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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.

NOTICE

Availability of Reference Materials Cited in NRC Publications

Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The NRCIGPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-
ment Room include NRC correspondence and internal NRC memoranda; NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical information Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical libraries include all open literature items,
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non-NRC conference
proceedings are available fo purchase from the organization sponsoring the publication cited.

Single copies of NRC draf t reports are available free, to the extent of supply, upon written request
to the Division of Technical information and Document Control, U.S. Nuclear Regulatory Com-
mission, Washington, DC 20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and my be
purchased from the originating organization or, if they are American National Standards, from the
American National Standards Institute,14A Broadway, New York, NY 10018.
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,' ;1.0> INTRODUCTION 1AND 0VERVIEW,
,

'*
, .. . . . ,.. .

,
..

1 . <1.l'' Objective of Progras' Plan Document

(This' document is the first in'a series that is to provide an up-to-date state-j ..

: menti of the four year < plan' for . the , program,1 "Struct' ural . Integrity, of Light2

LWater" Reactor Pressurec Boundary . Components," which is' being conducted by -'

*, .. Materials Engineering Associates,-Inc. (MEA). The document is intended to be*

; the reference document: for management reporting 'during- the current year. The-,

,
1 current:' year- for this: edition L is CY84. The program funding assumptions and

;

the . corresponding: workscopes' are ; responsive to . guidance f rom , the spomr, ; the !'
,

'

,

?Matetials Engineering: Branch," Division of Eng1neering Technologyi Office of
~

'

Nuclear ' Regulatory Research Iof the' U.~zS. _ Nuclear. Regulatory Commission-

.(NRC).- This documentL = details the - program plan to include: Narrative ~ "

1
<

_
(Sections, Milestone Charts >and' Cost Projections.<

,
_

1

.This plan :is expected :to be updated at . the beginning of- each year? The'four
' '; I years -covered . by f the' (current) plan are the current ' year (CY84), the forth-
- coming ~ year -(FY85)i and - two out years- (CY86. and CY87). Since a najor objec-

'

- tive ._ is to provide 'a reference document for -asnagement ' reporting during the
' first ' contract ' year, L that year is highlighted in the milestone charts and is
Leaphasized in the plan--of-action sections.: The subsequent. years are described
.in a' decreasing level of detail without' loss of comprehensive' coverage.1

-
>

', il'.2~7 Overviews

This program consists of engineering an'd research in' the areas of = fracturei '!~

-fatigue 'and radiation' sensitivity ^ of - nuclear structural steels ' and weld -
ments. ' The - NRC 'has a continuing need -to - develop' analytical methodologies -
test; procedures, ~ and ' data bases relating to these areas ~ for ~ use in the regula-

L , tory i process. . The ~~ technical program - is formulated in terms of three task
.

:,
' areas: ' ~ Fracture Toughness Criteria (Task 1), ' Environmentally-Assisted Crack . t

' Growth'in LWR Materials (Task 2) and Radiation Sensitivity and Postirradiation
,

' Properties' Recovery;(Task 3).
'

Tall tasks are integrated to focus . on structural integrity of LWR pressure
' t boundary componentis. ~ Thef approach' centers on an experimental characterization-

.

:of nuclear : grade usteels and .an ' assessment ' ofi fracture and fatigue behavior -
under - conditions of' ai nuclear environment 'where investigation of : irradiated -
. materials ~ is ~a ! key : element?of each task. . Experimental studies _ generally*

, involve small laboratory specimens whose behavior : forms the basis to ' develop _ ;>

predictive. methods for structural ' behavior. These studies are supported by !

_ analytical models and investigation of . the. mechanisms responsible for the j

L ' observed behavior. - -Daka developed in this program will provide the Lbasis for
~

y

a . codes and standards, e.g., fatigue and fracture limits for: design in the ASME
- Boileri and Pressure- . Vessel Code (Sec.'' III and IX); ASTM test methods, e.g. ,
Plane; Strain J -R Curve; and revisions _ to NRC Cuides, e.g., Regulatory Guideg

'

1.99.- ,

. iTaskil characterizes ~ the' fracture toughness of nuclear' steels under a variety
[ Eof j conditions. This : involves -joint programs with ORNL for the characterir.:-
?' tion :-of . asterials - from the HSST 4th and 5th irradiations (Subtasks Id at.d,

':lf). . " A piping - fracture mechanics - data base will be created (Subtask 'le);
correlations between C and fracture mechanics tests (Kye/Kye) will ' provide ay

1

.Nu,
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. aore rational. in'terpretation of ' surveillance data (Subtask . Ib); the fracture-

' behavior - of' stainless steel- clad specimens will be investigated in a program
which isf complementary to that currently.. underway at OR", (Subtask la); and a

i | combined ' analytical / experimental' program ' will be undertaken to assess .the
potential benefit of.. warm . prestress in . providing an. additional margin of
safety-during a' pressurized thermal: shock (Subtask-le).

Task 21 evaluates environmentally-assisted. crack growth under , both cyclic - and
. static : conditions for a ivariety. of . nuclear - steels. Thrusts include the
~developasnt of. S-N curves in . a PWR environment (Subtask 2a); crack growth
' rates will; be ; characterized for a variety - of plates, welds and HAZ. (Subtask '

2b);iand a' "real" crack geometry.will be investigated initially in terms of a
^ ' surface-flawed panel;.this task will culminate in the-testing of a pipe speci-

men ; incorporating a realistic flaw : geometry (Subtask 2c). The research with
the surface-flawed panel will be extended to include the- fatigue behavior of
. clad plate . (Subtask 2d). A mechanisas ' aodel will be investigated to explain

7the ; observed behavior in environmentally-assisted fatigue crack growth (Sub-
task ; 2e). Other innovative tasks include ; the development of : a relation.-

between crack initiation and crack propagation (Subtask 2f) and the investiga- !
tion' of cumulative ; damage -resulting from spectrum loading as seen in service |

-(Subtask.2g). '

The focus Jof - Task'' 3 is on ' the ' resolution of , questions and uncertainties on ~ '

: radiation sensitivity and on the variables which affect embrittlement relief,

'by'postirradiation annealing. The annealing studies. represent the interaction
of.an~ ongoing effort (IAR program, Subtask 3d).and a new thrust to investigate t

the effects of high-temperature annealing (Subtask 3a). Two subtasks specifi-
'~ ~

cally i address the effects of ' chemical- composition on radiation sensitivity

p '

|(Subtask 3f) and on annealing (Subtask 3b). A mechanisms model will be inves-
tigated to provide a. basis for the observed behavior on radiation sensitivity-

~

[ and recovery by annealing (Subtask 3c). Finally, a long-term program on dose-
rate effects will be continued (Subtask c 3e). The results of the latter could,

[ , - bear | heavily' on' the significance' of fracture toughness changes measured from-

f accelerated irradiations in test reactors vs. long-ters fluence accumulations
in a-power reactor.

'
2

This program is broad in .its scope . and addresses . many of the.- key questions
.- necessary to - resolve uncertainties in the margin of safety that exists in.

L operating' nuclear plants. Although the . program will not provide definite-
answers in all areas,- its goal is to conduct critical experiments that estab-t

E lish trends ' to provide answers to. engineering. questions relating to safety

[ issues, facing the;NRC.,

; 1.3. Program Organization.

L
.

' The program organization is presented: in Fig. 1.1. Each of the three tasks i

' consists : of six to eight subtasks. 3 These subtasks are discussed as part ofs

| 'the individual task' descriptions -'and each is presented in terms of an objec-
f .- :tive statement, a . background discussion, a . plan - of action which includes a

' flow chart and a milestone chart.

|: .The three program tasks are headed by - MEA personnel as shown in Fig. 1.1.

| Consultants will assist.with Subtask Ic "Wara Prestress Under Simulated Load-
ing," Subtask 2f " Total Fatigue Process in PWR Enviroments" and Subtask 2g

;

-

1-2,-

{' .
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" Cumulative. Damage Factor for Environmentally-Assisted Fatigue Crack
Growth." Much of Subtask 3c " Mechanism Model of Irradiation Damage" will be
accomplished through a' subcontract with the University of Florida.

Specimen ' irradiations are performed in the facilities - of the Nuclear Science
: and Technology - Facility (NSTF) at the State University of New York (SUNY) at
Buffalo. . MEA employees perform all mechanical properties characterization of
irradiated materials at NSTF. The NSTF irradiation facilities manager (an MEA
employee) 11nteracts directly with the Director of NSTF. Overall control is
maintained by the MEA program manager.

Progress in this . program is formally provided by topical reports (shown in
_ milestone : charts for each . subtask), annual reports, monthly reports and_

reports to the _ NRC Water Reactor Safety Research information Meeting held in
the fall of,each year.

Certain' subtasks are coor' dinated with the HSST program activities being con-
' ducted at ORNL. .The work of Task 2 is discussed at semiannual meetings of the
International. Cyclic Crack Growth - Rate (ICCGR) Group. MEA scientists 'are

~

active participants on committees of the ASIM and ASME in which the research
under the program is . discussed in a forum of scientists and engineers repre-

.senting worldwide participation.

- -
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2.0 TASK 1 - FRACTURE'TOUOHNESS' CRITERIA.

Characterization of, the fracture toughness of. nuclear = grade steels and weld-
~

ments. is an essential element .to equantify the - safety margin against _ fracture
in LWR <- pressure vessels and piping. . ' The . objective of the studies described<

here 'is 'to provide the.NRC with methodologies : and data with - which to assess
. the; elastic plastic fracture behavior .of _ pressure _ vessel and piping steels -in:

'a asaner which can ;have immediate - application to . the structural integrity:t

-
. assessment.of. operating plants.-- Emphasis is placed'on the development'of test

7 ' methods, L investigation of ' size effects ,- and data . generation. Investigating'-

. the behavior of nirradiated materials is a key. element of this task.

[, . Tas'k 1. contains i six' . subtasks (Fig. 2.1), each of which addresses differentL
>

areas vital. to the ; integrity of : nuclear vessels and- piping. The subtasks:aren
~

' defined such that they are related in ' terms of. approaches and test equipment
'

I required . so. that each subtask' can meet its goal in a cost-effective. manner._s

L There J is also an integration of this task : with Tasks 2 ' and 3 in terms of
'

' technical approach,'. material and | data interpretation.- Coordination of the
-work in Task 1 is.'also achieved.with related-NRC-sponsored programs at ORNL.

-Subtask la poses'the-difficult question of assessing the role of the stainless
steel cladding on the toughnes's of irradiated steel. This subtask will inves-

| tigste the behavior 'of 'a part-through crack in a plate section. This geometry
~

simulates the reactor ' vessel wall in a simple way - toy gain insight into the ,
'

c .. crack behavior which ' is1' the key to the safety assessment under PTS condi- s
~' '

;tions.' ' This, prograa 'will be . coordinated _ with studies of large models under -
PTS- conditions being undertaken by - ORNL. Likewise, Subtasks Id and If are

. coordinated with: ORNL in that . they -involve jointf efforts between the two
' laboratories.- ' Subtask - Id - involves the characterization of LEFM . f racture
behavior of irradiated steels (HSST 5th Irradiation' Series) while Subtask if

. centers on elastic plastic _ behavior (J-R. curve) of vessel steels with irradia-
tion (HSST 4th Irradiation Series). Subtask lb involves the correlation of.Cy
and DW-NDT. tests: with the fracture mechanics quantities. Kye and. Kyf. 'This,

correlation is' essential in -order to assess the f racture resistance of reactor
~

*

vessels which .are currently in service and for which only C data area avail-y
able. The objective of Subtask le is to establish a ' piping fracture mechanics
data 1 base' which involves elastic plastic - behavior . (J-R curves). This data
-base is essential for further analysis :of piping integrity by the NRC -and its
subcontractors. -- Finally, Subtask. Ic . will study the phenomenon of warm pre-e

"'

stress c under PTS c conditions. 'In. previous research by MEA scientists, this
|phonemenon has been shown to be 'of benefit during a LOCA. This concept was,

;; later confirmed by ORNL studies of thermal shock behavior. .,The previous work
.

