

! This Subtask- (H.2.3) aogments Subtask H.2.2 by further qualifying
; fracture analysis - capabilities through the analysis of chosen configura-
| tions. Milestone H.2.3.A is aimed at furthering the understanding of
j warm prestressing (WPS) through ~ the elastic plastic analysis of sample
j structures. Since beams have been 'used in some' of' the landmark experi-
i ments . to demonstrate ' WPS, beams will . be - chosen for analyses. . Classical -

theories of plasticity, such as ' isotropic hardening, kinematic harden-,

: ing,- and combined isotropic-kinematic hardening models, ' will. be used
j with the ' ADINA computer programs to look. . at history effects; on the
i stress field . in the vicinity of a crack. Since jversions ~ of such plas-
. ticity models ~ are now 'in ADINA, . it offers a possible;| tool: for this *

[ study. 0f. course, associated extensions would need to be made ' to 'ORVIRT
! and values for . the elastic plastic properties , appropriatie to the mate-

. *
i rials of' interest must be inserted into the program..
'
,

.4

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



21

2.3.4 Guidelines for Codes and Standards

The plan of action here includes a continuation of contributions of
fracture toughness and strength results and data from the program to the

,

goals of relevant technical committees. These committees include the
PVRC/MPC Task Group on Reference Toughness, ASIM Comunittee E-24 on Frac-
ture Toughness Testing, and the ASME BPV Code, Section XI Working Group.

on Flaw Evaluation. The results are also to be made available to US-NRC
Regulatory Guide development and to US-NRC position papers on the reso-
lution of safety issues. Specific issues that are active at this time
are identified in the Background Section 2.2.4 above.
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2.5 Milestone Statement and Schedule
!
'

The statement and schedule for the milestones in Task H.1 are given
in the following charts.
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MILESTONE STATMENT AND SCllEDULE

Task: H.2 FRACTURE METHODOLOGY AND ANALYSIS

Beyond
SUBTASK / MILESTONE

1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

H.2.1 Fracture Toughness Detenninations and
Strength Methods

a b
Y T OA. Issue Report on Small Specimen Frac-

ture Toughness in Cleavag? Range

a. Complete assessment of size -Y
effects on existing data

b. Complete assessment of micro- --Y
cracking and physical factors
involved

a b
' I V bB. Issue Summary Report on Cleavage-

Fibrous Fracture Investigations y
(University of Maryland)

I Ia. Complete studies for A5338 steel
Ub. Complete studies and comparisons

for A508 and two other steels

OC. Complete Testing and Issue Report on
PCCV Round Robin

b cqN U bD. Issue Report on Concepts of a Uni-
fled LEFM-EPFM Methodology for use
with Visco-Plastic Analysis of Frac-

ture (H.2.1.E)
Va. Identify and screen candidate

concepts

b. Evaluate concepts against practi . 8
cable requirements for applica-
tion
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MILESTONE STATMENT AND SCHEDULE

Task: H.2 FRACTURE METHODOLOGY AND ANALYSIS (continued)

#"
SUBTASK / MILESTONE

1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

D. Issue Report on Concepts of a Uni-
fied LEFM-EPFM Methodology for use
with.Visco-Plastic Analysis of Frac-
ture (continued)

52-c. Evaluate concepts against avail-
' able data, e.g., plate, and PTSE
data

E. Issue Report on Assessing Current 57 75f 7 /\

.Visco-Plastic Constitutive Equations
for Analysis of Fast Running Cracks
in RPV Steels

a. Select an initial candidate 37 w
constitutive model oo

IIb. Complete quantification of model
parameters on basis of available
RPV steel data

57c. . Incorporate constitutive equa-
tions in state-of-the-art
dynamic computer code

d. Complete analyses of benchmark ' 57'

problems and first two series of
wide-plate tests and draf t
report . (see H.5.1.8 & H.5.1.C)

F. Complete Development of Improved /\
. Visco-Plasticity Equations and Tech-
niques for Application as Needed

.

* * e # 4 *
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MILESTONE STATMENT AND SCHEDULE

Task- H.2 FRACTURE METHODOLOGY AND ANALYSIS (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

H.2.2 Analysis Methods and Computer Programs

A. Complete Development of ORVIRT-3D dk
Nonlinear Analysis

B. Complete ORMGEN-3D Mesh Generation dk
Program

bC. Issue Report on Development of
Finite-Element Code ..MCR for Dy-
namic Fracture Analysis (University
of Maryland)

a b c d
Y Y, V O @D. Complete Cevelopment of Analytical

Tools Capable of Predicting Finite-
Length Flaw Behavior

a. Develop ADINA-ORVIRT analysis 8
for combined pressure and ther-
mal loadings of cylinders with
finite-length flaws with and
without cladding

Yb. Develop influence coefficients
- for finite-length flaws and for
use in OCA-USA

Vc. Develop interpretations of fi-
nite length flaw definition for
PTSE applications

Vd. Develop OCA-USA to be applicable
to clad vessels



MILESTONE STATMENT AND SCHEDULE

Task: H.2 FRACTURE METHODOLOGY AND ANALYSIS (continued)
" " '# "d

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

W V # 7 AE. Complete Development of Analytical
Tools Capable of Predicting Inelas-

tic Fracture Behavior of 2-D and/or
3-D Structures (ORNL)
a. Develop OCA-USA computer code -8

(with upper-shelf arrest
analysis) for use in PTSE-1

b. Develop licament instability --I
analysis for PTSE-1 and incor-
porate into DCA-USA code

Vc. Incorporate dynamic crack model
into ORNL analysis system based m
on state-of-the-art techniques o

7d. Incorporate visco-plastic con-
stitutive equations and unified
fracture model into ORNL frac-
ture analysis system

bF. Cumplete Development of Ligament
Instability Analysis for Internally
Flawed Vessel

H.2.3 Analyses of Specific Configurations

V V
A. Complete Interpretive Study of Warm

Prestressing Phenomena through
Analyses of Sample Structures

Va. Perform classical elastic-
plastic analyses of sample
scenarios

1

- - . . . .

u__ _ __ _.
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MILESTONE STATMENT AND SCHEDULE

Task: H.2 FRACTURE METHODOLOGY AND ANALYSIS (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

A. Complete Interpretive Study of Warm
Prestressing Phenomena through
Analyses of Sample Structures
(continued)

57b. Perform visco-plastic analyses
of. sample scenarios

I\B. Complete Analyses of HRD Beltline
Crack Behavior Test

H.2.4 Guidelines for Codes and Standards

A. Maintain Membership in PVRC/MPC Task :

Group on Reference Toughness he

B. Maintain Membership on ASTM Commit- =

tee E-24 on Fracture Toughness
Testing -

a
IIC. Maintain Membership on ASME BPV Code -

.

Section XI Working Group on Flaw
Evaluation

IIa. Issue report on methods for
analyzing ductile flaw stability

a
ID. Provide Program Results to NRC r

Regulatory Guides and Position
Pa pers

a. . Complete contribution to report F
on resolution of Task A-11 Mate-
rials Toughness Safety Issue-

:

_ - . . . _ _ _ _ - -
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3. HSST TASK H.3 MATERIAL CHARACTERIZATION AND PROPERTIES

3.1 Objective .

The primary objective of this task is to characterize the mechan-
ical and physical properties, with emphasis on fracture behavior, of the ,

materials used in the structural experiments which are carried out under
other tasks of the HSST Program. The materials currently include those
from intermediate test vessels, thermal-shock cylinders, pressurized
thermal-shock vessels, wide plate crack-arrest plates, and clad beams.
Other supporting objectives include the development of test methods,
active participation in codes and standards activities, and the use and
development of metallurgical tools to support all the activities.

3.2 Background

The general activities assigned to this task have been an integral
part of the HSST Program since its inception. The activities performed
are fairly broad in terms of mechanical and physical metallurgy and are
primarily directed to the support of the structural testing tasks of the
HSST Program. Prior to FY 1984 the activities have been treated as
parts of the other tasks. Now, however, a distinct task has been es-
tablished to provide more visibility to the area of materials character- ,

tzation and to enhance planning and management within ORNL.
The task is carried out according to the work breakdown structure

,shown in Fig. 3.1 Activities include the microstructural examination of
commercial heavy-section steel plates, forgings and weldments, mechan-,

ical testing with emphasis on fracture properties, heat treatment stu-
dies to produce desired properties for structural tests, welding fabri-
cation, posttest analysis of fracture surfaces using scanning electron
fractography, and development of test methods and analytical methods.

Activities recently undertaken include the development of a crack
arrest testing facility, participation in the ASTM round robin on crack
arrest, and participation in the HSST-sponsored international round
robin on dynamic precracked Charpy testing.

Major accomplishments arising from this task include:

1. Development of tempering treatment procedures for achieving
desired material fracture toughness values for vessel and other struc-
tural tests.

2. Demonstration of large scatter in transition region fracture
toughness and need for lower-bound analysis.

3. Demonstration of size-effects relationship in fracture tough- .

ness testing.
4. Development of correlation between onset of Charpy upper-shelf

and 100% ductile fracture using a load-drop technique in an instrumented *

Impact test.
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3.3 Plan of Action
.

3.3.1 Characterization for Structural Tests
.

Detailed examination and measurements of the ITV-8A fracture sur-
face have been completed. Additional posttest verification fracture

,

i toughness specimens will be tested to obtain J-R curves at 150*C, the * *

vessel test temperature. Posttest characterization testing for TSE-7 ist

t under way and includes Charpy V-notch (C ) and fracture toughness (K )yy
tests with material removed from the test vessel for comparison with the,

i ' vessel test results. This testing will be completed in the first half
'

of FY 1984.;- s

Pretest characterization has been completed for PTSE-1 as have the! '
s'
tempering studies that provided the heat treatment schedule for the ves- '

sel. Following the conduct of PISE-1, posttest verification fracture
toughness (K ) and C tests will be performed by the end of FY 1984.y
The test plan for the, low. upper-shelf weld to be used in PTSE-2 and TSE-

,

!
t

8 will be similar to those used for previous thermal-shock tests. Me- .'
1chanical properties will be determined prior to the vessel being heat

treated to verify the tempering temperature. Posttest characterization
will also follow previous plans with completion scheduled for early FY-

[ 1986. In addition to the tensile, C, and Ky tests, crack arrest tests
5 will also be conducted to determine K r for all the upcoming thermal-

shock and pressurized thermal-shock expe,riments.
; PTSE-3 and TSE-9 involve additional characterization because they .

i will be tests with stainless steel clad vessels. In addition to the
I usual test plan, mechanical properties will be determined for the
j stainless steel weld metal cladding. Because the cladding is relatively>

.
'

j thin (4 to 6 aun), substze specimens will be required. Development of.

\ test specimens and procedures is continuing in preparation for the char-
. 's acterization of the thermal-shock and pressurized thermal-shock expert-;,'

j > ' , ments as well as for the clad plate tests. The pretest investigations
i will be completed for TSE-9 by the end of FY 1985 and for PTSE-3 early'
a in FY 1986.
; Characterization testing for the clad plate tests is similar to-

that for the clad vessels except that tests will be performed for ther

' ORNL-fabricated single-wire submerged-arc cladding as well as three-wire
! series-arc cladding ' fabricated by Combustion Engineering (CE),

Chattanooga. Both of those projects include the 'use of weld metal clad-'

ding in suf ficient thickness to facilitate the removal of standard C ,:

tensile, and 0.5T compact specimens for correlation with subsize spec [-j >

mens. Substze-specimen testing will also be performed with clad nossle
drop-outs prohored 'from CE; this work will be done in FY 1985. Effortsi

will be cont /nued to obtain drop-outs from other manufacturers.a

:t The testiing required for the wide plate crack arrest tests is not '

well' defined = 'at this time, but it is expected to involve the full ' range *

Aof mechanical property tests, including conventional- crack arrest
tests. Complementary development of an alternate crack arrest test spe-
cimen and p5ocedures are under way and will continue in support of all ,

';* the structupt tests with particular emphasis on the needs of the wide-

(J
plate crack arrest program.,

(* -
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3.3.2 Metallurgical and Weldment Characterization Studies

The activities under this subtask are conducted in parallel with
those for the previous subtask. Metallurgical studies involve the use'

' of metallography to examine the microstructure of the materials used for
structural tests. Fractography studies involve precision measurements
of fracture surfaces and the use of scanning electron microscopy to

,

correlate material deformation behavior with test observations. When
necessary, other metallographic tools such as transmission electron

t.

microscopy will be used to provide a more detailed examination of micro-
structural features. This type of investigation is particularly helpful
with materials new to the program, such as cladding.

|

3.3,3 Exploratory Testing

i

The activities of this subtask are related to the needs of the

| structural testing tasks, but they are better described as separate re-
'

search and development. The plans and schedules are not well defined
because most of those activities are not separately funded and the path
of development builds upon previous results. In general, they are per-
formed as time and resources permit.;

'

The alternate crack arrest specimen development is performed in
parallel with the development of in-house standard crack-arrest testing
capabilities and participation in the ASTM round robin. Exploratory

! investigations in the area of experimental fracture mechanics include
*

the continued refinement of compliance-type J-R testing procedures, de-

| velopment of a potential-drop system for crack growth monitoring, and
fractographic studies and statistical analyses to understand the lower-

,

bound fracture toughness problem. The development of remote crack-
arrest testing procedures is directly related to Subtask H.6.5 of the
irradiated crack arrest program. The development of remote testing ~ pro-

i cedures will be used for hot cell testing of irradiated specimens and is
scheduled for completion by the end of FY 1985. The testing of dynamic
instrumented precracked Charpy (PCC ) specimen 9 is virtually completedy
and provides the ORNL in-house contribution ' to the international roundt

robin testing program initiated by the HSST Program in 1981 (see Mile-
,

stone H.2.1.C). This round-robin program is an attempt to understand

the - relationship between dynamic PCCy fracture toughness results with
those obtained f rom more conventional compact specimen tests and, of

course, the results from actual vessel' tests. The matatial was obtained
' from thermal-shock cylinder 2 (TSC-2) used for TSE-5A.
l

. s;

13.3.4 Codes and Standards Support-.- ,.
,

Various staff members actively participate in codes and standards
' ''

organizations such .as the American Society for Testing and Materials
(ASTM), American Society of Mechanical Engineers (ASME), Pressure Vessel
Research Committee (PVRC), and Metals Properties Council - (MPC). Par-,

'

ticipation f on various committees of those organizations provides one.
~

,

important forum for transfer of tecknology, gained from .HSST -Program ac-
,

;tivities as well as the opportunity to gain feedback irom user organiza-
tions(and ~ other research orgar.izations. It also provides a means for

i,- , ,

1a

! ,
,,.

.

.
,

!

t :
,, b U . .' Cu - -,2,_ .,u . , ,
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the staff to stay current on codes and standards developments. These
activities are performed on a continuing basis and are anticipated to
remain active during the life of the HSST Program.

,

.