' ~ of MEA scientists will now be extended to the formulation and verification. of
a theoretical model which incorprates reloading of the crack af ter warm pre- [
stress. . . A quantification ' of this phenomenon would permit advantage to be !

-

3

taken Tof 'an ~ apparent higher toughness 'of the material, thereby providing an
, extra margin of safety during a PTS accident. '

c
.

g
*
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|2.1 - Subtask la ' Fracturd Resistance of Irradiated Stainless Steel Clad Vessel's -

Steels
~

[2.1.11 Objective- '

~ The . objective ,of Subtask'la is to develop data directly usable in assesing the
.

role , played by ; pressure. vessel cladding ~ in enhancing or mitigating crack
initiation during,a postulated pressurized thermal shock scenario.

.

_ i 2.1.2 Background

The 1978 Rancho Seco accident, - among . other things, . served to illustrate that
it ,was possibleifor a nuclear pressure vessel subjected tc* a thermal shock to

"

falso experience . significant(pressure- loading.- Cheverton and - his colleagues *

(Ref. 2.1) .have . analyzed a number of pressurized thermal shock (PTS) accident
scenarios.. One - particularly. important finding has been the possibility that
relatively _ small flaws, subjected to a PTS accident, could. lead to failure of
.the , pressure , vessel. This - possibility is .particularly. important since the

- probability, of a flaw being present. Increases with decreasing. flaw size.

- Analysis ' of 1 the - potential - behavior of relatively small flaws in a nuclear
: pressure vessel necessarily involves , assessing the role played by the stain-

'.less steel cladding.and to account for the potential effects of. irradiation on
the cladding. In qualitative terms,~ the cladding enters the analysis in two
ways. First, the thertaal conductivity of the cladding,' compared. to' that, for
the - ferritic steel, - serves _ to reduce _the through-thickness cooling rate.
zThis, in turn, reduces the peak thermal strasses but also increases the time
required for the vessel wall to equilibrate. . Second, the presence of cladding

' enters the . analysis due . to the - differential thermal expansion. between the
stainless ~ steel cladding and the ferritic steel vessel wall. The net result
is thst r the . Kg profile ' along -- the crack ' front in the ferritic steel is

--different than for an unclad vessel.

The three-dimensional ' nature . of ' the ' problem makes a quantitative ~ description
of the K profile a difficult task. Depending on the flaw geometry (depth and
length),ythe residual stress : distribution and the applied loadings (mechanical

.and thermal), the presence . of the cladding may serve to either enhance or
[ nitigste the possibility of crack initiation. Note that for the. cladding to

' be ef fective 'in " mitigating crack initiation, it must keep the crack from
_ - extending in : length. Should irradiation damage in the cladding reduce its

- toughness to the point ' that the cladding fractures ahead of or along with the
i4- base metal,- the . cladding would surely enhance crack initiation in the base

metal.
.

The general topic of PTS' accidents is being considered as a part of the HSST
program (see Refs. 2.2, 2.3 and 2.4). The efforts undertaken as part of

j. , Subtask ,la have been designed to complement rather than duplicate the HSST
program activities.

'
,

I,

!
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9 2.'1.3 7_. Plan of ^ Action !

: ThN | plan of action' for . Subtask ila [ involves testing . part-through crack _(PTC)I ~

'

s . g
1 specimens, both clad'and: unclad,'with' flaw shaps, test temperature-and-irradi->

F w ' 1ation 'as variables. Figure 2.2 ' depicts. the plan of- action for this subtask.
" - The' initial clad - specimen work performed at- ORNL has ' demonstrated that fabri-

~

-

.~ cating and ' testing specimens -. taken f rom : clad .. plate : presents : some special - ',
~

, f . probleas'. ; ' Thus.fa specimen design / test technique ' ' development activity - has
';been included as part of.this subtask.

'

:. The plate material-will L belclad using aL th:ee-wire. tandem -arc - process typical
of 5 that used J in . older, .vesselE construction. - The ' clad plate will' be _ stress-

M [ relieved p us'ing ~ _a .f heat ~ treatment;.also . typical lof; vessel construction' ,

~

' 'practide. The 1 residual i s tress idistribution will' be determined for the clad-

*

K ]" 7specimeni blanks. . . This 'information. will be factored into the . analysis of
.

:sur, face : flawed specimens. .
+

,

P
'

e ., ,4

The(testing .will; involve monotoniciloading . of both clad and unclad specimens
.

, , t in ' both i the irradiatEdf and |unirradiated condition. The data to be ' acquired ~
I includes 1 crack 1 shape 1(using . a potential . drop -reasurement technique) crackW 4

,

' opening displacement 'and surfacei atrains ' as a function of applied load. The>

1 test data, will be : evaluated 'using -.the' best available - K and/or J solutions fori" 1

the PTC geometry. The 2 ef fect of ,the. cladding will be assessed in1 terms of the>

. valdes's of K 'and/or"J ' at crack - initiation - as " well as the' crack shape and !
~

-

3.
[ change.s1 in'. drack shape'.1"

. . , e.

'2il.4eMilestones-

k. V .' Figure'2.3 depicts the milestones'and; anticipated schedule for Subtask la.
~
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OBTAIN PLATE (TA) OBTAIN BROKEN

FROM MEA /NRC SPECIMEN HALVES FROM
STOCK OLD ORNL STUDY

"
u

HAVE PLATE CLAD BY FABRICATE AND TEST
PWR VENDOR (CE) TRIAL SPECIMEN0

'p ACCEPTABLE o

PERFORM MATERIAL REVIEW SPECIMEN DESIGN
. CHARACTERIZATION AND AND TEST PROCEDURE

RESIDUAL STRESS MEASUREMENT FOR ACCEPTABILITY
'

l= aI,

FABRICATE TEST
SPECIMENS

U U

FABRICATE PERFORM
IRRADIATION DEVELOP STRAIN UNIRRADIATED
CAPSULES GAGING TECHNIQUES TESTS

FOR IRRADIATED SPECIMENS
L

IRRADIATE
SPECIMENS

REVIEW STRESS
U ANALYSIS FOR

CLAD SPECIMENS

TEST IRRADIATED
REVIEW AVA!LABLESPECIMENS
K AND J SOLUTIONS
FOR SURFACE CRACKS

''

p U '
t

I
ANALYZE DATA AND PREPARE REPORT

Figure 2.2- Flow Diagram for Subtask la: Fracture Resistance of Irradiated
Stainless Steel Clad Vessel Steels
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MILESTONE STATEMENT AND SCHEDULE

Subtask la: Fracture of Irradiated SS Clad Vessel Steel
FY84 EY85 FY R Beyond

J F M A M J J A S 0 N D 2 3 4

1.a.1 Fabrication and Characterization of Test
Materials and Specimens

a. Complete cladding of plate P6
b. Complete material characterization Se
c. Complete residual stress evaluation V A
d. Complete fabrication of specimens 7 O "

1.a.2 Complete Specimen Design / Test Technique Develop-
ment and Prepare Report V A

1.a.3 Complete Fabrication of Irradiation Assemblies Pd
1.a.4 Perform Unirradiated Specimen Testing and Report V A
1.a.5 Complete Irradiation of Specimens p
1.a.6 Complete Irradiated Specimen Testing and Report V O-
REPORT SUMMARY 6 6 6

,

i

Figure 2.3 Milestone Statement and Schedule for Subtask la
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; 2.2 V Subtask ~ Ib E Correlation of Dynamic C, and Static Kge/KJc Tests

1 2.2.1~ Objective

'

f The: primary ^ objective. of this subtask is to establish correlations in transi-

tion temperature elevations between notch ductility (C ) and fracture tough-y
Sness:(Ky/Kje) tests.m L These correlations may depend upon material composition

_

and product. form.

t2.2.2 Background "

~

; Fracture . toughness 'and notch ductility typically are evaluated as a function
~ of temperature. The two . major ; areas of interest - are the material toughness /

' Lductility, levels .on the ductile ' upper shelf , and the temperature at some
- critical -index in the ' brittle-to-ductile transition region. ~ ' The effeet of
' irradiation : on these . two ' areas -is generally ' to ' decrease . the upper shelf
levels, and ' to increase - the brittle-to-ductile transition index temperature.
Th'e upper. shelf- degradation can - be visualized ' as placing limits on pressure
' levels in'a nuclear pressure vessel," while the transition temperature increase

'

. would give : a lower ' limit > to the temperature 'at which the pressure ~ vessel could,

be operated. safely under pressure.
_

Notch ductility as determined by the C test ,is widely used in test and powery
reactor; irradiation effects programs. Unfortunately, .the C test .. cannot bey

c interpreted directly in _ terms of structural performance. Instead, a fracture-
tou'ghness Eparameter such as the plane strain stress intensity factor (K) can '
be related 'more 'directly ~ to critical stress / flaw size conditions. However, 4.

:since f racture ' toughness specimens -(typically compact toughness or CT speci-
'

mens)L are -.not plentiful in reactor ; surveillance capsules (in many cases non-'
. existent), a means of relating C, transition temperature increase to f racture
toughness . transition temperature increase would provide a structurally-
relevant L technique for determining margin of safety -in nuclear = power plants
using C ' trends only.y

' ~

t ' The ' ASME KIR reference toughness' curve'' is indexed at the material reference
temperature, RTNDT, which is - defined in the unirradiated condition based upon
drop weight NDT. and dynamic C tests. Currently, 10CFR50: specifies that they
irradiated reference .

''
' temperature shall be increased by the temperature shif t

, determined at the 41 J-level using irradiated C specimens. Early work at NRLy
correlating Cy data with DW-N17f data ~ for the irradiated condition gave con- ,

fidence to ._this; use. However, recent work . at MEA, and earlier at NRL,,

cindicates ' that C, data may. be 'an unconservative ' indication of postirradiation,

; fracture' toughness transition behavior, at-least for the more radiation sensi-.

tive? meterials (Refs. 2.5 and 2.6). Additionally, significant " flattening" of
the C, curve shape observed in 'some steels indicates that the linear ~transla-
tionLof the KIR' curve as specified in 10CFR50 may. not be wholly correct.

The' studies - of Ref. 2.5 -involved several '. pressure vessel materials (plateg- weldq, ' forging) irradiated at 288'c to fluences between 0.1 and . 4.4 x 10
n/ca . - One objective was .the comparison of radiation effects on notch ductil-

j. ity; (in terms 'of C, energy. absorption and lateral expansion properties) to
r dynamic and static fracture toughness (KJde EJc) defined by fatigo, precracked
0 Charpy-V ,(PCC ) 'and CT specimen test methods, respectively. The CT specimensy +

p were, tested using the. single specimen compliance method 'and J-integral
..

2-7 t,
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. assessment procedures < to establish the . J-R curve. Representing the dynamic
test: case, the C ; 41. J and the KJd i100 MPa4 -index temperature (PCC ) showedy y
comparable transition temperature increases. On the other hand, . comparisons
of : the Cy _ (PCC ) : results against the static Cr test . findings showed majory

: differences. In many; cases the K - 100 MPs4 temperature elevation via the CT
^ specimens was much. higher (up . to *C) than the'41 J or K 100 MPa6 tempera-Jd

s ture elevations ', found . in the dynamic: C, tests. . . Wide variability (1 40*C)
between 41 J . vs. KJc 100 MPa6 temperature elevations was also described by
the data,_ leading to speculation that metallurgy influences the correlation of
the two indices. Tn terms of importance, a 40*C dif ference in (projected)
elevation of the transition . region can amount . to three to five years of reac-
. tor vessel' operation for s teels that are particularly radiation sensitive.
'Unconservatism of.C surveillance data obviously would have-.a direct impact ony

the adjustment of.the KIR curve.