-

3.4 Milestone Statement and Schedule
.

The statement and sc1:edule for the milestones in Task H.3 are given
in the following charts.
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MILESTONE STATMENT AND SCHEDULE

Task: H.3 MATERIAL CHARACTERIZATION AND PROPERTIES
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

H.3.1 Characterization for Structural Tests
a b
V V /\A. Complete Characterization Testing

and Analysis for ITV-8A
a. Complete detailed examination 8

and measurements of fracture -

surface
"b. Complete posttest tensile and

initiation toughness testing

AB. Complete Characterization Testing
and Analysis for ITV-10

a b c d w
W Y /\C. Complete Characterization Testing

and Analysis for TSE-7
a. Complete tempering studies for -Y

vessel heat treatment schedule
b. Complete pretest mechanical J,

property and fracture toughness
tests

c. Complete posttest mechanical V
property and fracture toughness
tests

Vd. Complete analysis and interpre-
tation of laboratory tests

t



. . _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _
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MILESTONE STATMENT AND SCHEDULE

Task: H.3 MATERIAL CHARACTERIZATION AND PROPERTIES (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

My c/\D. Complete Characterization Testing
and Analysis for PTSE-1

a. Complete tempering studies for . -8
- vessel heat treatnent schedule

Ib. Complete posttest mechanical
property and fracture toughness
tests

57c. Complete analysis and interpre-
tation of laboratory data

E. Complete Characterization Testing y

and Analysis _for PTSE-2 and TSE-8 co

a. Complete pretest mechanical prop - U
erty and fracture toughness
tests (including K , for ITV-8Ag

material)
b. Complete posttest mechanical _7

property and fracture toughness
tests

c. Complete analysis and interpre- -8
tation of laboratory tests

a b cd
5757W\-F. Complete Characterization Testing

and Analysis for TSE-9
a. Complete pretest mechanical prop -

57

erty and fracture toughness
tests - base metal

. . . . . .
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MILESTONE STATMENT AND SCHEDULE

Task: H.3 MATERIAL CHARACTERIZATION AND PROPERTIES (continued) |

FY 83 FY 1984 FY 85 FY FY Beyond |

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A H J J A S 1 2 3 4 86 87 FY 87

F. Complete Characterization Testing
and Analysis for TSE-9 (continued)
b. Complete pretest mechanical -8

property tests with clad speci-
mens

8c. Complete posttest mechanical
property and fracture toughness
tests

3d. Complete analysis and interpre-
tation of laboratory data

a b
VV

G. Complete Characterization Testing w
*

and Analysis for PTSE-3
U

a. Complete pretest mechanical prop -

erty and fracture toughness
tests of base metal and clad
specimens

.7b. Complete posttest mechanical
property and fracture toughness
tests

37c. Complete analysis and interpre-
tation of laboratory tests

b c d e f
IV V VV V A

H. Complete Characterization Testing
and Analysis for Clad-Plate Tests
a. Complete mechanical property and--8

fracture toughness tests for one-
wire clad plates

t

_.

. . . . . . . ..
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MILESTONE STATMENT AND SCHEDULE

Task: H.3 MATERIAL CHARACTERIZATION AND PROPERTIES (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N O J F M A M J J A S 1 2 3 4 86 87 FY 87

H. Complete Characterization Testing
and Analysis for Clad-Plate Tests
(continued)
b. Complete analysis and interpreta Y

tion of data for one-wire clad
plates

c. Complete procurement of three- II

wire clad material (see
i H.6.6.A.c and H.7.2.A)

d. Complete characterization for V
phase 1 three-wire clad-plate
experiments (see H.7.2.B) $

e. Complete characterization of V
commercial three-wire archival
cladding

f. Complete characterization for V
phase 2 three-wire clad-plate
experiments (see H.7.2.C)

a b c
I. Complete Characterization Testing V V T7

and Analysis for Wide-Plate Crack
.

Arrest Specimens

a. Complete studies of quenched and V'

tempered A533B steel

b. Complete studies of low upper- - 57
shelf weld material

. . . . .
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MILESTONE STATMENT AND SCHEDULE

Task: H.3 MATERIAL CHARACTERIZATION AND PROPERTIES (continued)
'# "

SU8 TASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

- b c
B. Complete Heat Treatment Studies - P II /\

a. Tempering study for TSE-7 -Y
b. Tempering study for PTSE-1 -JI

57c. . Tempering study for wide-plate
specimens (see H.3.1.I.c)

I UU 7bC. Complete Characterization of Weld
and Cladding Depositions

Va. Metallography and fractography
for one-wire clad plates ,

"I "
b. Metallography and fractography

for phase 1 three-wire clad
plates

Uc. Metallography for commercial
three-wire archival cladding

d. Metallography and fractography J7
for phase 2 three-wire clad
plates

H.3.3 Exploratory Testing

/\A. Complete Initial Development and
Construction of Alternate Crack-

' Arrest Specimen Test Facility

B. Complete Testing, Analysis, and O
Data Interpretation for Dynamic PCC"
Round Robin (see H.2.1.C)

. . . . . .
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MILESTONE STATMENT AND SCHEDULE

Task: H.3 MATERIAL CHARACTERIZATION AND PROPERTIES (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

i SUBTASK / MILESTONE
1 2 3 4 0 N D lJ F M A M J J A S 1 2 3 4 86 87 FY 87

I 17 /\C. Complete Development of Crack-Arrest
Test Capabilities
a. Develop standard crack-arre,c 3

testing capability at ORNL
T7b. Complete ORNL testing in ASTM

round robin
17c. Complete development of initial

alternate crack-arrest test
method

57d. Complete development- of remote
crack arrest specimen and test *

"
procedure (see H.6.5.C.a)

/\D. Conduct Exploratory Investigations
in Area of Experimental Fracture

L Mechanics to Include Metallurgical
Interactions (continuing)

1.3.4. Codes and Standards Support

/\A. Advise Standards and Codes Organiza-
tions Relative to Changes or Addi-
tions Recommended for Reference
Curves and Correlations (continuing)

/\B. Advise Standards and Codes Organiza-
tions Relative to Changes or Addi-
tions Recommended for Test Methods
(continuing)

I '
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4. HSST TASK H.4 ENVIRONMENTALLY ASSISTED CRACK GROWTH TECHNOLOGY

4.1 Objective
,

The objective of Task H.4 is to characterize the crack growth rate
*properties of light-water reactor vessel materials exposed to primary

coolant environment, and to provide improved data correlations as appro-
priate to design codes and regulatory guides.

4.2 Background

In assessing the integrity of nuclear components, the possible pre-
sence of cracks or defects is an important consideration. There are . two
things . which can cause cracks to propagate in structures, and both must
be considered in design assessments. The first is severe loadings which
can cause single or multiple crack jumps, and the second is fatigue
loadings, which result from normal plant operation as well as opera-
tional transients, and can cause progressive extension of cracks. -While
the single loadings are essential to consider, the net risk to the

'

structure from these is relatively low, because the high probability
events are low in severity, while the severe events are very low prob-

i ability. The fatigue loadings result in . the highest net risk to the
*propagation of a flaw in a structure, because they are virtually cer-

tain to occur.

This fact was recognized in the early stages of the Heavy-Section
,

Steel Technology Program, and an experimental program was developed to
characterize the fatigue crack growth of pressure vessel steels in
light-water reactor environments in the late sixties. It was also rec-
ognized in the development of flaw evaluation criteria in Section XI of
the ASME Code, where fatgiue crack growth is one of the key considera-

; tions.
' This program provided the first verification of. Kondo's discovery

in 1971 that low-f requency loadings in water environments result in sig-
nificant acceleration in crack growth rates above those for air environ-
ments.1 The data produced by this program provided the basis for the-
early incorporation of water-environment effects on crack growth in the
ASME Code, in the 1974 edition of Section XI Appendix A.2 This was the
first incorporation of environmental effects on crack growth in a code
or standard in the world.

The program continued, with emphasis in the mid-seventies being
directed at the effects of environment on plates, forgings, welds, and
heat-af fected zones, to determine if all behaved similarly. . The find-
ings were that. they ' all behaved similarly,- but more complete studies7 .

revealed that the crack growth rate did not increase in a linear: fashion
on a logarithmic plot as with inert environments, -but tended to flatten
out at a growth rate which was dependent on the frequency of-loading.. A .

, ~significant effect of R ratio was also discovered, and . verified by other
! investigators. Again tu data produced in this program formed the ma-

jority of the data base used to develop a revision-to the ASME. Code ref-
erence crack growth curves for water environment, which was accomplished
in the Winter addendum to the 1980 Code.3

.. . .. - ,
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Most recent work has resulted in the discovery that the degree of
environmental enhancement for pressure vessel steels can be different

i for different heats of . the same steel. It was found that the sulfur
content of the steel was the key factor, with high-sulfur levels result- ,

.

ing in significant enhancement, while low-sulfur steels showed only |
alight enhancement over growth rates observed in air.'' This was a sig-

* nificant finding, because it shows that the newer, low-sulfur steels
used in recent construction will be less susceptible to environmental

fatigue.
Another recent discovery of this task was that cracks in pressure

vessel steels can grow under constant load in water environments, under
certain conditions.5 The relationship between this mode of subcritical
crack growth and fatigue is currently under investigation, and efforts
are also being aimed at better defining the conditions under which this
growth can occur.

The program is continuing with emphasis now being placed on further
understanding the mechanisms involved in the process of environmental
enhancement of fatigue crack growth. This understanding is essential to
enable accurate predictions of crack growth during service, because it
is impossible to model all the types of loadings which can occur. The

] overall goal remains to develop accurate characterization of subcritical
' crack growth for use in the assessment of defects found in operating
[ plants.

|
|
' *

4.3 Plan of Action
1
!

* This task continues to be carried out through subcontract with
Westinghouse Electric Corporation, Nuclear ' Technology Division. The
work breakdown structure is shown in Fig. 4.1. The first priority con-

| tinues to be to complete the characterization of the two major known
! influences on the enhancement of crack growth rates in water environ-

ments. These are the influences of the material itself through sulfur

: content [H.4.1], and the influence of the water environment [H.4.1 ] .
Both of these tasks are now underway.'

Another important task is developing a relationship between cyclic-.

f atigue and static-load crack growth [H.4.2] . This work is interrelated'

with the mechanisms of environmental enhancement of crack growth, and
should lead to considerable improvement in understanding in this area.

! The key to the ultimate goal of the program is to predict accurately the
I environmental enhancement of crack growth.

The extension of the characterization studies to piping steels is
another key task where the similarities and differences between pressure
vessel and piping ; steels will be investigated .[H.4.2] . This must be.
done to decide whether the present ASME Code ' reference fatigue crack-

,

growth curves are applicable to piping steels. If they are not applic-
able a suitable replacement must be developed.

The interrelationships . between loading frequency and applied R
,

ratio have been characterized generally by the tests which have already
been completed, but a series of key experiments are needed to complete
the characterization. These experiments are needed to define the
threshold limits .of R. ratio and frequency effects, which have not yet

I-
!

|
i

-
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been developed. In particular, R ratios greater than 0.75 have seldom
'

(if ever) been attempted in corrosion fatigue testing, and data at fre-
quencies lower than one cycle per minute are very sparse [H.4.3].

The ultimate goal and culmination of the task will be the proposal
*

of revisions to the ASME Code reference crack growth curves for environ-
mental crack growth. Involved with this task is the experimental veri-

: fication of crack growth predictive methodology through selected model
,

tests. Also under this task is continued participation in the Inter-
national Cyclic Crack Growth Rate Group, to enable research in this
field being performed around the world to be incorporated into any re-

,
vision of the reference curves.

,

4.4 References

1. T. R. Mager, D. M. Moon, and J. D. Landes, " Fatigue Crack Growth

1 Characteristics of A533 Grade B Class 1 Plate in an Environment of
High-Temperature Primary Grade Nuclear Reactor Water," Trans. ASNE*

J. Pressure Vessel Technol., (November 1976).

2. T. U. Marston (ed.), Flav Evaluation Procedures: ASME Section XI,
EPRI Report 719-SR, August 1978.

3. W. H. Bamford, " Technical Basis for Revised Reference Crack Growth
! Rate Curves for Pressure Boundary Steels in LWR . Environment,"* Tmns. ASME, J. Pressure Vessel Technol.,102 (November 1980).,

!
'

4. W. H. Bamford, " Environmental Cracking of Pressure Boundary Ma-,

i terials, and the Importance of Metallurgical Considerations," in
'

Aspects of Fracture Mechanics in Pressure Vessets and Piping, PVP-
58, ASME 1982.

;
'

5. W. H. Bamford, D. M. Moon, and L. J. Ceschini, " Studies of Statis-
tically and Dynamically Loaded Cracks in Pressurized Water Environ-
ment," presented at Corrosion 83, Anaheim, California, April 1983,
to be published in Corrosion.

4.5 Milestone Statement and Schedule

The statement and schedule for the milestones in Task H.4 are given
in the following charts.

e
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MILESTONE STATMENT AND SCHEDULE

Task: H.4 ENVIRONMENTALLY ASSISTED CRACK GROWTH TECHNOLOGY

SUBTASK / MILESTONE '# "
1 2 3 4 0 N D J F M A M J J n lS 1 2 3 4 86 87 FY 87

H.4.1 Compositional Influences I

A. Complete Study of Plate-Orientation u
Effects on Cyclic Crack Growth Rates
for A533B Steel

B. Complete Study of Sulfur Effects on I I\
Crack Growth Rates in A533B Steel
a. Complete study of high-sulfur Y'

plates

b. Complete study of low-sulfur I

plates g
C. Complete Study of Boron Effects /\

D. Complete Installation of Electro- /\
Chemical Potential Measurement
Systems on Fatique Chambers to Con-
tinuously Monitor Water Environment

H.4.2 Crack Growth and K Correlations

A. Complete Tests t Correlate K I I I
Isccand Cyclic Crack Growth

a. Complete tests on two heats of 'I

A5338 steel
b. Complete tests on weld metal and I

- heat-affected zone materials
c. Complete tests of two additional \I

heats

. , . . * -

_ - _ _ __
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MILESTONE STATMENT AND SCHEDULE

Task: H.4 ENVIR0! MENTALLY ASSISTED CRACK GROWTH TECHNOLOGY (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

Complete Tests to Correlate K andA.
Cyclic Crack Growth (continuejjec

T7d. Complete constant extension rate
tests (CERT) for the additional
tests

Ve. Issue report on available K i

Isce +
vs. fatigue data

a t cUWb
B. Complete Tests for Three Heats of

Piping and Structural Steels
7a. Complete CERT tests

Vb. Complete cyclic crack growth $
tests

Uc. Complete comparison of results
with RPV steel data

H.4.3 Crack Growth Threshold
a,

5
A. Issue Report on Hiah R Ratio (R 2

0.7) Crack Growth Studies
Ua. Complete tests
Ub. Complete saturation assessments
a b
U U/\

B. Issue Report on Low-Frequency Crack
Growth Studies

Ua. Complete tests
Ub. Complete tests and threshold

assessments
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MILESTONE STATMENT AND SCHEDULE

Task: H.4 ENVIR0ft1ENTALLY ASSISTED CRACK GROWTH TECHNOLOGY (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

C. Complete Development of Relation O
Between High R Ratio and Frequency
Effects

H.4.4 Reference Curve and Correlation
Development

A. Issue Report on Series of Simple E
Model Tests to Verify Observed
Response Trends

a. Develop technical plan E
b. Complete tests 9 8

B. Complete Development of Revised O
Crack Growth Rate Curves for RPV
Steels

C. Maintain Membership on International =

Cyclic Crack Growth Rate Coninittee

. . . . . .
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5. HSST TASK H.5 CRACK ARREST TECHNOLOGY

5.1 Objective
,

The objective of Task H.5 is to provide crack arrest test data over
ranges of temperature and materials to . support validation of structural*.

assessment methods, to define structural tests, to validate ASTM test
procedures, and to develop procedures for remote testing.

5.2 Background

Example calculations for a reference calculational model vessel
containing a long axial crack and subjected to pressurized thermal-shock
(PTS) loading show that high levels of crack arrest toughness, at tem-
peratures approaching the upper shelf, are needed to ensure - vessel
safety.1 In addition, calculations for a planned intermediate vessel
PTS test show that crack-arrest values higher than previously measured
with compact specimens are required for predicting the test results.2
Few crack-arrest toughness measurements have been made above 175 MPa M ,
but some have been made by Japanese investigators using edge cracked
wide plate (ESS0) specimens.38 ' Tests of a similar nature are being

planned using MSST program materials, and an analysis procedure based on
6 the FRACTDYN computer code is being developed. The analysis procedure

will be applied to selected existing Japanese data in order to plan the
location of instruments for the HSST tests, and to the HSST results to
determine crack arrest toughness values and a versus K relations.*

The current procedure for making crack arrest toughness measure-
ments - is based on the use of a transverse wedge loaded rectangular com-

pact specimen. A disadvantage of this specimen is that K decreasesy
with a/W, forcing the use of high values of K for initiation, with at-
tendant large plastic zones, in order to obtain _ only moderately high
values of K , for sufficiently long crack jumps. Despite lubrication,r
friction effects between the bottom surface of the specimen and the sup-

i

.
porting base complicate the interpretation of data. Inverted wedge

| cones or partial shims may remedy this problem, but they may also elim-
inate a compensating phenomenon, which is the delayed release of strain
energy stored near the split pins that might otherwise cause displace-
ment oscillations and reinitiation af ter arrest. These phenomena re-
quire further investigation.