; A means . of ' minimizing the differences between 'C and CT test data has beeny
postulated - recently by Merkle : of - ORNL using-_ the -S c-correction ' technique.I
Although this technique has only an empirical basis, correction of K dataye

; using the. Sye-approach does significantly. decrease. the dif ferences between Cy
and.CT-data, in some cases resulting in C . data which appears to be conserva-y
tive in comparison to similar.Cr data.

2.2.3 Plan of' Action1

TNe plan' for investigating the observed differences in C and Kye/KJc
~

t ransi-y
tion temperature shif ts .is illustrated in Fig. 2.4. Initial work in this area
will focus on assimilating data developed in recent years at MEA and .NRL into

one data base. Besides the C and KIc/KJc, ycthe K data will . be - re-evaluatedy

Tusing the sic-correction _ techniques postulated recently by Merkle of ORNL as a
successful method of estimating Kyc levels from - ASTM E 399 invalid Kyc-data.

- This correction has recently been shown to minimize the differences between_ Cy

and Kre/Kye shif ts (Ref.' 2.6), in some cases decreasing the Kre/Kyc shifts to
levels below the comparable C shifts.y

! Four plates with statistical variations: in nickel, copper and phosphorous
contents (Table L 2.1) will :be characterized to add to ' the : data base.- C,
0.5T-CT (KIc/KJc) .and tensile specimens from each of the four materials wi51
be irradiated in two separate assemblies at NSTF. In addition, unirradiated-

(KJd) tests will be conducted. The purpose . ofDW-NDT ' and dynamic 0.5T-CT .
these additional tests . is to provide composition variations - not available in ;

the current data. In addition, results from the HSST 4th and 5th Irradiation
programs will be assimilated into the data base. The . HSST Sth Irradiation
will also provide further information. on postirradiation DW-NDT behavior, and ;

'its | relation to the C, and Kre/Kyc
~

behavior.
~

2.2.4 Milestones

The milestones . for ' this subtask are given in the milestone chart - (Fig. 2.5).
In FY84, the first Test Methods Correlation irradiation assembly (TMC-1) will
: be constructed and irradiated at NSTF. Testing of the specimens . from TMC-1.
. will ' be completed by mid-FY85.. Once the current data has been assembled and

approach, a NUREG report will be issued. This shouldcorrected using the sic
occur early . in FY85. The second TMC assembly (TMC-2) will be constructed in
mid-FY85, with : testing to be completed by mid-FY86. A NUREG report detailing
' these results will be prepared by the end of FY86. |

i

2-8 )-

i

|



~- + .,. . + . . ., . .,

| h , :.h c '}
'

- * t t 2,
,_

'- , - <
, '.1, , ,

1

' T,.

:
,

i

.

-. Table 2.1- Test Materiala for Subtask. Ib Investigations

Material- . Code No. Thickness Source. Cu - Ni P- .' C Mn Si -S .Cr Mo
'

,

.' (mm)'

. _.

A 302-B 6A 12.7 Lab Melt' .0.28' O.05 0.002' 'O.23 ,1.294 .0.22' 'O.013 0.05 0.53'--

i

A 533-B 67C 15.9 Lab Melt 0.002 0.'70 0.025 0.23 . 1.31' O.20 50.018 0.05 0.51-'

A 533-B 68C' 15.9 Lab Melt 0.30. 'O.70 0.C28 0.23' . 1.31 0.22 0.017 0.05 --. 0.52

A 533-8' 68A 15.9' Lab Melt 'O.30 0.70 0.003 '0.23 1.31 0.22 0.017 0.05 0.52:"
4
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Figure 2.4 Flow Diagram for Subtask Ib: Correlation of Dynamic C andy
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MILESTONE STATEMENT AND SCHEDULE'
Subtas k ib: Corgelation of Dynamic C and. Static

CYB4Kyc/Kyc Tests V

FY84 FY85 W W Beyond

J F M A M J J A S O N D 2 3 4

1.b.1 Analysis of Data

a. Complete analysis of currently available data Q a_

b. Peport on currently available data 9-4
c. Complie new data V a

1.b.2 Unirradiated Material Characterization '

a. Complete unirradiated K an tensile tests V dJC
b. Complete unirradiated K an ests V OJC

1.b.3 irradiated Material Characterization

a. Construct irradiation assembly TMC-1 ti 3y

,!. b. Complete irradiation of TMC-1 p 6" c. Complete irradiated testing, TMC-1 V Ad. Construct irradiation assembly, TMC-2 V A
e. Complete irradiation of TMC-2 9-4f. Complete irradiated testing, TMC-2
g. Report on TMC-1, TMC-2

1.b.4 Final Report Based on All Data g
REPORT SUMMARY 6 6 6

I

Figure 2.5 Milestone Statement and Schedule for Subtask Ib
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This 1 subtask willf model the icrack-tip T behavior in; a' reactor vessel-'during a -# @
,

isg

._
(PTS) event. 'The : objective is: to

U" - @? ~ i:simulatedfMpressurized(? thermal; shock ' how smach of an'

,

" formulate 9 and jvalidatef a s predictive. capability to resolve
K , = withi K /K ' d > - 1 0, , can bei tolerated . ;before the beneficial.lincreasej inE' '

f " effects [of ~ warm iprestress :(hS) are ' overcome' and . crack: extension ' initiates.
y ys

-

'

f
. hV ",e ' : .

i
,

~ ,

42.3.2VBackgroundi
. :
P, :[ Warm prestressing[isj a phenomenon which increas'es the " apparent" fracture ,

n, a toughnessi of' a | cracked ; body. when ' the : latter is . loaded under L linear. elastic
D ' * j f racture ; sech'anics:X(LEFM) ? conditions. ~A L typical. ' WPS procedure consists of 1

& 2prestressing'7ai cracked ' structure at an elevated temperature, which| is .;

,

si -O generally 1 above f:the;? brittle-ductile ' transitionX region, then !' unloading _ and
icooling { to ailower; te'aperature somewhere; below; the brit'tle-ductile transitioni

'
6

'

. -
/whereiLEFM!behavio'r would be anticipated.- Upon reloading at the lower temper-

D ;[ 2 ature the fprior WPS = would result'in'the' stress : intensity at~ failure Kp exceed--
(ingiK f,'provided ;that. the WPSyldad initially ; exceeded the level of Kye at the-eg - y

y lower: temperature.J,
,

Xs - E , y.... . . _ _
.

,
.

n W JModelsjof t the WPS ' phenomenon':have been proposed by Harrison (Ref. 2.7), _ Harrop
'

.,

<c ,

; "(Ref. (2.8), L Rice" ; (Ref. 2.9),' _ Chell (Ref; 2.10); Curry ? ((Ref.~ 2.11) . and ,
.

AllEof (these (approaches ~ make ; assumptions' which avoid the rigorous' 'others.. :
[analysistand predictive j capability s that would ibe s required in determining'-

,,[ *y;n'I Jquantitatively; the margir. of L safety in nucleer' vessels ? uring a thermal tran-- |

* .

d
'

' : sient. , Nevertheless, Cit: . can be ; concluded. from these theories that WPS rdoes |

4 '. Y- ' not,(in c fact,V improve i the > intrinsic f racturel toughness of materials at low ,:

i emperatures A Inste'ad,'the beneficial effects appear to:be' entirely dependentL' )- t s s

h! f uponfthe sloading history,_and the? material's reponse to that history., ~ A'defi-2.
..nitive (model' of ~. the WPS . behavior . could be 'of benefit.qin quantifying the ' margin ." , - c'

,> f df ? safety :inipostulated ' accidents associated with ' nuclear reactor vessels. . , ,
'

'', 1% ?
, .

.

_<

*'a (Experiments ; conducted ' by Loss, et al. ' (Ref. 2.12 ' and 2.'13) have. demonstrated+

m _

|the. WPS' concept. for 1 laboratory specimens; subjected :to . a stress history .which . ;
2 i

'

; C , i simulates 1 that j seen : by the F crack-tip , regioni of . the1 vessel wall during a LOCAJ'

Jin which (the vessell is' unpressurized. . ' The resuldsf show a positive ! benefit ofE
.

,

'WPS Einf that i K 'always1 ekceeds! K '' ' when : the material has been subject; to ' WPS.
fori the ! bCA ' event ' it

.
<

It S was h concluded t thatl
4 1s . impossible for. f racture to-

'

L decreases' with ; time,iprovided the crack-tip region has -been 'sub-'' -

; occur 5 as .Ky
'j. Jjected / to WPS. The E WPS phenomenon) has been ~ ~ subsequently ' demonstrated. by"

% [Cheverton i(Ref. 2.14)Y at ORNLL with- intermediate test vessels (unpressurized)M" _ ' Ewhich were: subject to | thermal . shock conditions resembling |a:LOCA.
. ;

!

,

The postulatedL PTS . accident 'has been recognized as a potentially more serious4'
-- '+ ";Y (accident { than : the ? LOCA.' ' During . a f PTS, f the -vessel wall' is subjected ' to a

L thermalLc shock just as in the : case . of a LOCA, including the possibility of I

,WPS.yA' major dif ference' between the two accident scenarios is that the vessel !
m, '

E x.o *, % 4 s i repressurized ;in the PTSi In the 'latter icase, .the potential benefits of"
1*

; WPSJareJ not"as clear ~as 'in Ja LOCA. It has -been^ demonstrated that WPS is
the K the crack tip' decreases with time af ter iL effective Jin a LOCA 'sinceis argued aton. physical grounds, and experimentally j.q g f "the iWPS.| : Here< it.

i i 2-124' s ,'
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| demonstrated gby Loss , ' that - f racture ;will ' not occur - when . K at the cracky
,'~M decreases even.though Ky may exceed Kye. A.similar argument fort the PTS eventidoesjnot((exist, because of repressurization.V In order to define the benefit

'm s

e - + ' w ' from WPS'during PTS, it' is necessary to know in quantitative terms the degree" ' f of 2 reloading; permissible in the region where K
W

-

y>Kye..

'

,

g@ J2.3.3 / Plan'of Actionf

The _ planned; approach to. the investigation : of the .WPS phenomenon is shown
,

L schematically - in - Fig.' 2.6. . The- thrust- of this subtask will be to model the
P = crack-tip, behavior during simulated PTS conditions. . It ' is expected that the

; verification of; the - model will1 require numerical . simulation as -well as an
,

(experimental phase.

_iThe iditial work " on~ this subtask ( will be the modelling . of the crack-tip'
-

, behavior during an arbitrary . WPS . loading which includes reloading such that
K{> K7c.. | The- model will be developed by consultants from Brown University., _

.

i This effort will include formalation of input for.a FEM analysis.

:S D Given this. model, investigators from the University of Tulsa will compute 'the'

near-field ; crack-tip : behavior - (stresses and deformations) . under _ a . simple WPS
f? path for a' laboratorylspecimen._ ' This path will involve ~ loading of ' the crack
' , ~ ip in; the ; ductile regime,'. partially.. unloading as occurs in a LOCA, and - thent ,

w reloading,at.a low temperature, as. occurs in a PTS. The objectives will be to
predict the failure load. The computations will' simply express the K4 yc at the,

, crack tip in' terms-of a'far-field load,.taking account of residual stresses at
- ' the fcrack tip. The degree - to, which this ifar-field load exceeds the load to

' reach Kye. for a virgin asterial' determines the degree of reloading af ter WPS
~

- that ' can be; achieved. . Having performed these computations, the model will- be *
< ~ '

* applied : to predict the -! results of L Loss, . et al., (Ref. 2.12, and 2.13) which -.

involved reloading of' the crack 'tip 'to. varying amounts prior to f racture. MEA
: willq develop flow properites ' from the steels. used in these . experiments ; to -
support the' analysis.,

,

'~ ' *
, .

.. .. . .~ . ..

-

: Depending onLthe . degree . of success - achieved in predicting the experimental-.

'results, itAmay ' be necessary to refine the ' model.. In any event, additional
> L tests will' be undertaken with - the same' A '533-B steel used in the prior. experi-

. . ments (Ref. 2.13)1 to test the model(under . dif ferent - loading conditions. To
~

*

* - furtherivalidate 1 the model,, l steel, . one
one or two materials having dif ferent ' work-~4 s

hardening : characteris tics (one aluminum) will . be tested. It is
L felt. that residua 1Tetresses are the key to explaining the WPS' phenomenon.,

,
,

. :Since ' the . latter is ' linked to the strain | hardening of the material,' the test--+

Ling 'of 'ahfew different steels is essential to validate the analysis.s_ .
-y+ c 3,

The7 eiperimental; phase Lof this subtask will be relatively small. In the event-

' '

/ hat further experiments are required, such as' demonstration of the reloadingt,
-

| :phenomenMt1with irradiated steels, . this work .would form the basis for a
. follow-on, effort.;z, ' '

. . ~;4 s s
2.3.4iMilestones 4'c

' '

t
%.s|' . 7

I: Milestones and,the; anticipated schedule for Subtask Ic are given in Fig. 2.7.
;
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l
Figure 2.6 Flow Diagram for Subtask Ic: Warm Prestress Under Simulated

Transient Loading I
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Subtask Ic: . Warm Prestress Under Simulated
,

g.
Transient Loading+

FY84- ~ M85 FY FY Beyond
'

J F M A M J. J A S 0. N D 2 3- 4

1.c.1 Analytical Modelling_
,

a. Develop initial model- V O
b. Refine model' V $c. Interim report V 0

,

1.c.2 Numerical Simulation

j a. Develop FEM approach
. 7 A '

| b. Predict. existing experimental.-results 7-6 4c. Refine FEM approach 7 A,

d. Interim report O
,

1.c.3 Experimental; y
d I

| 5 a. Flow properties for existing results 74b. Model validation tests 761

.

l.c.4 Final Report O
|

REPORT SUMMARY A 6 6

,

I

s

4

Figure 2.7 Milestone Statement and Schedule for Subtask Ic

.
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# ~?2.4;: Subtask Id;/ Irradiation-Induced.K3 yc

"~
t ,,_,.w. r ~ --

- . 2.4.;l F Objective ' ' 5,
- - r _

!C ~ [The[ primary [ objective L of[this?-jsub' task isf to
,

obtain valid - linear elastic'
'

. |
m~,_ Gfracture4 toughness :(Ky ') Ecurves for - two nuclear pressure vessel grag steeg - - t< welds ; irradiated at. ' 258'c ;(550*F) ' to _ a | target fluence iof - 1.5 x'10 n/cm

.,

'
u -

'

-

((E.>si MeV).' Secondary objectives are as'follows:--

: -
-+

isJ ). btainMnirradiated'| linear . elastic . a' d elastic plastic - (Kye) fractura:nm

'. toughness = curves . up to -about 130 MPaA (118 |ksi/Iii~ as well as irradiatedM <'
,'

Y ^* - ; elastic plastic < fracture i toughness curves, ' thus ' allowing comparison of

$} 'Kre[and|K3e(data.--
~~

'

,Y '

_
.. . a .. ,.

;n jet - f 0btainiunirradiatediandt. irradiated? Ch_arpyc (C ) curves for correlation- y
~ _ . _ - e with the : radiation-induced shif t of the : brittle-to-ductile transition as*

.

g[ Kindicated by/ thelfracture' toughness tests. .
J'

n ,,

" ie, Indexiths nil-ductility; transition ; temperature _ of both materials ' with
=, 4" irradiated land 'unirradiated drop weight tests and obtain tensile , proper-

' ties? or both 'the unieradiated and irradiated condition.- *
-

fA %: _,;.

L M , ,'e _u-
'

,o,
1 Test, sufficient ) specimens, as f ar' as' practical, ' to provide a statistical-

'% analysis of;the'results.y,
- , -

. *

_ 41 f2.4.2? Background-
[Thisi rogrami isi- beingf conducted < as a cooperative effort ' between MEA and Oakp

.

: Ridge 1 National ~ Laboratory ~~ (ORNL). It is part . of ' the - larger Heavy' Section -4

o
O ? Steel /Technologyy (HSST) program ' sponsored . by. the . Nuclear Regulatory Commis--

, _ e :[ sion.1 This -subtask iis the fif thein' the planned series of ' HSST ' irradiation
~

; - studies e and' is Eintended u to fvalidate current procedures ' for -_ estimating _ the 4-g .

shif t 'and sh'apez ch' nge, if iany,f of the brittle-to-ductile transition K' curvea'

curve is bsed on
-

;with' irradiation. Currently,-the' predicted shift in the Kyc
Ltheishiftf of 7th'e :Charpy ~ toughness curve;"it "is assumed that the shape. of the .

,

;Kyc curve does ' not change with irradiation. . Validation of this methodology:i*

Hwas > initiated inithe first HSST irradiation study, but insufficient" specimens;
, JU ;were available to allow.' statistical ^ analysis..

T
,

s .. . .

-- L2.4.3 -Plan of-Action t
^

. s
. .

i

"
..

ORNL> Figure 7 2.8 vis ''a flow ichart which describes the general * plan of action.
,

. * fisjhaving:14' meters (216 mm thick);each of ' the two weldsents fabricated having'

'dn (nominal A 533 ? Gr. B chemical 3 composition with copper. contents of ' 0.23%. and
'

i

70.32%.-; These relatively high copper: levels ~ 'as'sure a significant shif t in the ;
"

.transitionJ To - obtain uniform copper distribution in the finished weld, the| . ,,,

fcopper was added y to the'. weld wire; melt " prior' to drawing it into weldingb 1

? wire.' _ ' The ;weldsents ' are i being fabricated and stress relieved according to
M Scurrent' commercial practice. ' Specimen machining..will ~ be performed by ORNL as -*

'

_

g ; welli as ipreliminary ' inspection and characterization of the material which in- ;
''

,7cludes: " ult rasonic- (inspection, chemical analysis, metallurgical structure~

*1 ' : s tudies , J and ? the i preliminary tests of standard tensile, drop weight and C .y 'Especimens'. . The ~ specimen complement for the program is shown in Table _2.2 on ao

L _ ,,4
| per material. basis.

.3<
,

-
. ..

m
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;Speciusn testing -will' be L eonducted . jointly by MEA and' ORNL with' each labora-,

' tory) testing , abouti half :of.. the specimens. -- However.. testing of-all irradiated-'

4T-CT 'and unirradiated 6T-CT and E8T-CT specimens will be conducted by LMEA.andP "s 1 7*

. allD tensile.iand L aboutJ
'' ~

75% L of L the Charpyj tests ' will be . done by .ORNL. .The:^7

.. 7 specimen' testing sequence-is'as follows: '<
-

~.

." ' . ..) .

E, T
. ~ .-e

.

*'- _ . ' i(1) 4 Materials inspection"and characterization -(ORNL only).-
W-g

,

R
_

n; 7 1(2)x Unirradiated specimen testing.
;

#
-s t ._g

ra. j Cy; tests-i _ w'
.

' ;b.' LTensile-testsq(ONRL only)'
m- ' - c.iJIc (Kye), tests bf.- IT-CT specimens --

i d. ; ; Kye : tes ta ; of . lT-CT ; spec imens
' '

> ..

,- - fe. ; JJte:(Kye) tests of#2T-CI s'pecimens<.

-tests ofL2T-CT. specimens
"

f' : Kyc.
, _

- - g. . 'Jye)(Kye);tes ts of |4T-CT . specimens
> - Lh. t iKre' tests of.4T-CT_ specimens1

. , ,

,i. : Kye 7 tests |of 6T-CT and 8T-CT. specimens - (MEA' only);_ _ , ;

- [(3)' ; Testing jf irradiated' specimens and remainder .of unitradiated specimens
'

.

,

'' ~ '

- a. - ic ' tes ts .y

~

<b.' 'Tensilejtests_(ORNL'only)
..

-

Lc. Drop-weight' tests

Td. Jyc-(Kje)ftests of IT-CT specimens'

_

e.: Kyet tests: of clT-CT _ specimens,

'f. (J g (K'c) tests of 2T-CT specimens-," y y
g. gKye. tests of.2T-CT specimens . .

. ,
,

.

' h .' . ._ Kye tests of;4T-CT specimens-(MEA only).
.

J yThe 'testingG philosophy 1resulting . in the . above sequence is to first conduct-
'

: those test .which 'will ' provide c guidelines and data input to the, larger, more,

= valuable 1specirmen tests.E Thus, C, and tensile testing are conducted first to
'

' - provide properties needed - for L compactz specimen test ; data analysis. and to
y. 1 provide an; indication 1 of where . the ' static brittle-to-ductile transition is

~

clocated based on ' the1 ynamic C transition location.3 Next, the smaller unir-d^ ,- y
> radiated compactispecimens -will be' tested.' < These L data in turn will be used'to
-define ; test temperatures: for : the larger specimens. ' Irradiated compact speci--
' men {testingi will| commence 'af ter the unirradiated testing is essentially com- -i

Epleted.J '; All - specimen ' irradiations will| be conducted by ORNL - in' the OakiRidge
| 1 Research , Reactor pool-side facility. Af ter L completion ~ of| all unitradiated

large (4T, 6T and 8T) compact testing by ' MEA, the ' MEA' 550-kip test frame will
~/V ;.be moved into ithe.. hot _ cell at the Nuclear Science and Technology Facility at.

'

| the ? University of! New York at' Buf falo 'in order to. test the irradiated 4T-CT -
% Jspecimens./ i

""
2.4.4 MilestonesL

Figure 2.9 illustrates the milestones and anticipated schedule for Subtask Id.<

.

)

*

'
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Table.2.2 Specimen Complement'for K yc Curve Shift Program

SPECIMEN PURPOSE .UNIRRADIATED IRRADIATED TOTAL PER:

TYPE MATERIAL

IT-CT- K 10 12 22yc.

IT-CT' K 24 24 48Je

2T-CT K .4- 6 10yc

2T-Cr K 12 8 20Je

~4T-CT K 4 8 12ye

b4T-CTi K 8 0 8byc

6T-CT 'K 2 0 2'yc .

F~ ~ -8T-CT K 2 0 2re

Std. Tensile Tensile Properties 4 0 4
k

MTc Tensile Properties 24 12 36

Drop Weight- NDT 12 12 24

Charpy, Transition-Shelf 81 38 119

a All entries are on a per material basis
= b If suf ficient . material' is as tilable

c. Miniature Charpy-size tensile specimens

Id

2-18
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Figure 2.8' Flow Diagram for Subtask'Id: Irradiation-Induced K "##" EIC
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' ?2.50 Ssbt'ask le i Piping Fracture Mechanics ' Data Base .-

[ :2.5.lhpb.iective=
. .. . ,. A.

iThe ; objectives : of this; subtask. are ; to. develop a comprehensive data base' of "J-R,c

: curves t f rom ) piping < steels . commonly used , in* cuclear - power n plants, and to.- e
' 2 establish' a numericJ data base on a' computer system ,to provide ready access to
w fthe I data. - Data 1 currently'available from other . lab' oratories will be supple-

'
'

mented;byfJ-Ricurve? testing at MEA to' complete the desired dataJastrix.'