5.3 Plan of Action

.

The plan of action is described below in terms of the three major
subtasks that comprise Task H.5. The associated work breakdown . struc-
ture is shown in Fig. 5.1.*

.__ .
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ORNL-DWG 83-5174 ETD

CRACK ARREST
TECHNOLOGY

'H.S

e

ANALYTICAL
METHODOLOGY SPECIMEN AND TEST CRACK ARRES7
AND COMPUTE R RECOMMENDATION EXPERIMENTS

H 5.1 H.5.2 H.S.3

COMPUTER CODE CODES AND
- SFLECTION/ - STANDARDS -

HSST STRUCTURAL
TEST SUPPORT

DEVELOPMENT DEVELOPMENT

DYNAMIC SURVEILLANCE
- ANALYSES FOR - SPECIMEN -

WIDE-PLATE
TESTSTEST DEFINITICN DEVELOPMENT

POST!EST HIGH K TEST COORDI-ra
- ANALYSES AND - PROPERTIES - NATION AND DATA

INTERPRETATIONS DETERMINATION INTERPRETATION
e

_
ASTM ROUND-

ROBIN TEST .

Fig. 5.1 Work breakdown structure for HSST Task H.5 Crack Arrest
Technology.

5.3.1 Subtask H.5.1 Analytical Methodology and Computer Programs

The emphasis in this subtask is on analyzing the crack arrest ex-
periments performed in Subtask H.5.3. This is accomplished in concert
with computer program development efforts in Task H.2. The planned ef-
forts are aimed mostly at wide plate tests covering three RPV materi-
als. Pretest analyses are to be performed for test definition. Results
from posttest analyses are to be compared with test results to either
validate or improve analysis methods. The pretest analyses for the .

first series of wide plate crack -arrest tests are to use state-of-the--
art dynamic analyses. Later analyses may use more advanced theoretical
bases, if warranted by the results of Subtask H.2.1, such as visco- .

plasticity.
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5.3.2 Subtask-H.5.2 Standardized Specimen and Test Recommendation

Much of the activity in this subtask is being carried out under-

subcontract with the University of Maryland. One important goal is the
,

development of an ASTM standard on crack arrest testing. The inter-
national round-robin testing will be coordinated, including test ma-
terial distribution, data interpretation and evaluation of the draft,- ,

standard, under this subtask.

Geometric modifications to the CT specimen may help to eliminate or
alleviate the decrease of Ky with a/W. These include variable depth
side grooves and a reverse tapered profile. Other specimen designs to
be investigated include a lever or " nut cracker" specimen, and a slotted
pressurized cone.'

5.3.3 Subtask H.5.3 Crack Arrest Experiments

This subtask has two emphases. The first relates to the generation,

of small-specimen crack-arrest data in support of structural tests and
analyses. Four materials are currently under investigation: low upper-
shelf weld from ITV-8A, A508 steel f rom TSE-7, steel f rom PTSE-1, and
A533B steel from the wide plates to be studied in this subtask and
discussed below. Af ter these are completed, ' data _will be generated on

! low upper-shelf weldment in support of PTSE-2, TSE-8, and second series
of wide plate tests. This will then be followed by tests on the base
material to be used in PTSE-3. Much of this'K , testing is performed aty,

Battelle Columbus Laboratories under subcontract, and a computerized K ,7
data base is also maintained at BCL for publicly held data.,

The second emphasis is to perform three series (six tests each) of-
'

,

crack arrest tests on wide plate specimens (approximately im x Im x .lm)
under tensile load and a transverse temperature gradient. The goal is,

to measure crack-arrest toughness near or under upper-shelf conditions;

and with the crack propagating into a rising K1 field. The three test
.

materials are quenched and tempered A533B steel, low upper-shelf weld-
ment, and A5338 that has been heat treated to simulate the mate-ial used

; in the first pressurized thermal-shock experiment (PTSE-1). In order to
be compatible with the budget assumptions used in this plan, the tests
for the first material are scheduled to be performed in FY 1984, thet

second material is to be tested in FY 1985, and the six tests for the
| third material scheduled for FY 1986. The testing effort will be per-

formed under subcontract with an organization to be selected in early FY
1984, and which must have equipment capable of applying the required-
loads (up to about six million pounds).

|
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5.5 Milestone Statement and Schedule

The statement and schedule for the milestones in Task H.5 are given
in the following charts.

.

.

1
.
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MILESTONE STATMENT AND SCHEDULE

Task: H.5 CRACK ARREST TECHNOLOGY

'# "
SUBTASK / MILESTONE

1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

H.5.1 Analytical Methodology and Computer
Programs

A. Complete Dynamic Analysis of Exist-
ing Wide-Plate K , Specimens forg
Test Definition
a. Complete analysis of Japanese -E

tests

b. Develop recommended test speci- -8
men design and instrumentation,

B. Complete Analysis of A533B Base- 3Metal Wide-Plate Tests and Compari-
sons with Data4

a. Complete pretest (state-of-the- -JI
art) analyses and input for de-
finition of test conditions

57b. Complete posttest analyses and
comparisons between test data
and analyses

a b
57 ^C. Complete Analyses of Low Upper-Shelf

Weld Wide-Plate K , Testsg

a. Complete pretest analyses and -JI
definition of test conditions
using interim results of Mile-
stone H.2.1.E.d as appropriate

,

N

e

___
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MILESTONE STATMENT AND SCHEDULE

Task: H.5 CRACK ARREST TECHNOLOGY (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

A. Publish Report on Standardized K ,g
Test Recommendation (University
of Maryland) (continued)
c. Obtain test results from round- TI

robin participants
TI

| d. Complete analysis of data and
evaluate applicability of method

a b e,c
II II TIOB. Complete Selection of a Laboratory

Test Specimen and Procedures for
Obtaining K Data at High Toughness
in Rising Mdlerial Toughness Field u

e

(ORNL and BCL).(coordinated with
H.3.3.C)

'Ia. Identify candidate specimens
IIb. Complete analytical and experi-

mental evaluation of candidate
specimens

5Ic. Develop data base for PTSE-1
type material

7'

d. Complete comparisons between
available laboratory and base
specimen data

. . . . . .
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MILESTONE STATMENT AND SCHEDULE

Task: H.5 CRACK ARREST TECHNOLOGY (continued)

SUBTASK / MILESTONE ## "
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

C. Issue Report on Analyses of Low
Upper-Shelf Weld Wide-Plate K

ga
Tests (continued)
b. Complete posttest analyses and U

comparisons between test data
and alternative analyses (see
Milestone H.S.3.C)

D. Complete Analyses of Wide-Plate K
Tests with A533B Steel Heat Treatd8
to Simulate PTSE-1
a. Complete pretest analyses and 3 udefinition of test conditions "

b. Complete posttest analyses and -7'

comparisons between test data
and alternative analyses (see
Milestone H.S.3.0)

H.S.2 Specimen and Test Reconsnendation
a b c d
V U V V OA. Publish Report on Standardized Kla'

Test Reconenendation (University
of Maryland)
a. Assist in production of draft -JI

ASTM standard test method
b. Distribute material on ASTM - -8

round-robin verification of tesi
method

4
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MILESTONE STATMENT AND SCHEDULE

Task: H.5 CRACK ARREST TECHNOLOGY (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

H.5.3 Crack Arrest Experiments
a d e

II '' ' ' 'I -A. Complete Small-Specimen Crack Arrest- '

Tests to Support Structural Tests
and Analyses (BCL)-

IIa. Low upper-shelf weld for ITV-8A
and A533B steel for PTSE-1

TIb. A508 steel for TSE-7
c. A533B steel for WP-1 -JI

5 7d. Low upper-shelf weld for PTSE-2
and TSE-8

V $ Ie. Base material for PTSE-3
,

I SI V OB. Complete Series of Wide-Plate K
Tests to Near the Upper-Shelf TdS-
perature for Quenched and Tempered
A533B GR B Steel (Series WP-1)

I
a. Select test site |

Ib. Complete developmental tests
IIc. Complete specimen preparations

d. Complete three highly instru- -dI
mented tests

e. Complete three tests with stan- -27
dard instrumentation

, .. . . ,,
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MILESTONE STATMENT AND SCHEDULE

Task: H.S CRACK ARREST TECHNOLOGY (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

a b c
C. Complete Series of Wide-Plate K

Tests Near the Upper-Shelf TempNa-
ture for Low Upper-Shelf Weld (WP-2)
a. Procure low upper-shelf weld --- V

material and fabricate test spec-
imens (see Milestone H.9.4.B.a
and H.10.4.B.b)

b. Complete first series of three V
tests

c. Complete second series of three 8~

tests $
D. Complete Series of Six Wide-Plate O

Tests Near the Upper-Shelf Tempera-
ture for A533B Steel Heat Treated to^

Simulate PTSE-1 (Series WP-3) a b c" " VE. Maintain Computerized Crack-Arrest &

Data Base (BCL)
a. Complete initial data collection --J
b. Enter data through FY 1983 V

c. Enter data through FY 1984 V
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6. HSST TASK H.6 IRRADIATION EFFECTS STUDIES

6.1 Objective
,

The objective of Task H.6 is to determine the effects of neutron
3I irradiation on the fracture toughness properties of typical nuclear re-

actor pressure vessel (RPV) materials, including plate, forgings, welds,4

and stainless steel cladding. The properties of interest include frac-
ture initiation toughness (K and J7 ), crack arrest toughness, (K ,),yc y

i ductile tearing resistance (dJ/da), Charpy V-notch (C ) impact energy,y
drop-voight NDT, and tensile properties.

6.2 Background

In 1972, the Heavy-Section Steel Technology Program began the first
irradiation series in response to the need for information regarding the<

effects of neutron irradiation on the mechanical properties, _ partic-
ularly fracture toughness, of light-water nuclear reactor pressure ves-4

sels. Much research had already been performed in the area of linear
elastic fracture mechanics (LEFM) and the effects of specimen size and

i temperature were known.
The Welding Research Council (WRC) published WRC Bulletin 175 (Ref.,

1) in August 1972 and established a reference stress intensity (KIR)
curve that was constructed as a lower-bound to _ Kye, kid, and K , datay
available for A533 grade B class 1 and A508 steels. This curve was in-

*
corporated into the ASME Code and is used as a guideline for operation
of reactors to provide protection against nonductile fracture. The ef-'

fects of irradiation on initiation fracture toughness (Kre and kid) "*'''
not so well understood. A summary of the HSST irradiation series that
have been or plan to be undertaken to improve such understanding is
shown in Table 6.1. The work breakdown structure for this task is shown
in Fig. 6.1 and it is organized around those series.;

Series 1 examined static and dynamic fracture toughness with 100-mm:'

(4TCS) compact specimens. That size was determined - to be the maximum
that could be efficiently used relative to neutron damage symmetry,,

| gamma heating, etc. Both base plate and submerged-are weld metal .were
used. The results of Series 1 showed that fracture initiation toughness
versus test temperature curves shifted to higher temperatures by an
amount approximated by the shift in C test results and that fracturey
initiation toughness reached high values at the higher test temperatures
even after irradiation. However, few specimens of the larger sizes were
irradiated and tested; and statistical analysis was not possible.

Series 2 and 3 were conducted to examine the effects of irradiation ,,

i on the ductile-shelf toughness of submerged-arc welds fabricated with
high copper : levels _and older commercial processes that resulted in a
fairly low Charpy upper-shelf energy. The motivation for.looking at the 5

upper shelf is the requirement in Appendices G and H of Part 10 CFR50
t that the Charpy upper-shelf energy must not fall below .68 J (50 ft-lb)
'

as determined from surveillance specimens. In addition to Charpy impact
e and tensile specimens, compact specimens ' ranging from 12 to 100 mm were

.. - - . - - . - . . . - - .- .---. .
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Table 6.l. Summary of heavy-section eteel technology (RS$T) treadiation progree - March 1983

ter tion ''*I I '" "'D ' *teactor irradiationObjeettre Meteriale specimen m/cm teeperature. Comments*.* * **
f complement (E > ! Mev) 'C ('F), ,

*
s, , ~

1 Upper transitten. A3333 grade B clase 1 4TCS - 6 Battelle Resersch 2. b 7.0 m 10Mj 270-300 , Statte and dyasetc f racture' # / #-Irecture roughness of (plate 02), submerged- CVCS - 140 Reactor Columbus. (il b 570) toughnese teste conducted.#
pl te and e ld metal

' ~
are veld metal CYN - 154 Dhte. Westingheese Statues progree completed.<

, Ten - 34 conducted 10/20/72
to 12/l3/73'

q. - ,p2 Ductile shelf free- toe eheir submerged-are 4TCS - 6 Bulb SafetAtng 0.4-2.1 x 10H 23b343 Temperature entremes acd lower
*

I *
ture toughness of low veld metal. 61W. 62W. l.6TCS - 6 Reactor. Ont Ridge. (450.-650) fluences were for smaller.CY shelf meterial 63W. Ces 0.29. 0.21 0.8TCS - 12 Tenn., 10/15/76 to specimens. Status: testing## . ,

/ 0.303 0.5TCS - 117 J/3/77 to be coupleted by 9/83.
CVW - 207

'
Ten - 27

1 Ductile shelf, free- Lou shelf submerged-are 4TCS - 6 Bulk Shielding 0.6-1.2 IM 8 23b310 Teeperature entremes and lower

#.
ture toughness of lou weld yt;el. 64W. 65W. 1.6TCS - 6 Reacter. Oak Ridge. (450-590) fluences were for emetterCV shelf matertal 66W. =<w. Cut 0.35 0.8TCS - 12 Tenn. 12/19/77 to specimens. Status testing

0.22. 0.42. 0.271 0.5TCS - 187 3/29/78 to be completed by 9/83.
4 ' - CYN - 207

Ten - 27
., A thset tle shelf, frac- A533 grade a clase ! ITCS - 240 Bulk Shielding 0. b2.7 s 10 ' 288 (550) Status Irredtatione ersepteted,

= l
fracture toughuse of (plate 02), current CYN - 348 Meactor. Oak Ridge, testing under way.

e

state-of-the art veld practice submerged- Ten - 52 Tenn.. 12/le/79 to
weld material are weld m eal. 68W. 7/25/82*

69W. 70W. 7tv. Cm
- <0.s0. two FRG mate-

/ - rials

)5 E,, curve shift. cas- Submerged-arc weld 4TCS - 16 Planned: Oak Ridge Targets 2 IOM Targets 288 Large (8TCS. 6TCS) untreadiated,

pace wiri Meurve artets. Cu 0.25, 2TCS - 28 Research Reactor. (550) opecimens testes to obtain high/ shiftg Eg values C.35%. no copper- ITCS - 60 Oak Ridge. Tena.. Es, values. Status: trredte-high as p,ssible coated eleccrodes. CVN - 76o tiene being 2/84.copper added to earls Ten - 24
DWT - 16

6' 2.ack arrest toughness Submerged-are weld Pretteinary: Planned: Oak Ridge Target 2 x 10H Targets 288 Statue Irradiettone bestametate. Cut 0.25, 2TCA - 8 Research Reactor. (550) about 8/85.0.352, no copper- ITCA - 16 Cak Ridge. Tenn.
coated electrodeo. 0.5TCA - 30
copper added to melt

7 Staintoe's steel clad- 309/300 eingle-wire Planned: Planned: Nuclear Target: I . h. Target 288 Status Irredtations besta2
n . fracture tough- oset!!ating and 308 CYN - 110 Setence and Tech- and 5 a 10 (550) 5/83.nees of submerged-arc three-wire eerles are Ten - 30 notw y Facility,
stainless steel clad- 0.5TCS - 48 Buffalo New York
ding

.

.
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Fig. 6.1 Wort breakdown structure for HSST Task H.6 IrradiationEffects Studies.
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tested to determine toughness using elastic plastic test and analysistechniques. The results of Series 2 and 3 showed that the tearing
modulus, as measured by elastic plastic test and analysis, can decrease

, to very low values af ter irradiation and can be approximated by the de-
! *

.

creases in Charpy impact test upper-shelf energies. These analyses andI correlatiori efforts are still in progress.-

! Series 4 is also a ductile chelf st :dy except that submerged-arc| 0
welds f abricated with low copper content and current practice welding( , procedures were examined as well as the same plate material (HSST plate,.