[215.2 p ackgroundiB:
n 2

s _,.

An important; consideration Jin. assiessing nuclear powerfplant . safety is a-deter-
mination ~ ofi the . structural : integrity _ of the coolant - _ water piping systems.-

iBesides system-dependent"' concerns such as . loading and iflaw : distributions,
1 F| properties ( of b thej constituent ? materials such as; tensile strength, fatigue :

- - _crackygrowth | rates andL fracture toughness. values are also ~ required. 'TheE

fracture toughness takes ' on special significance since it is used in determin-,
1 +

{ingiwhether . or Enot;'a crack ; will1 propagate: through ; thickness - underi specified-

lloading scenarios, - and additionally,' whetherf or not- a through-thickness crack,

, ; will bee stableT or _ will-~ result _ in a large break..

IThe[ development 1'of f racture analysis. procedures . for.1MR' piping systems has
; passed ithrough several; stages. . Currently, J-integral; concepts are receiving-

cons'iderable " attention "as a suitable 1 technique. Initially, i the idea of a' '_ critical 'J/ value 1(J j) for l the initiation of fracture was. being applied: to: y
- many . st ructures, : including , piping. In' general, Jte- was i seen as - conservative, :

j -O s - but} perhaps . overly conservative, Jfor' piping . applications. Ju .

analyses did,

Ic- not . account; for the appreciable ' tearing resistance- of very tough-' materials.
cInL1979, ; Paris _ and . coworkers T(Ref. 2.15 and 2.16) -introduced - the tearing

.

' ' ' ' "

' instability;ianalysis and yapplied it to a E number of E structures including'
ciircumferentialhcracks in ; pipe. : This analysis = has i gained. popularity and is.

'

'

' , considered by many to provide the. best measure of the fracture resistance -of a+

structure.. n.

6- Theiessence .|of the. tearing instability analysis .is i that a material- has a
L ! tearing . (resistance) modulus (T,), which can be determined . from the :J > resia-

|
^

L tance,1 or. J-R,- curve. . For-instability.of'a'given crack'to occur, T applied to-:

~ he structure Et mu.st 'be greater J than T and J- applied must be greater 'than
OJ .._Both T,: and Jge;come from the 'J ,R - curve, . which is the primary ' data for

'

re._

i the' tearing-instability anaipsis,-

'i
.

.

.

~ ~ Before the tearing instability' analysis canf be generally.; applied, a comprehen-
g -

3 sive ~ data . base | of J-R : curves f rom -- pertinent piping materials must be ' formed.
_

: A . list J of ,such materials is . given in. Table 2.3. Unfortunately, little J-R
+

O_ . curve ; dataM currently' exist for these_ materials. Therefore, additional J-R .
curve testing will' be required to complete the data matrix as best possible.,

c,

[ UThe fismediate' tasklonce ~da'ta are available is to package. the data in a format
i mos ' usable by NRC ' personnel. 'This requirement will be best met through a

*

70 Tcomputerized storage and retrieval system.
,

e
"

?

k
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~2.5.3?-Plan of Action

The plan for ~ developing the ' piping data base is given in Fig. 2.10. The list

of . materials given 'in : Table 2.3 e is the target. matrix of piping steels _ for
which data is desired.- Unfortunately, ' data are' not available . for many ' of the'

-
s

materials i on ' the list.- -Other laboratories * which have ' characterized piping
: steels will ;be' contacted "in an effort- to fill the matri* as much as

'

'

possible.; The - data collection efforts .will not be- restricted to Table 2.3,
,

but f rather data from;any commonly ~ used materials will be: collected. '

' Concurrent with the data collection effort,- sources of pertinent materials (or

potential , sources)'will be solicited in an attempt to procure enour$ suitable
material: to provide ~ a reasonable ~ data base. The material collec efforts

' will be = coordinated with - Battelle's Columbus Laboratory, the contractor for

t the .NRC's_ Degraded Piping program.:

The . data collection and - lata generation ' aspects ' of this subtask ~ will' be con-
~: tinuing . ef f orts . throughout this contract. On . the-_ other hand,- implementation
J of the computerized data base will primarily be a _ first year ef fort, with 'the
'following year's work focused on. coding c2w data into the data base.

- 4

: The data base will be' implemented on 'a mainf rame computer, possibly on the NIH
" computer fusing |the System 2000 : Data - Base Management System or on another

. Government-owned system. Prior to the- establishment of the data base on the
~

,

~ type of instructioncomputer,> data - input forms - will be finalized, with some
. manual to , the . input forms prepared. Additionally, 'sof tware for processing,

. plotting and;other maintenance operations will' h' ave to be developed.

2.5.4- Milestones

The milestones are given in Fig'. 2.11. As mentioned previously,' the material~ '

procurement, data. generation and - data collection ef forts : of 'this ' subtask will4

be Econtinuing tasks throughout the contract pe rio'd. In FY84, the data input
forms = will7 be . finalized and the instruction manual will be ' prepared. The

3 initial data' collection. efforts will'be made'this year, with actual establish-
s ment .of the data base by the end ~of ' FY84. Coding of.the data into system will
'beiinitiated shortly thereafter.

c
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Table 2.3 ' List of Commonly Used Piping Materials.to be-Included'in the Fracture Toughness.Deta: Base
.

: Material' Nominal. Fa11' Typical' Application /Commente:,,

; Specification- -Diameter Thickness
.'

!~ (in'. ) . .(in.)'
4

i SA-516 Gr. 70 ~ 30 to'42 2-1/2 to;4-1/2 StraightPipe'andElbowsinMainCoolantLoop/PlateMaterial)
' formed into Product - ,

i "SA-106 Gr. C 30 to 42 2-1/2 to'3 Straight Pipe in Main Coolant' Loop / Seamless Pipe..
_ ,

! SA-351 Gr. CF8M 30 to 32 2 to 2-1/2 Straight Pipe and Safe-ends in Main Coolant. Loop / Cent. Cast 316
: SA-351 Gr. CF8M' 30 to 32 2-1/2 to 3 -Elbows in Main Coolan Loop / Cont.-Cast:316-

.

' .

[ SA-351 Gr. CF8A 30 to 32 2 to 2-1/2 Straight Pipe and Safe-ends in Main Coolant. Loop Cont.. Cast 304
' SA-351 Gr. CF8A 30 to 32 2-1/2 to 3 Elbows in Main Coolant Loop / Cent. . Cast 304

. ,

-SA-351 Cr. CF8M. 12 'Sch. 160~_ Surge.Line and Branch Pipe Safe-ends / Cent. Cast'316
,

l' SA-182 F316 30 to 32 2-1/2 to 3 Safe-end in main coolant loop / Forging'316' '

| -SA-182 F316 12 Sch. 160 '45* and 90* Branch Nozzle in Main Coolant Loop / Forging'316
SA-182 F316 4 to 6 ' Sch. 80 to 160 Branch Nozzles in Main Coolant Loop / Forging 316

'

'

; ,

SA-182 F304 30 to 32_ -2-1/2 to 3 Safe-end-in Main Coolant. Loop / Forging 304- *
<

| SA-182 F304 12 Sch. 160
. .

~ 45' to 90* Branch Nozzle in Main Coolant Loop /For2 ng 304in
.h SA-182 F304 4 to 6 Sch.-80 to 160 . Branch Nozzles in Main. Coolant-Loop / Forging 304

.

|" "Surge Line and Branch Line Safe-ends / Seamless Pipe 316-; SA-376 Type 316
_

12 Sch.'160
.

Auxiliary. Piping / Seamless Pipe 316SA-376 Type 316 4 to 6 Sch. 80 to 160
.

SA-376 Type 304' 4 to 12 Sch. 80 to 120 .BWR Piping / Seamless Pipe 304
SA-376 Type 304 20 to.24 Sch. 160 BWR Piping / Seamless Pipe 304'.

SA-358 Gr. 304 C1.1 4 to 12 Sch. 80 to 120 .BWR Piping / Welded Pipe 304-
| SA-106 Gr. B 4 to 12 Sch. 80 to 120 BWR Piping / Seamless Pipe-Carbon Steel

'

j SA-105 Gr. 2 4 to 12 Sch. 80 to 160 Branch Pipe Nozzles / Carbon Steel Forging I
~

t Weld: SA-516 Gr. 70 30 to 42 .2-1/2 to 4-1/2 Pipe-to Pipe:or Pipe.to Elbow Weld in Main Coolant Loop / Field
'

! to SA-516 Gr. 70 . Weld- ,

f Weld: SA-106 Gr. C 30 to 42 2-1/2 to 3 . Pipe to Elbow Weld in Main Coolant Loop / Field Weld
! to SA-516 Gr. 70 '

| Weld: SA-106 Gr. C 30 to 42 2-1/2 to 3 ' Pipe to Safe-end. Dissimilar Metal Weld / Field Weld-

i to SA-351 CF8M
| Weld: SA-106 Gr. C 30 to 42 2-1/2 to 3 Pipe to Safe-end Dissimilar Metal Weld / Field Weld ~

! to SA-182 F316
. . ._

| Weld: SA-376 Type 316 4 to 12 Sch. 80 to 160 Pipe to Safe-end (Forging)LWeld/ Field Weld
to SA-182 F316,

Weld: SA-376 Type 316 4 to 12 Sch. 80 to 160 Pipe:to Safe-end'(Cent. Cast Pipe) Weld / Field Weld'

{ to SA-351 Gr. CF8M
i t

,

< n
,

_ . , , -- _. - , - , .
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ESTABUSH NUMERIC CONTINUE 4 SURVEY OF SOUCIT/ PROCURE,
DATA BASE TECHNICAL COMMUNITY PERTINENT PIPING

MATERIALS

V u

FINAUZE DATA JI FABRICATE AND
'

INPUT FORMS TEST SPECIMENS

U y if

WRITE APPROPRIATE REVIEW COLLECTED ANALYZE DATA
DATA ANALYSIS DATA AND COMPLETE AND COMPLETE

,

SOFTWARE FOR USE DATA INPUT FORMS DATA INPUT FORMS
WITH DATA BASE u i

v
INPUT DATA TO DATA

BASE AND VERIFY
ACCURACY OF INPUT

1r

EVALUATE DATA

BASE AND TRENDS
IN THE DATA -

V

PREPARE REPORTS
o USE OF DATA BASE
o J-R BEHAVIOR OF

FERRITIC PIPING
o J-R BEHAVIOR OF

AUSTENITIC PIPING

l

Figure 2.10 Flow Diagram for Subtask le: Piping Fracture Mechanics |

Data Base
'
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MILESTONE , STATEMENT AND _ SCHEDULE

Subtask le Piping Fracture Mechanics Data Base '

FY84 .FY85 Ff FY Beyond

'J F M A M J J A S O N D 2 3' 4

l.e.1 Material Characterization

a. Complete characterization'cf A106-C 57 21
b. Characterize cast stainless and weld (A351CF8A) 57-gi

!,
c. Characterize SA182 safe end base metal %A,6,
d. Obtain weld of SA182 and characterize EA-eg
e. Characterize SA376-304 5E-11f. Characterize SA106-B 17-11
g. Solicit and procure materials z7 ik
h. Characterize procured materials 57 ii

1.e.2 Data Collection

a. Finalize data input forms 57 /ij' b. Complete instruction manual on data input forms %A-ti
U c. Collect data, two trips

{
1.e.3 Computerized Data Base Activitics

,

a

a. Establish data base or. a computer, begin input 57- ,6,---

of coded data
. b. Write processing / plotting software 57 ----og
| c. Write instruction manual on using the data' base QL-fi1

i
'

REPORT SUMMARY A A A

i

Figure 2.11 Milestone Statement and Schedule for Subtask le
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E > ; 2d :JS task-If' ESST 4th Irradiation Fracture-'auughness

I 2.6.1 ' objective
r

The prinsary- - objective is to characterize 1 the elastic-plastic upper shelf
f recture: toughness (K

E ted steels . and welds ye): and transition : region behavior (Kre/Kje)' of irradia-representing current reactor vessel practice (i . e. . low
icopper impurity level)./. Sufficient specimens will be tested to provide sta- '

:tistical' analysis of the data as far as is practical.
x

2.6.2EBackground~

.