,

.02.) useds in Series 1. Low upper-shelf materials from the Federalf

(- Republic of Germany are included in that study. Series 4 includes only( 25-m-thick compact specimens (1TCS) in addition to the Charpy and ten-
t sile specimens. Sufficient specimens exist to perform a statistical

analysis of the results, a factor which was lacking in the previous
series. The irradiations were completed in 1982 and testing is under

, way. The testiag program is a cooperative effort between ORNL and Ma-
!? terials Engineertng Associates (MEA).

Series 5 was conceived to validate the amount and shape of the K
| curve shift as a consequence of neutron irradiation. Currently, esticI
| mates of _ the K7e curve shift are based on results from Charpy impact

testing with the assumption that the shift of the Charpy toughness curve
, to higher temperatures can be applied directly to the K,

re curve. This
is much the . same, as the objectives of Series 1 except that sufficient
specimens of variohs sizes up to 100 m thick will be tested to allow
for statistical analysis. Also, drop-weight specimens will be included

, in the irradiation program. It is not yet known where they will be
tested. Submerged-arc welds are being fabricated for inclusion in this'

series with two weld metals containing different, high-copper con-I ,y tests. Thu copper was added to the melt before being drawn into wire to
/- i provide a uniform copper content in the weld metal, compared to the

less-uniform distribution obtained with copper-coated wire.,

Series 6 will determine the effect of irradiation on the pressure
. vesseh material's ' ability to arrest a rapidly propagating flaw. The

long-awaited development of an ' ASTM test method for determining crack
! arrest f racturg tough'aess, K has now led to a draft standard; andya,
! this has prompted the planning for Series 6 as a natural follow-on to
! Series 5 on crack initiation. The submerged-arc weldments used for!

Series 5 will also be used for Series 6. Crack arrest toughness is con-
sidered by many to represent the minimum toughness of a material, and it
is essential that the effects of irradiation on that property be under-
stood.

Series 7 is designed to determine the effects of irradiation on
pressure vessel stainless steel cladding. Cladding is applied to the
reactor vessel to minimize corrosion products in the coolant. Analyses
of certain thermal-shock scenarios have been inhibited by a lack of in-
formation regarding the fracture resistance of the cladding. The littleL

information available in the litetature indicates that stainless steel
cladding may undergo severe embrittlement as a consequence of . neutron
irradiation. The plan for Series 7 includes submerged arc cladding ap-*

plied by the single-wire oscillating. and the . three-wire series are
processes. Charpy impact, precracked Charpy, tensile, and '12.5 m
compact specimens (0.5TCS) will be utilized.

s

%

i
,
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6.3 Plan of Action

|

6.3.1 Series 1
,

,

'

This program is completed.

+

6.3.2 Series 2 and 3

The only tests remaining on these series are tensile tests from
Series 3. The bulk of those tests will be completed in early FY 1984.
Series 2 tensile tests were reported by Westinghouse Hanford in 1980.2
A few specimens from each weld of Series 3 will~ be retained -for testing
with extensometry to obtain stress-strain information in addition to
determinations of strength and ductility. A comprehensive report will
be prepared to describe the results and analyses.

6.3.3 Series 4

The irradiations were completed in July 1982. The testing is now
,

under way at both - ORNL and MEA in accordance with the test plan des-'

cribed below.
In response to Nuclear Regulatory Commission requests, testing of

specimens from capsules A, B, and C of the Fcurth HSST Irradiation Study
are being conducted by two laboratories, ORNL and MEA. Testing by MEA<

,

is conducted at the Nuclear Science and Technology Facility of the State
University of New York at Buffalo. The plan provides for an approxi-
mately equal division of testing between the two facilities.

_ 3
The primary objective of the Fourth HSST Irradiation Study is to

provide statistical data on elastic plastic fracture toughness (upper-
shelf toughness) of nuclear pressure vessel steels and welds. The plan
provides for at least half W the testing to be conducted at " upper-

-

shelf" temperatures. In order to provide data for statistical' analyses,
the test plan also provides -for five Charpy impact tests and five ITCS
tests of each material at each of six selected test temperatures unless
fewer specimens are available.

The bulk of the preliminary Charpy impact tests from capsules A, B,
and C have been conducted by ORNL and MEA. Statistical analyses and
interpretive activities are under way.

_.

Test temperatures for _ ITCS specimena will be chosen as follows:p
: (1) NM temperature [from Charpy 41-J '(30-ft-lb) transition temperature]

or less such ' that a valid KIc' is obtained, . (2) high in the " transition"
range - (J-R ' test ), (3) " upper knee,"_ and (4) three equally spacedi

temperatures- on the " upper shelf," the ' highest test temperature being
288'c (550*F). .. . .

Two tensile tests will be conducted at each test ' temperature. 'The A

tests will be conducted from about the NM temperature '(Charpy 30-f t-lb
transition temperature) to 288'C (550*F). Additional test _ pairs will'be

''
,

conducted at temperatures spaced - approximately equally between the min-

|
imum and asximum test temperatures.

__. .- . , _- . _ _ _ - .
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The planned testing sequence is as follows:

1. Preliminary Charpy impact tests to determine the probable 41-J
transition temperature and " upper-knee" temperature. This has

*
been completed for HSST-02 (A533B-1) and the four welds, both,

irradiated and control.
2. Complete the Charpy impact tests. Since there are a limited.,.

number of control C, specimens of weld 68W, these tests should
be conducted after tests on the other welds have been com-

. pleted.
' 3. Tensile tests at temperatures selected on the basis of the Cy

results.
4. Control (unirradiated) 1TCS tests:

i a. valid K testsIc
b. " upper-shelf" tests (J-R tests)
c. " upper-transition" tests (K tests)y

; d. " upper-knee" tests (J-R tests)
5. Irradiated ITCS tests:

a. valid K testsyc
b. " upper-shelf" tests (J-R tests)
c. " upper-transition" tests (Ky tests)
d. " upper-knea" tests (J-R tests)

Results obtained at any point in this test sequence may require,

modification of the test plan. The investigators will have the option
; of making such modifications as required to maximize the value of the*

results.

. %'
6.3.4 Series 5

j 6.3.4.1 Obj ectives . The primary objective of this program is to
; obtain valid fracture toughness (K c for two nuclear pressure

288 0 (urves550*F). .The largest practical
g

! vessel materials irradiated at
compact specimen that can be irradiated is a 4TCS. In ' the irradiated
condition, a 4TCS specimen of these materials can measure K to a level

,

"- y
of about 130 MPa6 (120 ksifin.). Smaller specimens (2T and ITCS) would
be e_mployed to measure valid K values down to about 50 MPa6 (45yc
kai/in.).

In support of the primary objective, there are several supporting
objectives necessary to realizing the potentials of this program. These.3

4

supporting objectives include the following:

1. Unirradiated K data for_ the two irradiated materials. Large
specimens (8TCb will be required for measurement of a valid
K f 130 MPa6 in the unirradiated material. Smaller speci-Ic

i a mens (6T, 4T, 2T, and ITCS) would be employed for the lower j
K levels.; yc '

2. Both unirradiated and irradiated IT and 2TCS specimens' would be -,

1 tested by - the J-integral method to provide K data : above the -y
*

valid K capacity of these specimen sizes. These data wouldyc j
1

'

:

a

;- c , - , . - , , - m--- , - - - - , ,. . . - .< >1 - - - -
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I help assure valid test results for the more expensive (and val-
uable) larger specimens and would also provide a much needed

results.comparison of Ky results with KIc
3. Tensile properties of unirradiated and irradiated materials *

will provide data both for determining test parameters for the
' fracture toughness tests and for analysis of the fracture
toughness data. ''

4. Charpy V-notch impact tests of unirradiated and irradiated ma-
terials will provide data to guide the setting of fracture
toughness test parameters and correlate radiation-induced
shifts of C transition temperature with radiation-induced,

shifts of the K curves. Drop-weight tests will be used toy

Ic
I index the nil-ductility temperature (NDT) of the Charpy curve

for unitradiated and irradiated materials.
! plan will provide for statistical analysis of the resultsThe test

insofar as is practical.

6.3.4.2 Materials. A radiation-induced temperature shift of,

curve) of 85*Cproperties (C transition temperature and Kyetoughness
| y

(150*F) will provide a significant and meaningful separation of the un-'

irradiated and irradiated properties. The radiation-induced shif ts of
irradia-RPV materials are functions primarily of fast-neutron fluence,

! tion temperature, and copper content of the steels. Since an irradi-:

ation temperature of 288'C (550*F) has been chosen as most significant
for both the industry and regulatory bodies, the most practical fast-
neutron fluence and copper contents aust be selected. The target fast- .

2 (E > MeV). Two submerged arcneutron fluence will be - 2 x 1023 n/m
with nominally A533 grade B composition are being fabricatedweldments

for this program; the target copper contents are 0.25 and 0.35%. The .;

weldments will be fabricated and streas-relieved according to commercial
practice in 216-am-thick plate. About 14 lin m of each weldment will be;

'

fabricated for the program.* measuring capacity of<

6.3.4.3 Specimen complement. The valid KIc
specimen is. a function primarily of yeild stress and specimena compact

thickness. The yield . stress . for the unirradiated submerged-are weld-
ments should be about 480 MPa (70 ksi) and about 620 ' MPa (90 ksi) for
the irradiated material. Valid fradure toughness tests will be con--,

du~ted at five target toughness levels and, therefore five estimated
and K )test temperaturgs relative to the .NDT. The specimen sizes (KIc y

and number of specimens ' for each toughness level (and estimated test
|

temperature) are presented in Table 6.2 for unirradiated and irradiated
The complement of Charpy V-notch, miniature tensile (MT),materials..

| standard tensile, and drop-weight specimens is presented in Table 6.3.
I

The number of specimens listed in ' Tables 6.2 and 6.3 are per ma-|

terial: the total numbers of specimens are twice the numbers listed.-
The numbers of specimens specified are based . on a consideration .of sta-

| ~
8

tistical requirements and within the constraints of~ probable irradiation
!-

facilities.
'

*

*This amount. of weldsent will also provide material for the Series
see Section6 program on irradiation effects on crack arrest 1(K ,);y

;

| 6. 3. 5. '
;

i

. . - , _. - - _. .. -
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Table 6.2. Compact specimen complement"
for KIc curve shift program

Target K y ,, , MPa/iii 49 66 88 110 132*

(k si/ in. ) (45) (60) (80) (100) (120) Totals

F Estimated relative test -56 -14 3 11 19 per
**E* *1

temperature, T-NDT, (-100) (-25) (5) (20) (35)
*C (*F)

Untrradiated

K IT-CS (valid tests) 10 10ye,
2T-CS (valid tests) 4 4K

yc, 4T-CS (valid tests) 4 4K
ye, 6T-CS (valid tests)K 2 2
ye, 8T-CS (valid tests)K 2 2
yc,IT-CSK, 6 6 6 6 243

K , 2T-CS 4 4 4 123 b b bK . 4T-CS 4 4 gy

Irradiated

K IT-CS (valid tests) 4 8 12yc,
Kye, 2T-CS (valid tests) 6 6

Kyc, 4T-CS (valid tests) 4 4 8
K, IT-CS 6 6 6 24y,

K 2T-CS 4 4 8y

8Number of specimens per material.

bThese tests would be valuable if material is available.

6.3.4.4 Test plan. Two organizations, MEA and ORNL, will partic-
ipate in the testing program. Because the testing equipment has limita-
tions, all testing of irradiated 4TCS specimens and unirradiated 6TCS

and 8TCS specimens will be conducted by MEA and all tensile tests, unir-
radiated and irradiated, will be conducted by ORNL. Due to cost
considerations (MEA does not have out-of-cell test facilities), about
75% of the Charpy testing will be conducted at ORNL. All material
characterization will be conducted at ORNL. A fraction of the
unirradiated specimens, C, IT-K and IT-K , will be retained fory yc, y
testing with the corresponding irradiated specimens.

The testing sequence is as follows:

1. Materials inspection and characterization, including ultrasonic
* inspection, chemical analyses, metallurgical structure studies, j

standard tensile tests, drop-weight tests, and preliminary Cy
tests.

* 2. Testing of a major fraction of unirradiated specimens:
a. C tests,y
b. tensile tests,



__

i

a
Table 6.3. Charpy V-notch impact, drop-weight and tensile specimens

curve shift programfor KIc

Tensile specimens
Estimated test

temperature relative- Charpy-V opecimens Drop-weight Unirradiatedto NIyr (T-NDT) Irradiated,
Unitradiated Irradiated

Standard MT(*C) (*F)

Roomtemperatgre 16 13 120 4
survey tests 6 3

-56 -100
-28 -50 5

6 3 m
-14 -25 *

0 0 10 10
6 3

24 35
40 70 10 5

70 125 10 5 6 3

111 200 10

167 300 10 5

222 400 10

Totals (per material): 81 38 24 4 24 12

aNumber of specimens per material.
karied temperatures to determine NDT and " upper-knee" temperatures.

CNumbers shown are same for unirradiated and irradiated.

- .
* ~ > .
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t

Ic (K ) tests of ITCS specimens,c. J J
ye tests of ITCS specimens,d. .K
yc (K ) tests of 2TCS specimens,e. J y

tests of 2TCS specimens,t. K
Ic (K ) tests of 4TCS specimens,g. Jye y,

h. K tests of 4TCS specimens, andIc
i. K tests of 6TCS and 8TCS specimens.

Ic
3. Testing of irradiated specimens and remainder of unirradiated,,

specimens:
I a. C tests,y

b. tensile tests,
c. drop-weight tests,

yc (K ) tests of ITCS specimens,d. J y
e. K tests of ITCS specimens,

yc (K ) tests of 2TCS specimens,f. Jyc y
g. K tests of 2TCS specimens, andIc
h. K tests of 4TCS specimens.yc

All irradiations are pl anned for the Oak Ridge Research Reactor
poolside facility. A prototype 4T capsule has been designed and tested
to provide information for dosimetry analyses and thermal shield design.

;

6.3.5 Series 6

6.3.5.1 Obj ectives . The primary objective of this series is to

obtain valid crack arrest toughness . (K ,') curves for two nuclear pres-1,

sure vessel materials irradiated at 288 C. Supporting objectives in-
clude the following:,

.

| 1. The existing K , data base for unirradiated and irradiated ma-y
terials will be enlarged.,

2. The upward temperature shift and the shape of the K , curve,1
relative to RTNDT, due to irradiation will be verified.,

3. The K , results will complement the K results obtained withy Ic
the same well characterized material.

4. Lower-bound data will be obtained for analysis of the KIR curve,

under irradiated conditions.

6.3.5.2 Materials. The materials for this . series ' are the same

submerged-arc weldsents used for the KIc program of Series 5.
6.3.5.3. Specimen complement. As with Kye, the valid K , measur-y

ing capacity of a compact crack arrest (CCA)' specimen is a function pri-
marily of yield stress and specimen thickness. The yield stress for the
unirradiated submerged-are weldments should be about 480 MPa (70 ksi)
and about 620 MPa (90 kai) for the irradiated material. A 50-mm-thick

~

j CCA specimen (2TCCA) ' can provide a " valid" K , measurement up to abouty
' ' 187 MPa6 (170 kal/in.) for the irradiated material and about 145 MPa m

(132 kai/in.) for the unirradiated material. A 3TCCA specimen can mea-
sure up to about 190 MPa a for unirradiated material, about - the same as

I that for the irradiated 2TCCA specimen. -

i

!
I
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The specimen complement is preliminary, but currently we envision
three capsules will be irradiated in two series. The first capsule will
contain the 0.5TCCA (30) and ITCCA specimens while the second and third
capsules will contain the 2TCCA (9 each) specimens. The small specimen
capsule 'will be irradiated first by itself, and the large specimen cap- *

sules will be irradiated together. This complement should provide
enough specimens to allow for statistical analyses in the same manner as

'Series 5. The number of specimens given for each size is the total to
be divided as equally as possible for two materials.