This subtask is part . of . the larger HSST program sponsored by the Nuclear
1 Regulatory.: Commission.- Thel HSST :4th Irradiation Program .is an'~ ongoing
cooperative study- between MEA and ORNL with _each laboratory testing,

.approximately . half: of~ the specimens.. Program materials consist of four .i
nominally A 533 Cr. B composition submerged-are welds having copper contents'. ;

.of 0.04%, 0.046%, 0.056% and . 0.12% and one A 533-B plate (HSST Plate 02) with !
- . a J copper ' content . of 0.14%. From ' each - of these materials specimens were

machined and irradiated - by ORNL. The specimen complement is shown in Table
J2.4.

>

Currently,J all unirradiated specimens and all. irradiated Charpy and . tensile
specimens have . been tested. . Only the irradiated ' compact specimens remain to

'

,

be tested.4

12;6.3 Plan of Action'-

Figure 2.12. is a flow chart which' describes the general plan of action. The
'

remaining .- irradiated compact specimen tests will be tested in the same r

sequence as the unitradiated compact. specimens. Firs t , scoping tests for each
material . will . be conducted to define the transition region temperature~

ip range.- Temperatures for these tests ' will be chosen ' based on the transition
'

shift _ determined with Charpy specimens. Once the scoping testing and test
; analysis are complete, test temperatures for the remaining specimens designa-
ted for the -transition region will be decided jointly -by MEA and ORNL. Test-
ing, to define the upper shelf properties will immediately follow completion .

of the scoping tests; the main matrix transition region tests will then follow
: these.

A few specimens from each' material will be reserved until all main matrix
tests . are complete. These specimens will be used to fill in areas requiring

. additional data and to resolve ambiguities that occur.

2.6.4 Milestones
;

Figure 2.13 illustrates the milestones and anticipated schedule for Subtask'

If.
t

|
L

,
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Table 2.4
.

Specimen Complement for the 4th HSST Irradiation Program-
M

' SPECIMEN.- MATERIA 1. UNIRRADIATED . IRRADIATED. PURPOSE TOTAL
TYPE- TYPE

Charpy" A 533-8 Plate 60 50 USE & Trans- 110-

a~

Charpy S/A Weld 68W ' 28 USE & Trans 28-

a'Charpy .S/A Weld 69W 50- 25 USE & Trans 75

a-Charpy S/A Weld 70W '25 33 USE 6' Trans 58

Charpy* S/A Weld 71W 25 31 USE & Trans 56-

Tensilea A 533-B Plate 14 6 Tensile Properites 20,

aTensile S/A Weld 68W 6 5 Tensile Properites 11

aTensile S/A' Weld 69W 12 6 Tensile Properites 18

a'Tensile S/A Weld ~70W 12 5 Tensile Properites 17

s S/A' Weld 71W 12- 5 Tensile Properites 17: Tensile

1T-CT A 533-B Plate 52a 60 Kge/Kje, R Curve- 112

IT-CT- S/A Weld 68W 18a 30 Kge/Kje, R Curve 48

1T-CT . S/A Weld 69W 37a 30 Kre/Kye, R Curve 67. -

c1T-CT. S/A Weld ' 70W 21a 30 Kge/Kje, R Curve- 51

-1T rI S/A Weld 71W 218 30 Kre/Kje, R Curve 51-

,

a These specimens have been tested.

-

1
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MEA 1 UPPER ORNL? UPPER : MEA |lRRADI ORNL-|lRRAD -

'

SHELF TESTS SHELF TESTS SCOPING - , SCOPING- - -

,

'

: IRRAD IRRAD TESTS TESTS-
! I I

DETERMINE 1
~

-TRANSITION TESTz
!-

; - TEMPERATURES
;

.

&
~

; MEA ORNL-'

! 1 TRANSITION TRANSITION
i .

| TESTS TESTS-

! JUNE 1984 ' '
i

j : REVIEW ALL IRRAD TEST

| DATA. tTEST SPARE SPECIMENS

! JULY 1984
COMPILE - ALL' TEST DATA

;

FINAL REPORT

| Figure 2.12 Flow Diagram for Subtask lf: HSST 4th Irradiation Fracture Toughness
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. MILESTONE STATEMENT A N D::S C H E D U L Ef '

p.f ;<
,

"
.,

'

i Subtask If: HSST 4th'IrradiationIFracture Toughness' ;.:e- ]
!-

_ FV84 :FY85? FY FY W' '

I MILESTONE 86 87 Fr877! J F M 'A N J. J. A 'S 0 .N D 2 '3 4...

1.f.1 Unirradiated Testing &
I . .

.. .

~

1.f.2 Irradiated Testing <-;

a. Scoping tests-
'

Pd
b. Main matrix _ pe''

t
*

. . . . .,

?- 1.f.3 Complete Remaining Unirradiated and' Irradiated

| Tests 9-6
,

i
. Joint MEA /ORNL NUREG

-

'

1.f.4
-

9-4,

,

.

REPORT SUMMARY A
Y
"a

Figure 2.13 Milestone Statement and' Schedul'e for Subtask if .
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3.0 TASK 2 - ENVIRONMENTALLY-ASSISTED CRACK GROWTH IN LWR MATERIALS

In developing crack initiation and growth data for nuclear reactor safety
applications, the complex combinations of environment, materials, stress, and
structural geometry must be considered. Characterization of the environments
can be made on the basis of either the boiling water or pressurized water
reactor designs. Reference 3.1 gives the basic chemistry for each of these.
Sinec transients in the chemistry do occur, they are a legitimate concern in
understanding the relationship of the laboratory data to the operating reactor
situation. Itemization of the materials shows that there are more than thirty
iron-base alloys, exclusive of the welds, used in the primary system of common
light water reactors (Ref. 3.2). Characteritation of the stress varies with
the reactor design and operational characteristics, but the basic transients
have been identified and evaluated. A reasonably condensed, comprehensive
analy sis of these load spectra is available (Ref. 3.3). Largely due to
improved computational techniques, the influence of structural geometry,
including far-field stresses and the redistribution of stresses with growing
cracks, is becoming more understandable.

The recognition that fatigue criteria should be incorporated in the ASME
~ Boiler and Pressure Vessel Code (EPVC) came in the mid-1950's. Primarily
through the experimental work of Coffin and colleagues (Ref. 3.4), and the
design analysis procedures suggested by Langer (Ref. 3.5), a design curve for
thermally-induced stresses was derived. In its original version, this method
incorporated a Goodman diagram to account for mean stress effects, Miner's
rule for evaluating the cumulative effect of various stresses, and maximum
shear theory to calculate the combined stress levels.

During the intervening years, some work has been completed on the environmen-
tally-degraded fatigue life of both smooth and notched fatigue specimens.
Much of this work has been carried out in boiling water reactor environments
and shows a band of data which uses up essentially the safety margins incorpo-
rated into the Code. Matching results for the PWR environment are not
available, but will be generated as part of the present study.

Whereas development of the ASME-BPVC Section III (Ref. 3.6) design curves was
concluded in the mid-1950's, the research leading to development of the ASME-
BPVC Section XI* - Appendix A reference curves (Ref. 3.7) for fatigue crack
growth was just beginning about that time, with the first successful results
published during 1971-1972. Results for BWR environments were described by
Kondo (Ref. 3.8), and by a team from the Nuclear Technology Division at
General Electric in San Jose, California (Ref. 3.9). Results for both BWR and
PWR environments were generated by a group of scientists at Westinghouse
Nuclear Technology Division, as part of the HSST program (Ref. 3.10). In
spite of the technological shortcomings .of the research equipment (as judged
by today's standards), these data have withstood the test of time and reside
within the currently known band of data which describes the fatigue crack
growth rate response in each of the two environments.

In formulating the technical approach to this task, every attempt has been
made to build on the significant body of knowledge and data presently avail-
able. The task is composed of seven subtasks that span the phenomena of crack
nucleation and growth. (An eighth subtask provides for participation in the
activities of the International Cyclic Crack Growth Rate (ICCGR) Group.)

3-1
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these ' various subtasks will. provide, for .the first time, a[ Completion of
,

.'

comprehensive ' picture of the . development and ' growth of an environmentally-
~ ssisted flaw in a maclear reactor component. It - is most important that eacha
of the seven sections . is considered in the context of the entire Task 2 pro-

. gram.

' ' ' ~These-subtasks interact with one another in a scientific way -- in that data:

from one supplies . input to another -' and in a management' way - ir. that some
subtasks cannot start until others ~ have ended. Figure 3.1 is a block diagram
of these subtasks showing how these investigations . link - together and how data
.and - findings for some ~ subtasks will . feed other subtasks. This global view
showss that , all . phases _of environmental degradation are considered in this

._ propo ad work. Cracks will ; be studied from their development in unflawed,

: specimens . and piping specimens and monitored for . their two-dimensional growth
characteristics as they progress - from small to large. ' Task 2 will explore
also the application of these findings to reactor component materials, geome-

~

.tries and environmental situations.
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TASK 2tMr TASK 2c TASK 2d TASK-2eyy TASK 2f. TASK 2e y

CONVENTIONAL THREE CLADDING GROWTH CUMULATIVE INITIATION
j da/dN vs aK DIMENSIONAL - EFFECTS MECHANISM DAMAGE MECHANISM-- -

; SHAPES STUDY RULES

i
,

y y y TASK 2a,2f TASK 2a
! PREDICTIVE CAPABILITY S-Ni or I AXIAL- LOAD
i TASK 2g for GROWTH S-Nf PIPE
I SECTION XI CURVES

W
1

\
4

PREDICTIVE CAPABluTY
;

for INITIATION
;

SECTION 111
j PREDICTPE CAPABILITY
i for
| TOTAL LIFE OF

STRUCTURE

i

i

i

l

i
',

!

I Figure 3.1 Subtask Interactions for Task 2: Environmentally-Assiste.f Crack Crowth In LWR Materials

!
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3.'1 i ~ Subtask 2e S-5 Osroes for Nuclear Grade Steels in -FUE Environments - .!

3.1.1 - Objective'

The objectives of. this subtask are to -(a) evaluate the effects of a'simulat' d
~

e
- PWR environment on the ' stress vs. : life curves for a typical- LWR material and '

-(b) ldevelop Ldata to support potential modifications to the ASME S-N - design '

curves. ~

,

,

3.1.2 : . Background

_The experimental' work of ' Coffinland colleagues (Ref. 3.4), , and the design work '

of Langer- (Ref. 3.5) formed ,the basis for the -introduction of fstigue design>'

curves to Section III. of the ' ASME Code. . These curves give 'an . estimate of ,

cyclic life as a function of extrapolated elastic stress for the material in
; question.1 :Diffarent . curves have been developed 1 for ' the : basic classes of
: materials which are found 'in pressure vessel and piping systems: stainless
steels, low-alloy steels, non-ferrous alloys (Inconel, etc.) and bolting !-

steels. The 2 stress values to be used in : the application of these fatigue
udenign curves comes from a tabalation of pressure , moment , and thermal-
induced loads, together with a set of piping system analysis rules which are
found in Section NB-3600 of the Code.