6.3.5.4 Test plan. The testing organizations have not been chosen
for this series, but they will likely be ORNL and one other. All ma-
terial characterization will be performed by ORNL as part of the Series
5 program. All irradiations are planned for the Oak Ridge Research Re-
actor poolside facility. The testing plan is yet to be formulated, but
it will generally follow the concept of testing small specimens to es-
tablish likely test temperatures for the larger specimens. Test proced-
ures will follow the latest ASTM standard available at the time.

6.3.6 Series 7
6.3.6.1- Obj ectives. The objective of ~ this series is to obtain

toughness properties for two types of stainless steel cladding in the
unirradiated and irradiated conditions. The properties to be obtained
include tensile, Charpy V-notch impact, and J-integral toughness (using
precracked Charpy specimens and 0.5TCS specimens). The goal is to eval-
uate irradiated weld-metal cladding representative of that used in early

*PWRs that are being evaluated for their fracture resistance under over-
cooling situations.

6.3.6.2 Materials. The materials for this study are stainless-
,

steel claddings, nominally type-308, deposited on. A533, Grade .B. class 1
steel plate using two weld cladding procedures. The cladding and stress
relief treatment will duplicate commercial procedures as closely as pos-
sible. However, to permit fabrication of mechanical test specimens of
the cladding, cladding thicknass will be about-15 mm, obtained by multi-
layer deposition of the cladding. This is thicker than the usual pres-
sure vessel cladding thickness (4 to 6 mm), but it should represent
multi-layer cladding. Materials will~ be characterized by welding param-
eters, chemical composition, metallographic examination, and mechanical
properties.

The two weld cladding procedures chosen for this study are the sin-
gle-wire oscillating procedure and the three-wire series-arc . proced '
ure. The primary differences between these procedures is in heat input .
and the resulting amounts of base metal dilution. of the stainless steel

cladding. The single-wire cladding has already been fabricated and par-
tially characterized.

In the single-wire oscillating procedure, the first layer of clad-
ding is deposited using type-309 weld wire and additional layers. are .e-

deposited using type-308. In this instance, this procedure used high
heat input during welding and ' res sited in considerable base metal dilu-
tion of the lower layers of cladding. . Both the cladding near the bas'e e

metal ~ (higher dilution) and the- top _ layers of cladding -(little . dilution)
will be studied. -This material has been fabricated at ORNL with the

. _
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identical weld wire, flux, welding conditions, and heat treatment as
used for fabrication of the clad beams for the " cladding evalution pro-
gram" (Task H.7). Irradiation of the first two groups of specimens has
been completed.

* In the three-wire series-are procedure, separate weld wires of
types 308, 309, and 312 stainless steel are independently fed into the
welding arc. Feed rates for each wire are adjusted to obtain the

' desired cladding composition. This procedure uses low heat input and
results in low base metal dilution of the stainless steel cladding. A
contract has been placed with Combustion Engineering Corporatioan for
preparation of the three-wire series-arc clad test plate with delivery
expected in early FY 1984.

6.3.6.3 Specimen complement. Charpy V-notch, precracked Charpy,
miniature tensile, and 0.5TCS specimens have been or will be fabri-
cated. Irradiation capsules will contain either 20 Charpy (V-notch or
precracked) and six tensile specimens or twelve 0.5TCS specimens.

6.3.6.4 Test plan. Table 6.4 presents the cladding irradiation
program summary. The first two capsules contained C and tensiley

(bottom layer) in one capsule and type 308 (tospecimens, type 309
layer) in the other, and they were irradiated to a fluence of 2 x 10 g2
n/a . The irradiations are conducted by MEA in the Nuclear Science and
Technology Facility (NSTF) reactor at the University of Buffalo. Tne
NRC currently has a dosimetry program under way for core positions B4
and C2 in the NSTF, and it is those core positions that have been
specified for the cladding irradiations. Charpy impact specimens will
be tested to obtain a full toughness curve with testing up to 288'C..

Tensile specimens will be tested from room temperature to 288'C. A
capsule of 0.5TCS specimens from the singe-wire clad material is also

a planned for later in ~he program and will be irradiated if the Cy
results indicate signt': cant degradation of toughness.

Table 6.4. Cladding irradiation program summary
,

Specimen Target fluenceCapsule Type cladding 2complement' (n/cm )

A 1-wire, type 309 20 C , 6 tensile 2 x 1019-y

1B 1-wire, type 308 20 C , 6 tensile 2 x 10 9y

C 1-wire, type 309/308 12 0.5TCS 2 x 1019
1D 3-wire 20 C , 6 tensile 2 x 10 9y

E 3-wire 12 0.5TCS 2 x 1019
'

1F 3-wire 20 C , 6 tensile 1 x 10 9y

G 3-wire 12 0.5TCS 1 x 1019
'

H 3-wire '20 C , 6. tensile 5 x - 10 91
y

.
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: The three-wire cladding from Combustion Engineering will be avail-
able in early FY 1984. Current plans for irradiations include C,10and'-

tensile specimens to be exposed to fluences of 1, 2, and 5x 23

n/m . The irradiation at 2x 10 . The irradiation at 2x 1023 n/m22 2
*should be completed by mid-FY 1985 with testing completed by the end of

FY 1985. We have also tentatively planned for irradiation of small com-4

pact specimens (0.5TCS) from the three-wire cladding to fluences of I
2 '

and 2 x 1023 n/m . The capsule irradiation sequence will be planned so

that the results at 2x 1023 n/m2 can be used to assess the need for
data at 1x 1023 n/m . The irradiation- sequence is presented in Fig.2

6.2. A complementary laboratory testing program will be conducted to
include the investigation of subsize specimens. The objective of that
effort is to ascertain the feasibility of irradiating and testing
specimens sectioned from " regular" cladding (i.e.,,_ one- or two-layer
cladding as normally applied to a vessel for comparison with the full-
size specimens sectioned from the " built-up" cladding. Additionally, a
similar study will be performed with composite specimens sectioned to
allow for notch or crack-tip placement at specific regions within the
clad or heat-affected zone.

| The recommended testing sequence is as follows:
1

1. Materials inspection and characterization.
2. Test unirradiated specimens at four temperatures.

a. tensile tests,
j b. C tests,y

c. dynamic PCC tests (about half of the PCC specimens), a
y y

j d. static bend tests of PCC, specimens (remainder of PCC spe-y
! cimens, and
i e. J-R tests on 0.5TCS specimens. 6

i 3. Test irradiated specimens at four temperatures.
a. tensile tests,,

; b. C, tests
,

f

ORNL-DWG 84-4367 ETD

c
.E |^ A -+ | +-- D -- + | | +- F - + |

Tenelle

C
.E | -- + | ' - --- a +|

Tensile

'o.stes | . t -+ | c -- + | +- c - |

Fig. 6.2 Cladding irradiation sequence. Capsule C will be irradi-- ?
19 2n/m ) will beated if C resulta justify, capsules F and G -(1 x 10y

irradiated 'if results of _ capsules D and E. (2 x 1019 2n/cm ) justify.

_. , . . . _ , - ._ ,
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c. dynamic PCC tests,y
d. static PCC, tests, and
e. J-R tests on 0.5TCS specimens.

' A metallurgical study to characterize the material as well as scan-*

ning electron fractography to aid in understanding fracture mode under'

all test conditions are planned in conjunction with the irradiation and
,

testing activities. A clad reactor vessel nozzle cutout has been pro-

cured from Combustion Engineering, and the suitability of that material
I for the testing and irradiation programs will be determined af ter exam-

ination of the cladding thickness.,

6.4 References

1. PVRC Ad Hoc Task Group on Toughness Requirements, PVRC Reconrnenda-
tions on Toughness Requirements, Welding Research Council, WRC Bul-
letin 175, August 1972.

2. J. A. Mt11 tans, Tensile Properties of Irradiated and Univradiated
Welds in A533 Steel Plate and AS08 Forgings, NUREG|CR-1158, HEDL-
TME-7951, Hanford Engineering Development Laboratory, .Richland,
Washington, January 1980.

* 6.5 Milestone Statement and Schedule

The statement and schedule for the milestones in Task H.6 are givena

in the following charts.

e

$
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MILESTONE STATMENT AND SCHEDULE

Task: H.6 IRRADIATION EFFECTS STUDIES
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

H.6.2 Ductile Shelf Toughness for Low-Shelf

Welds (Series 2 and 3)
7 AA. Issue Report on Low-Shelf Weld

Irradiations
' 7a. Complete tensile testing for
'

Second and Third Irradiation
Series

H.6.3 Ductile Shelf Toughness for State-of-the -

Art Welds (Series 4)
a b c d

A. Complete Specimen Testing ---Y 'I II /.\ 5
a. Complete testing of CVN --Y

specimens - capsules A, B, and C

b. Complete testing of tensile spec -

57

imens - capsules A, B, and C
IIc. Complete testing of CVN and ten-

sile specimens - capsule D (FRG)
57d. Co.11plete testino of IT compact

specimens - capsules A, B, C,
and D

b c d
qI 5717/\B. Issue Report on Series 4 - Capsules

A, B, a.1d C

a. Complete analysis of CVN data -3
T7b. Complete analysis of ITCS data
IIc. Compare predictions and data

. .. .. .

.

__ __

.
.

.. _ . ... .. .
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MILESTONE STATMENT AND SCHEDULE

Task: H.6 IRRADIATION EFFECTS STUDIES (continued)
'

FY 83 FY 1984 FY 85 FY FY Beyond
SUBTASK / MILESTONE

1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

B. Issue Report on Series 4 - Capsules
A, B, and C (continued)

Vd. Complete interpretations
a b : d
U IUI\C. Issue Report on Series 4 - Capsule

D (FRG)
Va. Complete analysis of CVN data

3 7b. Complete analysis of ITCS data
T 7c. Compare predictions and data

Ud. Complete interpretations

UH.6.4 K
!c(Validation for High-Copper WeldsSeries 5)

a L b d
V V 7 57^A. Complete Test Material Preparation

a. Complete procurement of mate- J
rials

Vb. Complete fabrication of welds
~ Uc. Fabricate specimens - capsules

1 through 4
Vd. Fabricate specimens - capsules

5 through 12 ,

h ic d e,f,qgq
U V V V AB. Complete Material Irradiations

a. Complete 4TCS dummy capsule --E
verification test

3b. Complete 4TCS capsule design

__ _______ __
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MILESTONE STATMENT AND SCHEDULE

Task: H.6 IRRADIATION EFFECTS STUDIES (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

B. Complete Material Irradiations

(continued)
7c. Complete small specimen capsule

design
Ud. Capsules I through 4 (4TCS)

17e. Capsule 5 (CVN, tensile, ITCS)
5 7

f. Capsule 6 (DWT)
T 7g. Complete 2TCS capsule design

h. Capsules 7 and 8 (2TCS) UI

1. Capsules 9 through 12 (4TCS) __37 y
*

a b c d
U 57 37 /\C. Complete Specimen Testing
T'a. Complete unirradiated CVN, ten-

sile, and DWT tests
/b. Complete irradiated CVN, ten-

sile, and DWT tests
I'c. Complete unirradiated compact

specimen tests - IT, 2T, 4T, 6T,
and 8T

' /d. Complete irradiated compact
specimen tests - IT, 2T, and 4T

g b cd
D. Issue Final Report on Series 5 'l NA

a. Complete analysis of CVN and DWT -27
data '

. . . . . .
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MILESTONE STATMENT AND SCHEDULE

Task: H.6 IRRADIATION EFFECTS STUDIES (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

D. Issue Final Report on Series 5

(continued)
7b. Complete analysis of compact

specimen data
7c. Compare predictions and data
Y

d. Complete interpretations

H.6.5 K Determinations for Base and Weld
Rdfals(Series 6)

a b c 1

V V V O
A. Complete Test Material Preparation

Y "
a. Complete procurement of materials

(see H.6.4.A.a)
Vb. Complete fabrication of welds

(see H.6.4.A.b)
c. Select CA specimen design and -

U

complement

d. Fabricate CA specimens -[ b
V

B. Complete Material Irradiations
a. Complete CA capsule design _V

7b. Capsules A and B
Vc. Capsule C

N
C. Complete Specimen Testing

Ua. Complete development of remote
CA test facility

b. Complete unirradiated CA tests -- V

j

__
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MILESTONE STATMENT AND SCHEDULE

Task: H.6 IRRADIATION EFFECTS STUDIES (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A IS 1 2 3 4 86 87 FY 87

C. Complete Specimen Testing (continued I

c. Complete irradiated CA tests -E
o,b c

OD. Issue Report on Series 6

Va. Complete analysis of CA data
7b. Compare predictions and data
Vc. . Complete interpretations

H.6.6 Fracture Toughness Detemination for
Stainless Steel Claddino (Series 7)

I 'I
.

d e ya b
V- O *

A. Complete Test Material Preparation
a. Complete procurement of one-wire I

clad
b. Fabricate CVN and tensile speci- dI

mens of one-wire clad - capsules
A and B

Uc. Complete procurement of three-
wire clad (see Milestone
H.3.1.H.c)

'Id. Fabricate compact specimens of
one-wire clad - capsule C

' Ie. Fabricate CVN, tensile, and com-
pact specimens of three-wire
clad - capsules D, E, F, G, and
H

- . . . . .,
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MILESTONE STATMENT AND SCHEDULE

Task: H.6 IRRADIATION EFFECTS STUDIES (continued)
FY 83 FY 1984 FY 85 .'Y FY BeyondSUBTASK / MILESTONE

1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87
B. Complete Material Irradiations -J# h,fc

a. Capsules A and B (one-wire CVN, -d f
and tensile) - 2 x 10 s n/m2 2

b. Capsules D (three-wire CVN and -d7
tensile) and Epacts) - 2 x 10{three-wire com-28 n/m

c. Capsule C (one-wire compacts) - 37
2 22 x 10 s n/m

d. Capsule H (three-wire CVN and -8
tensile) - 5 x 10 8 n/m 2

e. Capsule F (three-wire CVN and 8
2 2

y
tensile) - 1 x 10 s n/m e

f. Capsule G (three-wire compacts) - 8
1 x 102s n/m 2

C. Complete Specimen Testing V ga c ile fg
I V DUU

a. Complete unirradiated one-wire U
CVN and tensile tests

b. Complete irradiated one-wire CVN - U
and tensile tests (2 x 102 n/m )2

c. Complete unirradiated three-wire -8
CVN and tensile tests

d. Complete irradiated three-wire -1
CVN and tensile tests (2 x 102

2n/m )
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MILESTONE STATMENT AND SCHEDULE

Task:
H.6 ~ IRRADIATION EFFECTS STUDIES (continued)

FY 83 FY 1984 FY 85 FY FY BeyondSUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 '4 86 87 FY 87

D. Issue Report on Series 7 (continued;
e. Issue interim report on irradia- - SI

tion effects on three-wire
--

cladding at 2 x 102 3 n/m 2

f. Complete analysis and interpre- I

tation of one-wire compacts at
2 22 x 10 ' n/m , three-wire CVN

and tensile data at 5 x 1023
2n/m

9 Complete analysis and interpre-
- 37

tation of three-wire compacts
at 1 x 102s n/m and three-wire2

*

CVN and tensile tests at ao
""

1 x 1023 n/m2

i

,
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7. HSST TASK H.7 CLADDING EVALUATIONS

7.1 Objective
< ,

i
The objective of Task H.7 is to demonstrate the effect of stainless

steel weld cladding on the extent of crack propagation, for a small sur- .

face crack subjected to a stress gradient similar to that produced by a
: thermal shock.

7.2 Background
,

4

| The Cladding Evaluations Task 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
cladding is primarily viewed as a corrosion- and crud prevention ma-

4 terial in light-water reactor vessel design and except for its effect
upon fatigue in thermal transients, its effect upon structural integrity
has heretofore been largely disregarded. With the more recent focus of
safety studies upon LOCA scenarios that emphasize the behavior of small

; flaws, it has become evident that stainless cladding may have a key role
in the propagation and/or arrest of propagating flaws. Complicating

| f actors which seriously af fect an understanding of the role stainless
cladding plays in flaw propagation are its fracture toughness as a .

"

function of irradiation dose and the influence of several fabrication -
processes that have been used in vessel fabrication. Meager data exist

;

; in both of these areas. 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-runnings cracks. The work

,

i breakdown structure for this task has been organized around the type of
cladding being investigated as shown in Fig. 7.1.,

j A survey of fabrication processes employed on reactor vessels re-
: vealed that the majority of light-water reactor vessels have employed
I either three-wire or strip-clad processes with the three-wire process

being predominantly used on early vessels, and the strip process 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,'

,

initial specimens used in the HSST program tests were prepared at ORNL
| by using a single-wire welding procedure.
? The specimens were designed as rectangular parallelepipeds with
! stainless cladding on one face. Grooves were machived 'in - the cladding

~

i 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 botton groove aurface. Specimens were cooled' to the-
test temperature and were loaded by four point, constant-moment loading

:
'to the stress state required. Hydrogen charging of the EB weld was ini--,

tiated and presented the stainless cladding with a relatively fast-

.

d
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ORNL-DWG 83-5176 ETD
1

CLADDING
EVALUATlONS

, H.7

*
;

PROTOTYPICAL
ONE-WIRE THREE-WIRE REACTOR

; CLADDING CLADDING CLADDING
INFLUENCES

~

STUDIES STUDIES STUDIES
| H 7.1 H.t2 H 7.3 H.7.4

1

MATERIAL MATERIAL
~ ^- SELECTION AND - SELECTION AND -

PR oFABRICATION FABRICATION

PRETEST AND PRETEST AND CHARACTER-
j - POSTTEST - PoSTTEST - IZATloN AND - 1RRADIATED

CONDITIONSANALYSES ANALYSES PROPERTIES TESTS

i

- PLATE TESTS - PLATE TESTS -

(NTER RETATION

*
: Fig. 7.1 Work breakdown structure for HSST Task H.7 Cladding Eval-

uations.

'

running crack. A matrix of specimens was planned that varied the param-
eters: flaw size, run distance from EB weld to cladding, cladding type,
and stress state in order to elucidate cladding arrest behavior.

j Problems were experienced with groove machining to obtain the
'

stainless base metal interface, in some cases the groove was too shal-
low, in others too deep. On specimens where stainless remained below
the groove, premature popping of the EB weld prior to hydrogen charging
was a common phenomenon, preventing a proper control of the stress
state. On specimens with too deep grooves, the geometry caused pre-
mature arrest and prevented the flaw from running to the cladding. In
addition, the specimens prepared by sigma phase heat treatment were too
brittle and, based on limited data, are not representative, as intended,
of end-of-life conditions.

The tests completed to date under the initial phase of this study
indicate that the cladding employed to represent beginning-of-life con-
ditions has sufficient arrest toughness to stop running cracks, but the, ,

~

,

upper and lower bounds of crack arrest are not yet determined. Analyses
'

of the teres by two approximate techniques and by the ORVIRT finite-
element methods have not been completely consistent. The fabrication,

techniques employed for this first series of tests have resulted in con-
dicions that have prevented control of the stress state at pop-in of the

i

,
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,

. hydrogen-charged EB welds. Consequently, bounding of the arrest tough-
3 nass of the stainless cladding has been prevented.

Preparations are now under way to redesign and fabricate a new
I series of specimens that will eliminate the problems presented by the

.

groove /EB weld design of the first series. In addition, this series ,
'

will employ material prepared by a three-wire weld cladding technique
,

typical of many early reactor vessel designs.

! *

i

j 7.3 Plan of Action

I A special fabrication subcontract was placed with Combustion Engi-
j neering Co., Inc., in July 1983, to produce specimen blanks and charac-

terization material employing a three-wire weld cladding technique typ-i

: ical of many early reactor vessel designs. A special heat treatment
' procedure will be developed and applied to this material with the pur-

pose of raising the NDT of the base plate while maintaining the room
4 temperature yield strength between 414 and 690 MPa. In addition, the

Charpy-impact energy of the cladding shall be at least 54.2 J (40 ft-lb)"

j. at a temperature either -7'C (20*F) below the NDT of the base plate or
8 at which the Charpy-impact energy is 27.1 J in the base plate, whichever

is lower.
The combination of these material properties will substantially;

i improve the capability of obtaining the crack arrest toughness for this
j type of cladding for beginning of life conditions. The conditions
'

requisite for obtaining end-of-life cladding arrest toughness values *

I will be based on the results from the Seventh Irradiation Series (see
Task H.6) where testing of irradiated specimens of single-wire stainless

i cladding is scheduled for completion during FY 1984. *
' Six clad plate specimens and two unciad specimens will be machined
2 in FY 1985 from the blanks furnished by the Combustion Engineering con-

tract. In addition, single layer and multilayer cladding will be ob-"

tained for characterization.
'

A nozzle dropout having a nominal 4.76 am (3/16 in.) isyer of 3-
wire stainless cladding was purchased from Combustion Engineering Co.,;

! Inc. Tensile and Charpy-impact. values are being obtained and
'

photomicrographic studies are being made. Negotiations are also
'

underway to obtain nozzle dropouts with single-wire, six-wire and strip
cladding types. Similar studies will be performed on these materials.

A collection of the data f rom these various sources will provide a
basis for more substantive direction of this activity in FY 1986.

I 7.4 Milestone Statement and Schedule

i The statement and schedule for the milestones.in Task H.7 are given *

in the following charts.
'

:
; '
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MILESTONE STATMENT AND SCHEDULE

Task: H.7 CLADDING EVALUATIONS
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A 5 1 2 3 4 86 87 FY 87

H.7.1 One-Wire Cladding Studies
a b c

A. Issue Report on First Series of One- dE V ^
Wire Clad-Plate Tests
a. Complete series of tests dE

b. Complete modification of specimen 8
design for future tests

c. Complete interpretation of test --

results

H.7.2 - Three-Wire Cladding Studies

SA. Purchase Clad Plate Material from RP'J
Manufacturer (see Milestone
H.3.1.H.c) a bc

U MB. Issue Report on First Series of
Three-Wire Clad-Plate Tests
a. Machine test specimens -dI

Yb. Complete series of three tests
c. Complete posttest analyses 3

\'

C. Issue Report on Second Series of
Three-Wire Clad-Plate-Tests

. . _ _ _ _
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MILESTONE STATMENT AND SCHEDULE

Task: H.7 CL ADDING EVALUATIONS (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 !4 86 87 FY 87

H.7.3 Prototypical Reactor Cladding Studies
a b c

A. Complete Characterization Study of -- - I

RPV Drop-Outs

a. Procure drop-outs f rom RPV manu- 57
facturers

b. Complete metallographic and I

properties characterization

c. Interpret results in comparison I

with results from other clad
materials

$

1

. . . e . .
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8. HSST TASK H.8 INTERMEDIATE VESSEL TESTS AND ANALYSES

8.1 Objective
a

The objective of Task H.8 is to expose flaws to specific stress
* states and conditions to (1) demonstrate actual behavior under condi-

tions found in reactor pressure vessels (RPV's) and (2) determine the
arpitcability of theoretical methods to the fracture behavior of
RPV's. This is accomplished through testing and analyzing thick pres-
surized vessels over a full range of fracture characteristics.

8.2 Background

The original plan of the HSST program contemplated that simulated
! service test would comprise one of the principal program tasks.1 Sim-

ulated service tests were conceived as fracture tests of specimens or
st ructures of dimensions large enough to develop stress states in thei

region of interest like those in reactor pressure vessels. The general
' purpose was to demonstrate whether or not fracture mechanics concepts

that had veen verified experimentally on a small laboratory scale were
valid and useful in the f racture analysis of full-size vessels.

The main factors that were expected to be important in relating
laboratory-scale fracture to that of large-scale structures were:.

(1) Wall thickness
(a) transverse restraint*

(b) variability of properties
(c) flaw location
(d) flaw orientation

(2) Material-embrittling factorsf

(a) temperature
(b) irradiation
(c) strain aging
(d) reversed plastic strain
(e) heat treatment, temperature embrittlement, and composi-

tion
(3) Stress analysis

(a) crack location, configuration, orientation, and number

(b) diameter-to-thickness ratio
| (c) crack depth-to-thickness ratio

(d) blaxiality and stress concentration.

(e) thermal and residual stresses;

i (4) Crack configuration
*

(a) depth
(b) shape
(c) preparation techniques

,

The validation of methods for fracture predictions was to proceed |,

| in steps from laboratory specimens to intermediate-scale vessels to 1

| |

|

|

|

_ _ ._ - , _.
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full-size pressure . vessels. First, the simple transition temperature
and fracture mechanics results obtained from more or less standard

2 specimens were to be generalized to thick specimens with varying flaws
j subjected to tensile loading. Such specimens were to be examined both !

for tough and frangible behavior. Next, the complexities of pressure '

vessel geometry were to be introduced on small epoxy and steel models in
preparation for tests of flawed intermediate-scale vessels. Finally,,

j tests were to be performed on vessels having the full-scale features of ,

reactor pressure vessels. Practical considerations of limited monetary
j and other resources eliminated full-scale tests and tests of irradiated
,

models from the plan.
| As actually implemented, the intermediate vessel test series (Task "

{ H.8) and the thermal-shock (Task H.9) and pressurized thermal-shock
(Task H.10) tests constitute the simulated service tests. The test spe-

: cimens (cylinders or vessels) have been chosen to be thick and long
, enough to produce stress states in the flawed region that represent the
I conditions that would be obtained in a reactor pressure vessel. Inter-

mediate test vessels (ITV) are ~150-mm thick, which is the nominal
thickness of a boiling-water-reactor vessel. With this thickness and

! the 1300 mm length of the test section, the ITV's are also excellent
fracture-mechanics specimens. Large surface flaws in the beltline re-

'

; gion of these vessels are essentially as well restrained as they would
i be in a reactor pressure vessel. It is important to remember now that,
| at the inception of the HSST program,- there were doubts and apprehension
j about whether a thick structure would exhibit a " transition temperature"
j separating frangible and ductile behavior. While that concern was re- .
' solved, transverse restraint, and therefore thickness, in fracture be-

havior is as important a factor as ever. Only in intermediate vessel
| and thermal-shock tests has transverse restraint been great enough to *
'

produce plane-strain conditions with high Kg values in : pressure vessel
steels.

The program of intermediate vessel tests was, therefore, planned to
fulfill the broad objectives of the simulated service ' tests over the
wide variety of conditions that constitute the real operating environ-- !,

! ments. The main effort of this task was to determine which factors or
[ conditions were important and then to carry . out . tests with the ' partic-
; ular combinations of conditions that would contribute significant infor-

mation on behavior of structures in service. Factors of concern include
material properties; flaw location, orientation, shape, size, and,

I sharpness; and loading and environmental conditions. If expense, re-
sources, safety, and time were of no importance, the significance of

j these factors could be studied under actual service conditions imposed
i on vessels in a large number of experiments with vessels as large as,- or
i larger than, reactor pressure vessels. Since ~ such an approach is com-

pletely impractical, each factor is studied separately or in combination
with others on as simple a scale 'as practicable.

| The ' objective of each simulated service test has been to provide *

; data from which the ~ ability of analytical methods to predict the frac-
ture behavior of a flawed structure under known conditions of material

* properties and loading could be assessed. In the planned progression of ' '

i tests, analytical methods are confirmed, improved, or their limitations
revealed.- The testing 'of intermediate vessels in conjunction with.

!

:
.
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l

flowed te'nelle s apecteeks of sieller material permite consideration of
i

'

i eeny worlables, such as flew oise, section thickness, temperature,' , end
stress state. The effects of differences in transverse restraint,+

,

toughness, pleetic strain, bianis11ty, avid stress concentration can also
$ ' he observed and analysed.

. \
' ,s

i

h' original objectives emphasteed in the cloulated service testsA.

were (1) to demonstrate capability to predict the " vessel tranettion
4 * temperature * for a selected crack configuration using the esterial of

, i interest 48tM A573, grade B, class 1 plate; ASTM A508, class 2 forg- '
* \ ing); (2) to demonstrate, for the, esterials of interest, the capability;

*g 3 to predict varioue combinations of load (pressure), temperature, and
i crack configurati.>n in full-thickruse wolle (1.52 am or more) that wills

\ sot cause f racture, and finally d , .oebination that will cause f racture .g'. for both frangible and vngh fractura conditione.*,

g,h intermediate vessel testeghave been divided into four seriest4 '
i

\ k:s .s

k., '

~(1) flaws in cylindrical vessile, A308, class 2 forging steel -g
4, two vessels: . g

g((2) flaws in cylindrical elevals with longitudinal ue14 seems,
-*

3 , A508, class 2 forg2g steef, sub.serged-arc welds - three ves-
I sels:

3 (h flaws in cylindrical vessels with longitudinal weld seems,' \533, grade B, class 1 plate steel, submerged-are welde - two
f vesseles

' (4) cylindrical veseals with radially attached nossles, vessels of
i 4508, class 2 forging steel and A533, grade B, elsee 1 platei .

eteels nossle of A508, class 2 forging steel - three vessels.
1

Test conditions were selected to produce fracture toughnesses reng-.

, ing from the low tranettion to the fully ductile upper shelf. h vari-'
ations of test conditions, flew configurations, esteriale, and strees

! states are ouemerised in Table 8.1. h ecope of the activittee neces-
! sary to carry out the teste and analysee is illustrated in the work

breakdown structure, which is 'shown in Fig. 8.1.
j ISet of the teste in the original plan have been performed, includ-
! ing the supporting research.2-5 An estessive series of epony and steel
>

nodel teste ses performed with ~1/7- to 1/14-ecale modele of the ITV
{ teet aection.2-5 and instruernted epony endels were tested to obtain K'

sh4pe factore for surface flaus and strees concentration factors forg
; sl o~, co s e , c rne re . Tenelle spe teene 152-se thick with surf ace flaws pro-a

i -totypte of 11T fleus were tes ted over a range of toeperatures from lower
s'wif to upper shelf.6-1 Flawed tonelle eye (teens scaled to estch the'

esall-scale steel vessels were tested. Inforestion from the ses11-ecate
to full-scale tests wee used to settacte the effect of section thicknesej en the " effective trenettien toeperature" and to determine the effect of

i

specimen else on apparent fracture toughness.
' N es

yees.2 pel0.perimente tave been accompanied by several types of anal-| 11 Structurell mealyses were mode to define the elastic and;
. elastic pleetic states of strees in the flawed region and to understand*

the influence of the .tse? vessel geometry on the stressee in this re-
gion. In view of the relitive,tieplicity of analyste of unflawed strue-,

tures, auch of the fractuy analyele wee booed upon superpositten of
3s

!

h,y
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Tebte 4.1 Suseery of teet esedittene for the Interundtate Teeeel Test Progree

Meteriet Toughneee Fleug Stues 6Tessel te g ,gg g Fracture modo
g,g, tore

s em usu em usu e

8T-8 S4 A308. C12 Opper treesitten Port streuter R&EP Pressure Ductile teertog and mode ese-
erette upper autelde surface versten to eteewege'; ,

shelf

O-2 0 ASC4, Cl 2 taw treesitten Port etreuter R&Ep Pressure Cleevege
outside surfem

V-3 54 Weld Upper treesttlee Part etreuter E6EP Preseure Ductile teertes and mode een-
6 etette opper estelde surtees versaae to eteewege

shelf
dT-4 24 Wete Law tremettlee tort etreuler R&EP Pressure Cleewege

ASOS, C12 outelde surface
(2 fleus)

Y-5 48 A308. C1 2 Dynaste upper Bessie-esteer Strees esaces- Pressere Ductile toertogs leek but es
shelf metch trettee E.EP fatture

T-6 84 A333e Cr 3. Cl I Dreente upper Part etreuter EP Preseere Ductile teertag and felt
Weld * ehelf weld

surface /(tems
eheer tear

outside 2)
teoide (1)

V-? 91 A333, Cr 8, Cl 1 Dynaste upper Lees, deep motch EP Pressere Ductile teertag with leek but
shelf me fetiere

T-FA 88 A333, Cr B, C1 1 Drosets upper Emes, deep esteh EP Pressure, pese- Ductile teertog with leek but ,
shelf sette, euetateed me f atture

teed
8V-73 47 RAE Dyeeste opper Lees, deep metch EP Preseure, Duettle teertog med leek with .ehelf reeldual strees inetpteet teettog testability

sostelmed lead

T-8 -23 Weld Lar treestatee seatellipt teel E Pressure. Cleewege lettlettee end errect
autelde surface reetdeel streaal (totee) with leakage but as

fatture
T-GA 13F Lemmspper ehelf Dynaste opper Seete11tptteel EP Preeevre Stable and aestable duettleweld shelf estelde surf ace teertag terateated without

leakage

T<) 24 ASOS, C12 Les treesittee Bosele-eerser Strees eeeeee- Pressure Duettle teertog with modo see-
est eh a trettee EP4P verstem to sleevege