'

,

,

The structural applicability of the Code stress analysis rules and the design
curve data: was " verified", in the mid - 1960's by a series of atructural tests !ofi pressure vessels- (Ref.:3.11). However, -- some recent tests ' by 7 General- ;

Electric (Ref. 3.12) have suggested -that inadequacies in the stress analysis ,j
procadures, coupled . with : the . presence 'of a' BWR environment (i.e., 0.2 ppm :
dissolved oxygen in 288'C ' water) can resulti in .non-conservative life esti- l

*

mates. : The. potential problems with the: analysis procedures are bein5 examined
as' . part of ' the Section . III Committee ef fort. 'However, the potential for the
. environment - to significantly reduce the ~ margin of safety is being explored
further 'as part of this program.:

~

MgA ; will . carry out an ef fort, i somewhat parallel to the General Electric
--effort,-.to examine the effects of the low-dissolved oxygen, PWR environment on,

- cyclic life 'and crack initiation. .The early work seeks to evaluate ^ the
possible effect of the. PWR environment in- the context 'of smooth specimens.

Da aignificant - offact is found, the ' balance of ' the of fort 'is
,; Presuming that

devoted to developing a ' data base which could be used in for.aulating. Code
revisions.,

3.1.3- Plan of Action
,

Figure 3.2 is a flow chart 1 which describes the general plan of action and
shows the major blocks of1 ef fort. The first phases ' of testing under this
subtask will be to determine-the smooth specimen desiga curve for a low-carbon
piping steel (A 333 Gr. 6) in 'an air environment : at ' 288'c (550*F), and to

'

determine ' the effects "of test- frequency on cyclic life in pressurized, high-
temperature -(288'C) : water. In the latter case, tests will be conducted over g| frequency rangeL of 1 Hz to 17 mHz, with cyclic life targets of ~10 to 10

'

cycles. Pending the results of the f requency sensitivity study, the ' size of
the balance of ~ the test matrix can.be determined. The matrix will be extended
to ecver . . load-ratio (mean stress) effects, and notch geometries in smooth
specimens of base metal and weld metal specimens.

3-4
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-4 "- - |The ( culmination of _the ? program _. is : the testing of 0.65 m-long - sections ofz

1102 ma-diameter ' (4-inch. ~ nominal' -- pipe : diameter), ~ girth-welded A 106 Gr. B
; pipe.4.. ;These . tests will be conducted in the autoclaves which have been dedica-
ted 1to multispecimen . tests during . the forerunner of this program. It is
anticipated H that ' tests will ' be run covering a stress ratio range includingc

10.05, . 0.50 ; . and ; 0.80, - in - the' aqueous environment for specific' cyclic : life -
targets', -. and .a full '. cyclic , life series , at a ' stress - ratio of - 0.05, for air
environment tests.;

|3.1 1 Milestones

:t- 'The milestone charts. for ~ this subtask are shown in Fig. 3.3. This subtask
_ constitutes * a - asjor ' portion' ' of the program in - the environmentally-assisted,

crack growth task area. The program spans- all four years of the contract.

: pisriod, and at :its peak,' in the latter part of the. third year, will require
-:three autoclave units for .seali specimen testing, and two autoclaves for the
Epipe' tests.

, , -

-
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-FABRICATE BASE METAL FABRICATE AND
SMOOTH BAR SPECIMENS INSPECT WELDS

t

FABRICATE SMOOTH BAR
AND PIPE TEST SPECIMENS

(
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O

PERFORM AIR PERFORM PERFORM AIR

TESTS FREQUENCY ENVIRONMENT PIPE
STUDY IN PWR TESTS
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" "
=
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I |
t

ANALYZE DATA AND
PREPARE REPORT

l

)

Figure 3.2 Flow Diagram for Subtask 2a S-N Curves for Nuclear Grade Steels
In PWR Environments
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.MILESTODE STATEMENT AND SCHEDULE.-

Subtaak 2a: S-N Curves for Nuclear Grade Steels in PWR CW4 ' 4

' '

Enviroements '

M84, ' FT85 . , M N asyend i
~

J F M A N J J A S 0 N D 2 3 4
'

2.a.1. Frocure Materials ' S 4
. .

2.a.2-. Material Characterisation Tests 9- 6
2.a.3 Small Specimen Fabrication

.

a. Fabricate initial group of specimens V O
b. Fabricate and inspect welds in 8" diameter pipe V 6

- c. Fabricate final group of specimens V O
2.a.4 Fipe Specimen Fabrication-

a. Fabricate and_1 aspect welds in 4" diameter pipe V O
~

b. Final machine pipe test specimens' E- 6
2.a.5 Ferform Frequency Sensitivity Study in PWR 7 O

-Environment and Report
,

2.a.6 Conduct Small Specimen Tests

a. Conduct-550*F air teste V ab. Conduct PUR environment tests V a
2.a.7 conduct Pipe Specimen Tests

a. Conduct 550*F air tests == .
' "b. Conduct PUR environment tests 3.-

2.a.8 Issue Final Report A

REPORT SUteERY O O

1

Figure 3.3 Milestone Statement and Schedule for Subtask 2a
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- 3.2 : Subtask 2b Enviremmentally-Assisted Estigue Crack Crowth*

:

_

3.2.1 ' Objective

m
The: objective, of this, su' task' is to continue .an on-going program aimed at the -b,

development ~ of da/dN 'vs. AK' data for a wide variety of pressure vessel and
'

j piping materials. The emphasis ; is on extending the range of selected vari- i
ables.for the. materials being tested. To this end, -the load ratio range to be .
investigated will be , increased to 0.95. Orientation studies and material '

q, chemistry studies will be ', expanded to cover more asterials. Stainless, low-
alloy.and -low-carbon steels are part of . this test .astrix.

.l.,

3.2.2 -Backaround
'

..

Fatigue crack growth rate (FCGR) and stress-corrosion cracking (SCC) tests,|-
,

utilising conventional fracture mechanics specimens [ Compact Tension (Cf) and
~ Wedge-Opening Load (WOL)] have been the backbone of the NRC-sponsored program Ion environmental effects since its inception in the mid-1970's. These speci- '

, - used ' for - two primary reasons: (1) they are very conservatively
~

mens ' were
j; sized, ' making ' the' most of a given volume of material, and (2) the strong '

-

functional' dependence of : crack length on compliance makes it relatively easy
and accurate to calculate crack extension.

-Use .of. these specimens in several programs with various test parameter
matrices has .resulted - in recognition of several critical variables which !g

determine crack growth rates in pressurised, high-temperature reactor-grade
' water. .One of the '. first. recognized trends was that' sinusoidal waveforms +

consistently produced ~ higher. crack growth rates than "linearised" waveforms,
such as . ramp-and-hold,' or sawtooth profiles (Ref. 3 13). Subsequent research
showed at first that a 17 uhs sinusoidal waveform seemed to meximise .the

: growth rate, . but some very recent work seems to indicate that this maximisa-
,

tion might also be a function of load ratio and possibly material cheaistry !

(Ref. 3.14).'
,

Shortly af ter the above conclusion was reached, allowing a large amount of
data 'to be sorted out, it was realised that sulfur content in these pressure '

vessel. steels had a major influence 'on= fatigue' crack growth rates
(Ref. 3.15). . Older pressure vessel steels, usually with a higher sulfur i

content, were exhibiting crack growth rates which . exceeded the reference line
found in Appendix-A of the 1974 edition of Section' XI of the ASE Code. Even
before the connection with sulfur chemistry had been directly proven, the code
was amended (Winter 1980 Addendum)' with new reference lines which had a bi- ,

linear shape and incorporated a load ratio rule.

- Other variables were , investigated and found to have varying degrees of ef fect
t

on fatigue crack growth rates. Irradiation was found to have a negligible
effect (Ref. ' 3.16) for three types of vessel steel A 508-2,~ A 533B, and a heat
of submerged-are weld ' metal. Researchers in the UK (Ref. 3.17) showed that
temperature has a significant effect, with a distinct minimum in growth rates
at temperatures of about 200*C. This is in direct contrast to earlier, Japan- 1' ,

ese results for the' BWR environment (Ref. 3.18) which showed a maximum in !

growth rates at about the same temperature. Current interpretations of this i

difference take into account the significant effects of the higher level of
dissolved ' oxygen content in the two (PWR and BWR) environments. Additional

,
'
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. work shows that there are orientation effects (Ref. 3.15), as well as other
microstructurally-related effects (Refs. 3.19).u

= 3.2.3 Plan of Action

m Figure 3.4 is a flow chart which describes the general plan of action and
shows the major blocks of effort. The effort under this subtask will be
phased out during the term of this contract period, with testing to terminate"

toward the end of the third year. The general plan is to extend the range of=

-
investigation into the known critical variables, and to continue to incorpo-
rate new heats of pressure vessel and piping steel into the program. Use of

E bolt-loaded specimens to investigate stress-corrosion cracking susceptibility
will continue under this nrogram.

-
.

! Specifically, tests will be carried out at load ratios of 0.85 and 0.95,
^ principally on piping steels, to complete the series of tests already conduc-
_

ted at load ratios of 0.2 and 0,7. Axial and circumferential orientations-

_
will be included in the test plan. A more complete orientation study will be

i
conducted on pressure vessel steels, in support of work on part-through cracks

- in Subtask 2c.

b 3.2.4 Milestones
-

5 The miles tone charts for this subtask are shown in Fig. 3.5. This subtask

will be phased out over the first three years of the contract period.;;
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. Figure 3.4 Flow Diagram for Subtask 2b: Environmentally-Assisted Fatigue
Crack Growth
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MILEST6NE STATEMENT AND SCHEDULE
Subtask 2b: Environmentally-Assisted Fatigue Crack

Growth
.

FY84 W85 IT W Beyond
MILEST0NE W87J F M A M J J A S O N D 2 3 4

2 b.1 Pressure Vessel Steel Tests

a. Complete test of A533B at R=0.85 V A
b. Complete tests of A533B, Mn-Mo Weld and Mn-Mo V A

Weld HAZ at R=0.2
c. Complete balance of pressure vessel steel tests A"

and issue report

2.b.2 Irradiated RPV Tests

a. Complete IT-2T temperature series and report V A
b. Complete 2T-CT tests and report V A

2.b.3 Piping Matrix Tests

Z Complete report on piping steel test results Aa.

b. Complete tests of A106 Grade C at R=0.85 V A
c. Complete variable amplitude tests on A106 Grade C V Ad. Complete remaining piping matrix' tests V A

2.b.4 Strain Rate Effects Tests y 3

REPORT SUMMARY 3 A A A

|

|

Figure 3.5 Milestone Statement and Schedule for, Subtask 2b
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3.3 Subtask 2c . Effect - of Crack Geometry on Environmentally-Assisted Fatigue
Crack Growth

3.3.1~ Objective'

The objective of this subtask is to evaluate the usefulness of CT specimen ;
fatigue crack' growth rate data in evaluating / predicting the growth of cracks ).in "real" structures' exposed to "real" environments and 3D constraints.

|

_

3.3.2 . Background

As indicated in the previous section, testing with through-cracked specimens, I

principally. of the compact tension design, has been the backbone of the data
base development of fatigue crack growth data for pressure vessel and piping
steels in reactor-grade water environments. However, it has been long recog-
nized - that the one-dimensional flaw geometry is not typical of in-service

-cracks, which are semi-circular, or semi-elliptical when still in the ectly
3. stages - of development. It has been assumed generally that the CT specimen

~ design does provide conservative data. However, as the technology has devel-
oped, a number of questions have arisen concerning the potential for the CT
specimen to be non-conservative.

There are - three major differences (mechanical, metallurgical and environmen-
tal).between one- and two-dimensional cracks:

(1) Mechanical: The- mechanical component relates to the varying stress
intensity factor (K), along the crack front.