T-10 AS00, C12
AP DETEDT Eigh treesittee Shallow esten to E Crette pressure Pettges ersek growth

mesete screer
9 KETNDT Law treesttlee Reeste egreer S Pressere Cleevege

est eh

betetet fleue la e-I to M were eherpened by f attsue er by B weldtag (T-F Sortes) and more arteeted to e radial-estal Ptees,
keheateel leads were hyd2

7,,;,*'"'[," - ''""*'hatt ereept for T-FA, uhich une peoumette,'""" ' '

8 4 0 5 22 0 0 2 7 F2e,e
' ' Beet ef fected sees of Seattee II repett untd,

.
,Beeldeel strees free Seettee It repett sold,

'm te teenes .o t. -t i-i ed to .n -t.o. och ui.. APERTURE
Al= A$Dir.Mc un * CARDAperture Carel *
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j INTERMEDIATE
VESSEL TESTS

'

| AND ANALYSES
H8

,

s

| |

/ - EXPERIMENTS WITHINMETHODOLOGY UPPER-SHELF RANGE UPPER-SHELF RANGE
TRANSHION RANGE

AND COMPUTE R (STATIC) (ITV-!,3 (DYNAMIC) HTV-5,6,
U 2,4,8 AW H AND 10) 7,7A,7B AND 8A)PROGRAMS

H 8.1 H 8.2 H83 H84

ANALYTICAL
-

,,";g7,'o,
-

EXP RIMENT
-

EXPERIMENT
-

EXPERIMENT
5

OF. SIGN DuiGN DESIGN

COMPUTER CODE TEST F ACILITY TEST F ACILITY TEST F ACILITY
- SELECTION / - DESIGN AND - DESIGN AND DESIGN AND-

DEVELOPMENT PREe ARATION PR E PAR ATION PR E PAR ATION

SPECIMEN AND SPECIMEN AND SPECIMEN AND
_

VALIDATION TEST -INST RUM E NT ATION -tNSTRUMENT ATION -lNSTRUMENTATION
DEFINITION

ASSE MBLY ASSEMBLY ASSEMBLY

*

POSTTEST -
DEVELOPMENTAL DEVELOPMENTAL DEVELOPMENTAL

- - - AND FINAL - AND FINAL - AND FINAL
ASSESSMENTS

i EXPERIMENTS EXPERIMENTS EXPERIMENTSs.

1 . f
/ POSTTEST POSTTEST POSTTEST

- ANALYSES AND ANALYSES AND - ANALYSES AND-

I INTE RPR E T ATIONS INTERPRETATIONS INTE RPRET ATIONS

Fig. 8.1 Work breakdown structure for HSST Task H.8 Intermediate
vessel tests and analyses.,

!

stress fields of unflawed complex structures and simple flawed bodies.
Hodels of failure that compete with fracture, such as tensile instabil-
ity, were also investigated by analysis, since they are particularly
important in cases in which flaws are large or toughness is high.

Every ITV test involves material properties > determinations, genera-
tion of a flaw of desired geometry and acuity, pretest evaluation of
flaw behavior and es'timation of modes and condit ons of fracture, andi

measurement duritq , the test of the ivarisbles ' that define - the state of
stress of the ', vessel and geometry!cf the flaw. Twelve ITV ; tests have,

been performed successfully, so that methods of preparing and _ testing,

| . vessels have been 'well established. Four tests not originally planned
!. have ' been conducted to study pneumatic pressurization (sustained load-
'

ing), repair welds, Il-14residual stresses, low upper-shelf toughness, and
tearing instability. ' The demand for special test . conditions and

I
|. ,r',-
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more precise observation of flaw behavior will require continuing work
to develop the techniques for future tests.

8.3 Plan of Action *

Explicit preliminary plans have been made for testing the one un- .

tested vessel, V-10. A schedule is presented for a hypothetical frac-
ture test of this vessel with a nozzle. This test would be performed
well below the transition temperature and would be the first attempt to
test the precise application of linear-elastic fracture mechanics. (LEFM)
to a flaw in a complex stress state. Earlier tests of vessels with noz-
zies were performed at such high temperatures. that general yielding of
the vessels preceded failure. A test under linear-elastic conditions is
needed to show how LEFM should be applied to regions of stress concen-
tration, a point on which earlier tests may have been interpreted by
some people in an unconservative way.

Since V-10 is the last ITV with a nozzle, some consideration has
been given to preceding the test described above, which will be a de-
structive test, by a f atigue crack growth test. This is shown in Table
8.1 as V-10A. Schedules and costs, however, are estimated only for the
fracture test identified in the table as V-108.
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8.5 Milestone Statement and Schedule

* The statement and schedule for the milestones in Task H.8 are given
in the following charts.
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9. HSST TASK H.9 THERMAL-SHOCK TECHNOLOGY

9.1 Objective,

The objectives of Task H.9 are to (1) investigate the behavior of
' inner-surface flaws in pressure vessels during severe thermal-shock

: loading conditions, and (2) evaluate severity of the pressurized
thermal-shock problem to the extent necessary for defining an appropri-
ate program for investigating flaw behavior.

9.2 Background

Thermal shock to PWR pressure vessels during postulated transients
such as the large-break loss-of coolant accident (LBLOCA) was identified
as a possible challenge to vessel integrity as early as 1968. Prelim-
inary studiec conducted prior to 1973 indicated the possibility of crack
initiation during a LBLOCA, but the ability of the crack to arrest could
not be properly assessed because of a lack of appropriate crack-arrest
toughness data. In 1973 the HSST staff recommended that a thorough
study of the thermal-shock issue be undertaken, and that the effort
should include, among other things, thermal-shock experiments designed
to investigate the validity of the methods of analysis [primarily linear

*

elastic fracture mechanics (LEFM)] as applied to thermal-shock loading
conditions.

The HSST Thermal-Shock Task was established in 1973, and soon4

'

thereaf ter a finite-element method of analysis, based on linear-elastic
fracture mechanics was developed for analyzing deep as well as shallow
flaws. This tool was used to predict the behavior of two-dimensional
flaws during LBLOCA loading conditions. Indications were that for the
case of typically high-copper material and high fluence, very shallow+

flaws would initiate, and in a series of initiation-arrest events the
flaw would penetrate deep into but not entirely through the wall. Fur-
thermore, crack arrest had to take place with the stress intensity fac-
tor (K ) increasing with crack depth, and in some cases warm prestres-y
sing, with Ky decreasing with time, could limit the depth to which the
flaw would propagate.

It was decided that each of the above flaw behavior. trends should
be investigated experimentally under conditions similar to those ex-

4 pected for the PWR's. This required the use of thick-walled steel test
cylinders, that would be flawed and thermally shocked on the inner sur-
face, and the achievement of approximately the same potential for crack
propagation as predicted for . PWR -' vessels under LBLOCA thermal-shock-
loading conditions. Since the toughness of the test-cylinder material,

would not be reduced by radiation damage, as it is in a PWR vessel, it
was necessary to use special heat treatments and/or a more severe
thermal shock than expected for the ~ PWR.,

Eight thermal-shock experiments have been conducted thus far. The
first four (TSE-1, -2, -3, -4) were relegated to an investigation of the
behavior of shallow flaws and demonstrated initiation and arrest of long

>

.m - - - - - - , . ,
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and short shallow flaws in good agreement with LEFM. The remaining ex-
periments (TSE-5, -5A, -6, -7) were conducted with larger diameter test
cylinders so that deeper penetration of the flaw and other desired char-
acteristics could be achieved. The results included demonstrations of

*multiple initiation-arrest events, deep penetration of the flaw, arrest*

in a rising K field, warm prestressing, large surface extension ofg
short flaws, a lack of significant dynamic effects at arrest, and the-

,

inability of a flaw to completely penetrate the cylinder wall under
thermal-shock loading conditions only. Each of these demonstrations
validated the methods of analysis.

An important aspect of the experimental program is the determina-
tion of the fracture-toughness properties of the test-cylinder material,
us,ing small-size lab specimens, because in many cases the validity of
LEFM is established on the bases of good agreement between lab toughness
data and similar data deduced from the thermal-shock experiments. An
important discovery in the process of obtaining the lab data was the
existence of very large scatter in the crack initiation toughness. This
has led to a reconsideration of the methods used to obtain valid data
from a reasonable number of lab specimens and of the expected behavior
of flaws in the test cylinders and PWR vessels. Task H.3 includes the
characterization effort for TSE materials.

Another important part of the thermal-shock program has been the
: development of fracture-mechanics models and codes that are used for

discovering the flaw behavior trends and that are subsequently used for,

sensitivity studies and assessing the severity of the OCA problem.
Fracture-mechanics codes developed as a part of Task H.9 and which are a

still used extensively are FMECH, a two- and three-dimensional finite-
element fracture mechanics code; OCA-II, a fracture-mechanics code based
on superposition techniques;. and OCA-P, a probabilistics fracture- '

mechanics code that is a combination of OCA-II and a Monte Carlo rou-,'

tine.

Although the thermal-shock experiments have been devoted to the
investigation of flaw behavior under thermal-shock-loading conditions
only, a continuing analysis of OCA's has revealed the fact that the
greatest challenge to vessel integrity comes from transients that in-
volve high pressure as well as thermal shock. Pressure loading has-lit-
tie effect on the propagation of shallow flaws, but thermal-shock can
drive the initially shallow flaw deep encugh for prusaure effects to be.
substantial. For some postulated OCA's the state-of-the-art methods of
analysis indicate that following initiation -of a shallow flaw there may
be no arrest of the propagating flaw, the flaw finally penetrating the
wall as a result of plastic instability (excessive pressure loading) in
the remaining ligament. The actual behavior of the flaw under combined
thermal and pressure loading is being examined experimentally as a part
of Task H.10, along with assessments of predictive. methods.

' A summary of the experiments that have' been conducted as a part of
,

Task H.9 is presented in Table 9.1. References 1-2 are reports that

| have been prepared on completed tests.- Reports on tests TSE-5, -5A, -6,

i and -7 are under preparation.
,

f
!

. _, . . _ . . _



_ _ _ _ .

!

97 ']'[U,
EllTriggg
CAltn 1

Table 9.1. Summary of thermal-o' nock experimente
.

~ ~ ~'id n a- 3
.

Test cylinder

Identift(ation number TSV-! TSV-2 TSV-1 TSV-2 TSV-1 TSC-2 TSC-3 TSC-4

Dimensione, um (ta.)

Inside diameter 242 (9.5) 242 (9.5) 242 (9.5) 242 (9.5) 686 (27) 686 (27) 838 (33) 686 (27)
Outside diameter $33 (21) 533 (21) 533 (21) 533 (21) 991 (39) 991 (39) 991 (39) 991 (39)
Length 914 (36) 914 (36) 914 (36) 914 (36) 1220 (48) 1220 (48) 1220 (48) 1220 (48)
Material A508 clase-2 cheelstry
Meat treatment Quench only from 871*C (1600*F) Tempered Teepered Tempered ' Tempered

6l3*C, 4 h 679'C. 4 h 613'C. 4 h 704*C, 4 h
*

R11EDT. 'C (*F) 66 (150) 10 (50) 66 (150) -1 (30)
i Flaw (tattial)

ei Orientation Antal Ant al. Antal Axist Axial Axial Axial Antal0j Circumferentia1
Length, me (in.) 914 (36) 38 (1.50) 914 (36) 914 (36) 1220 (48)8 1223 (48) 1220 (48) 38 (1.50 )

*

. { a6 (0.25)
Depth um (ie.) !! (0.42) 19 (0.75) II (0.42) 11 (0.42) 16 (0.63)a,6 11 (0.42) 7.6 (0.30) ~15 (0.60).

,

Generation Tech Electron-bese veld
Thermal shock

5. Cylinder temperature 288 (550) 289 (552) 291 (555) 291 (555) 96 (205) 96 (205) 96 (205) 93 (200)
| (initial). *C (*F)

Sink taaserature. 4 (40) -23 (-10) -23 (-10) -25 (-13) -196 (-320) -196 (-320) -196 (-320) -196 (-320)'C ('F),

I' Quench undium lister Alcohol and Alcohol and Alcohol and IJf2 IJ82 IJ82 IJI2
water water water

Flaw behartor demon- Ison-initiation Initiation-arreat Initiation- Initiation- Settee of initiation- Series of initiation- Long crack jump Extenelve
.etrated w/ moderate sur- arrest arrest arrest evente; neglig- areas evente; varm w/neg. dynant: surface

face extenaton ible dynamic effects; prestress; arrest in effects; arrest entension
s extensive surface rising K1 field in rising Kg of short
3 extension of short field; in- flaw

flaw ability of flaw
to penetrate
well

alatended flaw.
h.adeert.nt f1 .

8405220027-03
.

t

Alw A,,;g,yy 9,,
Aperture c,ng.
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9.3 Plan of Action

The work breakdown structure for Task H.9 is shown in Fig. 9.1.
The experimental efforts are organized by test
by a common analytical subtask. and these are supported *

Under combined thermal-shock and pressure loading conditions an'

initially shallow flaw will begin to propagate in the frangible (brit-
tie) toughness regime and from then on will ~ encounter increasingly

,

tougher and higher temperature material as the crack moves radiallythrough the wall at very high speed. At some point, presumably therewill be a transition from frangible fracture to ductile tearing with aconsiderable reduction in crack speed and perhaps arrest _ of the crack.
This particular combination of postulated events is referred to as ar-
rest on the upper shelf, and it has not yet received much attention.the

fracture-mechanics analysis of OCA's it has generally been assumed
In

that crack arrest will not take place if a crack arrest toughnessgreater than ~200 MPa 6 is required.
, able approach. This may or may not be a reason-

Three experimental approaches are planned for investigating arrestthe upper shelf:
experiments similar to the thermal-shock experi-

on

ments with both thermal and pressure loading (Task H.10); wide plate
tests with a toughness gradient across the width of the plate (Task
H.5); a thermal-shock experiment with the initial flaw located in a re-gion having

low Charpy energy at upper-shelf temperatures (low-upper-shelf material). This latter experiment, designsted as TSE-8, is tenta-
tively planned to be conducted in FY 1985 as a part of Task H.9. -

PWR vessels are clad on thetenitic stainless steel material. inner surface with an initially aus-
Dilution with the base material and3 heat

treating during applicetion of the cladding leave the cladding ma-
-

terial in an undetermined state with regard - to fracture toughness andradiation-damage resistance. It is possible that the cladding 'resis-
tance to crack propagation will be high enough to prevent surface exten-sion of short flaws that extend through the cladding into the base ma-terial. If this is the case, and if it is reasonable to assume that .initial flaws will not be long, it
sure vessel during,an OCA will not be possible becauseappears that failure of a PWR pres--j

short flaw.that-

cannot extend on the surface presumably cannot extend through the wall.The effect of cladding on flaw behavior is - being studied in TaskH.7 using clad plates, and there are tentative plans for conductingthermal-shock experiments with clad cylinders
.

as a part of Task H.9.Two experiments,
TSE-9 and TSE-10 are scheduled for FY 1986 and 1987,respectively.- Thermal-shock experiment TSE-7 demonstrated the abilitycf a short flaw to extend on the surface to become a very long flaw in I

i the absence of cladding and. serves as a base case for the series of ex- !
i

t

periments designed to reveal the effects of cladding.Before the cladding-effects thermal-shock experiments can be con-ducted, it will be necessary to determine irradiation effects on the as-
*

'

fabricated material. This is being done as a part of Task H.6.
*

:
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PRIOR EXPERIMENT WITH

METHODOLOGY " ^EXPERIMENTS FINITE LENGTH
AND COMPUTER LUS WE LD (TSE-8) CR ACKS (TSE-9(TSE-1 TO 6) F L AW (TSE-7)" ADWH.9.1 H.9.2 H.9.3 H.9 4 H.9.5

~

- A -
EXPERIMENT EXPERIMENT

_
EXPERIMENT EXPERIMENT

_ _

DESIGN DESIGN DESIGN DESIGNMODE LLING

$
COMPUTER CODE TEST FACILITY TEST FACILITY TEST FACILITY TEST FACILITY

- SE LECTION/ - DESIGN AND - DESIGN AND DESIGN AND - DESIGN AND-

DEVELOPMENT PREPARATION PRE PAR ATION PREPARATION PREPARATION

VALIDATION SPECIMEN AND SPECIMEN AND SPECIMEN AND SPECIMEN AND
INSTRUMENTATION -1NSTRUMENTATION lNSTRUMENTA TION- TEST -INST R UME N T ATION - -

DE FINITIONS ASSEMBLY ASSEMBLY ASSEMBLY ASSEMBL /

DEVELOPMENTAL DEVELOPMET,?AL DEVELOPMENTAL DEVELOPMENTAL4

POSTTEST
*

_ AND FINAL AND FINAL AND FINAL AND FINAL- - -

ASSESSMENTS E XPE RIMENTS E XPERIMEN e S EXPERIMENTS EXPERIMENTS
_

POSTTEST POSTTEST POSTTEST POSTTEST
- ANALYSES AND - ANALYSES AND ANALYSES AND ANALYSES AND- -

INTERPRE TATIONS INTERPRETATIONS INTERPRETATIONS INTERPRETATIONS

Fig. 9.1' Work breakdown structure for HSST Task H.9 Thermal Shock
Technology.
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9.5- Milestone Statement and Schedule

.The statement and schedule for the milestones in Task H.9 are given
: . in the following charts. .
!
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MILESTONE STATMENT AND SCHEDULE

Task: H.9 THERMAL SH0CK TECHNOLOGY

SUBTASK / MILESTONE '# "
1 2 3 4 0 N D J F M A M J J A 5 1 2 3 4 86 87 FY 87

H.9.1 Analytical Methodology and Computer
Proorams

A. Issue Report on Modification to
OCA-I to be Applicable to Clad
Vessels

a 3

III ' OB. Issue Report on OCA-II
a. Incorporate finite flaw 8

capability

b. Complete qualification analyses 2I

\ EC. Issue Report on (6/1, 2-m) Flaw '

Parametric Study "

a b
'N OD. Issue Report on OCA-P and Coordinate

with IPTS Studies
Ia. Select flaw probability model

b. Complete qualification analyses -3

OE. Issue Report on Influence
Coefficients

,

H.9.2 Prior Experiments

A. Issue Report on TSr-5, -5A, and -6 -- b

-_ _ -_ -____



MILESTONE STATMENT AND SCHEDULE

Task: H.9 THERMAL SH0CK TECHNOLOGY (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

H.9.3 Experiment with Finite Lenath Flaw

(TSE-7) c

A. Complete Experiment Design I b
a. Identify characterization tests I

b. Complete characterization inter- -1
pretation

c. Complete pretest analyses
3 IIC

B. ' Complete Test Facility and Test -UI

Cylinder Preparation
a. procure forgina I y
b. Complete system modifications dI

c. Complete machining ]I

C. Complete Theimal-Hydraulic Test -fa
k

a. Apply surface coating 3
b. Complete instrumentation of test 1

cylinder
a-

D. Complete Thermal-Shock Test and Issue-d
Quick-Look Report

a. Generate flaw in Specimen -3
b. Apply surface coating -Y
c. Complete instrumentation - F

~. . . . .
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MILESTONE STATMENT AND SCHEDULE

Task: H.9 THERMAL SH0CK TECHNOLOGY (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J J A S 1 2 3 4 86 87 FY 87

5 \E. Issue Report on TSE-7

a. Complete posttest analyses -"
Vb. Complete interpretations and

draft report

H.9.4 Experiment with LUS Weld (TSE-8)
a b c

O' I "
A. Complete Experiment Design and Test '

Facility Preparation

a. Specify weld and cylinder con- -2
figuration

V 3b. Complete system modifications
Vc. Complete pretest analyses

a, b ,c
,

B. Complete Fabrication of Test Cylin-
'

2

der
' '

a. Complete fabrication of LUS weld
insert (see Milestones H.3.1.E.a
H.5.3.C.a. and H.10.4.B.b)

b. Complete machining ----7

c. Complete initial heat treatment --!7
a. ,b,. ,c

C. Complete Thennal-Hydraulic Test A --

a. Apply surface coating /

b. Complete instrumentation of X/
cylinder

c. Complete assembly & perform test -Y
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MILESTONE STATMENT AND SCHEDULE

Task: H.9 THERMAL SHOCK TECHNOLOGY-(continued)
FY 83 FY 1984 FY 85 FY FY BeyondSUBTASK / MILESTONE

1 2 3 4 0 N D J F M A M J J A S 1 2 3 '4 86 87 FY 87

a bc
B. Issue Report on Test of Clad Specimen '7

Containina 3-D Flaw and a Second Type
of Cladding (TSE-10)
a. Complete experiment design -7
b. Complete thennal-hydraulic test E
c. Complete thennal-shock test 8

o
s

,

_ __ - -.
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10. HSST TASK H.10 PRESSURIZED THERMAL-SHOCK TECHNOLOGY

10.1 Obj ective
.

The objective of Task H.10 is to test and evaluate the fracture
response of thick vessels under thermo-mechanical stress fields and with 4

fracture characteristics realistic to overcooling accident conditions to
(1) demonstrate flaw initiation and arrest behavior under f rangible and
non-frangible conditions, and (2) determine the applicability of the-
oretical methods of fracture mechanics.

10.2 Background

This task was undertaken to provide experimental data to validate
analytical methods for assessing the response of reactor pressure ves-
sels under conditions representative of an overcooling accident. Frac-

ture analysis capabilities had been developed to this point on the basis
of extensive fracture properties tests and on assessments of structural
tests that had been performed in support of nucler.r and non-nuclear
technology development. Many of the developments in support cf nuclear
applications had been carried out by other tasks of the HSST program.
Whereas Task H.8 and H.9 had provided data and assessments on the frac-
ture behavior of pressurized vessels and thermally shocked cylinders 6

separately, prototypical tests had not been performed under the combined
thermal and pressure loadings. Therefore, preparations were initiated
for tests and analytical assessments of the response of intermediate ,

test vessels (ITV's) under combined loadings to validate the applicabil-
ity of fracture methodology.

Efforts were initiated in FY 1982 to carry out specific experiments
to investigate the initiation, growth, and arrest behavior a shallow
crack in chermally-shocked pressurized ITV's. Early feasibility studies
revealed that experimental practicalities suggested that the test vessel
should be flawed and thermally shocked on the exterior. As far as the
technical obj ectives are concerned, this test configuration gives the
same basis for methods validation as if the flaw and thermal shock were
on the inside. In defining tests and in designing the test facility,
several issues were to be addressed:

(1) intervention of the ductile upper shelf in arrest of a cleav-

|
age fracture

(2) effectiveness of a variety of types of warm prestressing, in-
cluding marginal conditions and antiwarm prestressing

(3) behavior of short flaws in vessels with and without cladding

and in regions with toughness and Ky gradients '

(4) upper shelf tearing instability andi

(5) arrest in high positive K1 gradients
,

In FY 1983 a major e! fort was devoted to preparing the pressurized
thermal-shock test facility (PTSTF) in Building K-702, the abandoned
power house building at K-25 in Oak Ridge. The engineering firm (Rust
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Engineering) completed the basic construction of the facility in May
1983 on schedule and within budget. The facility was then turned over
to ORNL for integration with the other test preparations. Other major
activities in preparation for. the first test (PTSE-1) that were concur-
rently and subsequently pursued vigorously in FY 1983 included (1) fab-*

rication of two vessels for use in the shakedown experiment (PTSE-0) and
PTSE-1, (2) design and installation of the instrumentation for vessels

,

to be used in PTSE-0 and PTSE-1, (3) design and fabrication of specimen
installation fixturing at the PTSTF, (4) vessel ballast, (5) design and
assemblage of data acquisition system, (6) integration of all test
systems, (7) material properties tests, and (8) performance of pretest
analysis for test histogram definition.

10.3 Plan of Action

Within this five-year program plan, a series of three PTS experi-
ments is envisaged. Each test is to assess the fracture characteristics
associated with a representative PWR material, configuration, and load- !
ing. The first test is to use a base RPV material, A533 Grade B class 1 |

steel; the second test is to employ a low-upper-shelf weld.nent, and the
third test vessel is to be clad with a prototypical stainless steel
cladding. The first test (PTSE-1) is scheduled for January 1984, the
second for mid FY 1985, and the third for FY 1987. The objectives of
these three tests have been generally defined as:

s

' (1) PTSE-1 is to investigate warm prestressing and anitwarm pre-
stressing effects on cleavage initiation and to demonstrateg

the upper-shelf arrest of a crack initiated in cleavage.-

(2) PTSE-2 is to demonstrate the upper-shelf arrest of a cleavage
crack in low-upper-shelf material.

: (3) PTSE-3 is to investigate the influence of stainless steel
| cladding on the initiation and growth of a short flaw.

The work breakdown structure for this task is shoun in Fig. 10.1
and is centered around these -three tests, their analyses, and the4

preparation of the required test facility. The principal criteria on
which the test program is based are:

(1) The tests will be designed to challenge the predictions of
analytical methods that are applicable to full-scale reactor
pressure vessels under combined loading.

(2) The scale of the tests will be large enough to attain effec-
tively full-scale restraint of ' the flawed region.

(3) . Material in the flawed region will be characterized by speci-
f men tests prior to each vessel tost.

-(4) Test conditions and materials will be selected to produce:
a. . realistic RPV stress fields . and gradients around the flaw

i ' (with general primary membrane stress intensities less
than ASME Code allowables) and

b. realistic fracture-toughness conditions in the zone of
action

-_ - __ .. -_ ._ . _
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(5) Loading conditions and controls will be used to prevent burst-
ing the vessel (except when desired) to minimize damage to the
test facility

(6) The test facility will be capable of producing (with realistic
# stresses) a variety of fracture possibilities:

a. cleavage initiation of small flaws
a b. cleavage initiation and arrest below the upper shelf

cleavage initiation with arrest on the upper shelfc.

d. arrest in a high positive Ky gradient
e. warm and nonwarm prestressing states in succession
f. progressive (upper-shelf) tearing, tearing instability,

and restabilization

As noted in the Background section above, pressurized thermal-shock
tests are an extension of the large-scale experimental fracture mechan-
ics studies carried out as parts of the thermal-shock (H.9) and inter-
mediate vessel test (H.8) tasks. A particularly important test condi-
tion attainable only in the PTS facility is the contemporaneous tough-
ness gradient and flexible losding history. This capability makes it
possible to consider simulating, in the neighborhood of a crack, both
the toughness regimes and stress states that are obtained in severe hy-
pothetical overcooling accidents. Furthermore, fracture phenomena of
importance in evaluation of overcooling accidents (fce example, antiwarm
prestressing and upper-shelf arrest) can be investigated in thick sec-
tions only in the PTS experiments.

J The - specific test conditions for PTSE-2 and -3 will not be - de-
'

veloped until information is available from other activities, including
PTSE-1. TSE-8 (Task H.9) and wide plate crack arrest tests (Task H.5)''

will be very relevant .to defining PTSE-2. Results from the Seventh Ir-
radiation Series studies from Task H.7 and TSE-9 and -10 (if performed)
will be used in the definition of PTSE-3. Therefore, the details of
these latter two tests are not considered specified at this time.

1

10.4 Milestone Statement and Schedule

The statement and schedule for the milestones in Task H.10 are -given in the following charts.

i
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MILESTONE STATMENT AND SCHEDULE

Task: H.10 PRESSURIZED THERMAL SH0CK TECHNOLOGY (continued)
FY 83 FY 1984 FY 85 FY FY .Beyond

SUDTASK/ MILESTONE
1 2 3 4 0 N D J F M A H J J A S 1 2 3 4 86 87 FY 87

C. Ccmplete Pretest Analyses for
PTSE-3 (continued)

3b. Complete interpretation of
characterization data

9c. Complete parametric analyses
over ranges of conditions

7d. Identify test conditions

H.10.2 Test Facility Design and Preparation
a b p
I YA. Complete Preparation of Thennal ~

wShock System
Pa. Complete design

b. Complete construction --I

c. Complete acceptance tests ---7
a b

Y T-"g
B. Complete Preparation of Pressuri-

zation System
a. Complete design of modifica- --F

tion to existing system

b. Complete modifications --3 |

c. Complete acceptance tests --7
%

c fi a
IV 4"

I C. Complete Preparation of Data --

Acquisition System
a. Establish PTSE requirements 3
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MILESTONE STATMENT AND SCHEDULE

Task: H.10 PRESSURIZED THERMAL SHOCK TECHNOLOGY (continued)
FY 83 FY 1984 FY 85 FY FY Beyond

SUBTASK / MILESTONE IDJ F M A M J J A S 1 2 3 4 86 87 FY 871 2 3 4 0 N

B. Complete Test Vessel Preparation
(continued)
b. ' Fabricate modified vessels --Y

c. Complete instrumentation of -Y
unflawed V-7 for prototype test
PTSE-0

d. Generate flaw in ITV-8 3

e. Complete instrumentation of -I
flawed V-8 for PTSE-1

h'
*
9C. Complete Performance of PTSE-1

_

a. Complete prototype test of -E G
unflawed vessel (PTSE-0) to
establish system parameters

b. Complete test of flawed vessel 3
(PTSE-1)

a b c
V E7 57 bD. Complete Posttest Evaluations and

Issue Report on PTSE-1
9a. Complete data qualification anc

interpretation

b. Complete posttest fracture II
~

examinations
57c. Complete fracture analyses and

comparisons between predictions
'and data
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MILESTONE STATMENT AND SCHEDULE

Task: H.10 PRESSURIZED THERMAL SH0CK TECHNOLOGY (continued) |
'# "

SUBTASK / MILESTONE
1 2 3 4 0 N D J|F M A M J J A S 1 2 3 4 86 87 FY 87 i

H.10.4 Experiment with Weldments (PTSE-2)
a b c
'

A. Complete Design of PTSE-2 Using a '7 ''I W \
|

Low Upper-Shelf Weldment i

a. Specify test material -37

b. Establish test objectives --l'
7c. Establish experimental require-

ments
a b c,~

'\
d .e

II7B. Complete Test Vessel Preparation
#a. Complete design of modified

vessel ITV-9 {
b. Contract LUS weld fabrication -37

(see Milestones H.5.3.C.a and
H.9.4.B.a)

c. Complete material characteriza- --E
tion (see H.3.1.E.a)

Vd. ORNL receive fabricated test
vessel

e. Generate flaw in V-9 weld -7
ga c

L \C. Complete Performance of PTSE-2

a. Complete instrumentation of 27
vessel

Vb. Establish prototype transients
and system parameters

'
Yc. Complete test

|

|

r~ ~ #m ,~ ,
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MILESTONE STATMENT AND SCHEDULE

Tasg; H.10 PRESSURIZED THERMAL SHOCK TECHNOLOGY (continued)
FY 83 FY 1984 FY 85 FY FY Beyond''

f-
,

SUBTASK / MILESTONE
1 2 3 4 0 N D J F M A M J 'J A S 1 2 3 4 86 87 FY 87

3 [D. Complete Posttest Esaluations and
-3Issue Report on PTSE-2

a. Complete data qualification -1
and interpretation

b. Complete posttest fracture -8
examinations

c. Complete fracture analyses and ~5
comparisons between predic-
tions and data--

,

[, . ' / - H.10.F' Experiment with Clad Material (PTSE-3)
s

A. Complete Design of PTSE-3 Using a f 5,. Ca
i "

Stainless Steel Clad Vessel
c. Establish test objectives -7, ,,

u b. Specify test vessel materials
,

-7;.

c. Establish experimental require - J
ments

B. Complete Test Vessel Preparation Db cga
\*

a. Desion test vessel -7
b. Contract vessel cladding 7
c. Characterize material 7
d. ORNL receive clad vessel D

.

e. Generate flaw in vessel J
-

4

Y
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