(2) Metallurgical: The metallurgical component relates to the inhomogeneous
nature of structural materials as a result of thermomechanical processing. It
has been shown that orientation eff*ci t can cause a difference in fatigue
crack growth . rates, and it follows that the eccentricity of two-dimensional
flaws will be reflected in these different growth rates.

(3) Environmental: The ' environmental component relates to the potential
changes in the environment with crack depth, due to the decreased crack mouth
opening with load. This results in less effective " pumping" of. the < environ-
ment, and decreased access of the environment through the crack mouth.

3.3.3 ' Plan of Action

Figure 3.6 is a flow chart which describes the general plan of action and
shows the major blocks of effort. The general plan for this subtask calls for
testing CT specimens and PTC specimens from materials typical of IRR pressure
boundary components. Four materials have been selected for study, i.e.,'

A 533-B with a " low" sulfur content, an A 533-3 with a " medium" sulfur con-
tent, an A 106 Grade B pipe and a Type 304 stainless steel plate. For the
purpose of fabricating PTC specimens. from the A 106 Grade B pipe, rings of
pipe will be flattened and stress relieved. Both CT and PTC specimens will be
fabricated from the flattened and stress relieved material.

' As a parallel, yet separate activity, a facility will be constructed for the
purpose of testing pipe specimens subjected to a cyclic pressure loading. The
planned facility will be capable of testing using either an inert environment

3-12
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4

or a simulcted PWR' environment. However, the present plan of action includes~

- inert environment tests only.

The data generated from the pipe tests will be contraste'd to data generated
using CT specimens taken from the as-received pipe.

3.3.4~ Milestones

Figure 3.7: shows , the milestone schedule for - this subtask. The CT and PTC
- specimen testing will be conducted . during the first three ; years . of the pro-
. gram. -Construction of the pipe test. facility will begin during the third year

' ' with the inert environment - tests being performed in the last year of the
program.

.

)

s
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4
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' OBTAIN A533-B -PROCURE 304 PROCURE PROCURE PIPE

MATERIALS FROM STAINLESS STEEL A106-8 PIPE TEST- FACILITY l
'

MEA /NRC COMPONENTS
STOCK

-

u v

t u

PREPARE .CT AND BUILD FACILITY

PTC . SPECIMENS . AND PERFORM
SHAKEDOWN TESTS

V v |
_

PREPARE FLATTEN RINGS PREPARE

' CT SPECIMENS -AND PREPARE PIPE TEST

FROM "AS CT AND PTC SPECIMENS

RECEIVED" PIPE -
I

,

p , t
T P

]
'

- INTEGRATION | PERFORM CT AND PERFORM INERT

-- WITH SUBTASK 2B- PTC TESTS 'IN AIR ENVIRONMENT PIPE

- CT DATA ON MEDIUM AND PWR ENVIRONMENTS TESTS.

SULFUR PLATE

( o

INTEGRATION WITH
SUBTASK '1 A-BEST J
K-SOLUTION FOR

'

o

PTC SPECIMEN IANALYZE CT AND PTC
RESULTS AND WRITE !

REPORT |p

ANALYZE PIPE TEST
RESULTS AND COMPARE
TO CT AND PTC DATA

o

WRITE REPORT

Figure 3.6 Flow Diagram for Subtask 2c: Effect of Crack Geometry on Environmentally-
Assisted Fatigue Crack Crowth
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' ~ 3.4 Subtask ~ 2d Effact of Cladding on Environmentally-Assisted Fatigue Crack
e Growth *

3.4'l : Objective-

'

The ' objective ; of /tihis. subtask is similar. to that of ' Subtask 2c, except that
the; plates will be clad with stainless weld.' Tests will be conducted in both

,

air and water environments. Crack shape and crack growth rates will. be com- ;
: pared with those. generated in Subtask 2c.

~

-
.

-. ,

13.4.2 Background.

As our understanding of the general | fatigue crack growth ' process -has -improved,
|it iis , appropriate : that research advance to the more sophisticated . problems of - i
."real"Lcrack growth,'and the potential effects of cladding-on that growth. In *

'. formulating a ~ technical ' approach to the ~ problem it is' important to review the
.

manner -in which ' cladding .aight ' influence the . growth of "real" cracks. As in
the - review of : Subtask 2c, the differences can be considered in three mainK -

,
,

respects:

i(1)~-Mechanical: L Although the vessel is stress relieved .af ter the cladding is,

, applied,': the ; difference - in thermal expansion. between the cladding and base -
. plate results 'in 'the . cladding being lef t .in tension when the vessel is main-
tained within the normal . operating range of temperatures. If the vessel were
to contain~a through clad' crack, the Ki profile''along the crack front would be

5 altered compared to that for an . unclad vessel. This altered Kg profile will-
~

~

, modify .the strains and = strain rates. along the crack ' front (compared with the *

. unclad ~ case) ' and '. will ' tend to change the'. shape of the crack and the crack -*

' opening.;,.

! ..

;(2)KMetallurgic'al: The cladding proce'ss results in'a heat-affected, dilute'd--
: ' metal zone :at; the base metal and clad interface. Crack growth rates for.this
b ~ alloyed region . are not known, : and there is no ;way 1of : knowing whether this

, material would be Laore or less sensitive to environmentally-assisted fatigue1
'

crack' growth.- There is:some evidence that fatigue crack growth.in~ cast stain-
-less - hteel, an alloy similar : to clad, is about a factor of two' slower than
growth rates fin : low-alloy pressure vessel steel. - Hence, crack propagation in

h Jthe. clad may " lag" that in the underlying base plate.
,

t

- (3b Environmental: There are two : possible differences ~ in' the mechanisms of-

^

- environmental influence in the clad case, as opposed to- the unclad case. The

3 _ first is ' the possible : electrochemical effact- due to the small difference - in

|:. potential between the; clad and. base. Most researchers assume that the differ-
R ence : (probably 7 1ess : than |150 millivolts) is not enough. to change the reaction
L.

- kinetics :in a measurable way. The second possible environmental effect is a

( . consequence of '. the crack ' shape ' change which any occur. If the crack in the
l' base- does," tunnel" under the clad, due to the expected slower growth rates in

the clad,-then the environment would'be more effectively trapped in the crack,

. enclave.' In aost ~ cases, the stagnated environment would achieve a lower pH
character, and this in' turn may increaae crack growth rates through a variety -

,

'

'of:nicromechanisms.
.

l

. . ;.

E
'
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3 .'4 . 3 ' -Plan of Action'

Figure 3.8 is .ca flow chart .which describes . the general plan of action and the
.

major blocks of effort. . The clad specimens for this subtask will be fabrica-
ted, ~ stress ' relieved and-nachined. along with those in . Subtask la. The~*

-

residual stress determinations provided in the. context of Subtask la will be -
? incorporated in this . subtask also. Tests will be conducted in air and: water
environments, for load ratios 'of 0.2 and 0.7, and for aspect ratios of 0.5
iand'O.1. . Tests . in air ' will conducted at two temperatures in order to deter-

mine ' empirically if ' the thermal' expansion contribution to the residual stress
-distribution has a significant .effect on crack shape. Tests 'in air will be'

conducted at(10,Hz, while tests in water will be conducted at 17 mHz, in' order
to anximize - the contribution of environmental effects. Direct current poten-
tial' drop techniques with multiple probes along the mouth of the crack will be
used to: monitor crack extension and crack shape changes. In addition, beach-

-

marks along the crack' front will be used as' input to a post-test correction of
. the two-dimensional crack growth rates.

.3.4.4 Milestones-
-

' Thei milestone . charts for this subtask are shown in FiF 3.9. ._ Tests in air
: environment ' will be conducted '.first in ~ order to work out the experictental '-

-difficulties associated with the bimetal character . of the clad, low-alloy
_ steel. . Tests ~ in the PWR environment will commence in the third year.

,

i

..

e
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Figure 3.8 Flow Diagram for Subtask 2d: Effect of Cladding on Environmentally-
Assisted Fatigue Crack Growth
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MILESTONE STATEMENT AND SCHEDULE

Subtask 2d: Effect of Cladding on Environmentally- CY84
Assisted Fatigue Crack Growth

FY84 FY85 Ff EY Beyond

J F M A M J J A S 0 N D 2 3 4

2.d.1 Fabrication of Test Materials and Specimens

a. Complete cladding and stress relief of plate - Q-6
see Subtask la also

i b. Fabricate clad and unclad specimens V A
c. Characterize microstructure of plate and 57- a-

cladding

2.d.2 Conduct Tests

|

| a. Conduct air environment tests and report 57 -6-

'

b. Conduct PWR env'ronment tests and report U Ai

y y 6REPORT SUMMARY

G

|
|
1

i

i
:

k

,

?

!

'

Figure 3.9 Milestone Statement and Schedule for Subtask 2d

l

. . -



s

1

3.5 Subtask 2e Mechanism Models for Environmentally-Assisted Fatigue Crack
' Growth

3.5.1 Objective

The objective . of this subtask is to identify, describe and refine the micro-
mechanistic model which best . explains the characteristics of environmentally-
assisted fatigue crack- growth in IRR pressure vessel and piping steels.

3.5.2 Background

There are two primary schools of thought about the micromechanism of environ-
mentally-enhanced ~ f atigue crack growth (Refs. 3.13, 3.20-3.22). One espouses

~

a theory of . ' active path (anodic). dissolution, and the other suggests that
cracking is hydrogen assisted. While hydrogen assistance is a clearly accep-
ted _ phenomenon at low and ambient temperatures, it was popularly -believed
until about 1980, that the diffusion rates of hydrogen ' in steel . at tempera-
tures of about 200*C and higher were so rapid that hydrogen would not accumu-

-late - in the plastic zone at the tip of the crack in an amount which would
cause. a significant amount of " hydrogen embrittlement" as it was then
called. Hence, the explanation of the environmental assistance which is -

. observed in tests of -' pressure . vessel and piping steels was based on the
theories of anodic dissolution. However, it is difficult to rationalize that

' the L essentially. oxygen-f ree chemistry of the PWR environment would allow the
degree of anodic dissolution required to account for the increase in fatigue
crack growth rates. Also, in the early 1980's, it was found that fatigue
fracture surfaces of pressure vessel steels . tested in pressurized, high-
-temperature ' water were characterized by brittle-like features, including
brittle striations, f an-shaped cleavage-like f acets, and microcracking - all-

. features .which. were principally associated with hydrogen-assisted cracking
(Ref. 3 '.13 ) . Since that time, several investigators have suggested - that,
temperature notwithstanding, hydrogen-assisted cracking might be a viable
candidate for interpretation 'of reactor environment cracking.

Both parties to this discussion agree that in the electrochemical corrosion
reaction, ' there is an oxidation / reduction balance, and that atomistic hydro-
gen is - produced as well as a surface oxide. Therefore, the rate-determining

steps for both reactions are the same, and it will be difficult to construct a
critical experiment which will unequivocally show that one or the other is
responsible for the environmental enhancement of fatigue crack growth. Reso -
lution of the dilemma is likely to come about through observation of the
external variables (such as water chemistry, temperature, and material chemis-
try) which affect crack growth rates, and metallographic and fractographic
analysis of fatigue and fracture surfaces. There is considerable research
currently.being carried out in these areas.

Because in-service cracking in BWR plants has been a costly industry problem,
and the focus of attention in a number of research laboratories, the investi-
gations into .the mechanisms of cracking in PWR water has not proceeded
apace. Interest in the problem has resulted recently in the funding of ,

s several research programs which do address the PWR situation, and some of (
these results and conclusions are now becoming available.

3-20
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3.5.3 Plan of Action -

Figure 3.10 is a flow chart which describes the general plan of action and [.
shows the major blocks of effort. The first segment within the subtask is to
assemble a document which will review the present state-of-the-art in environ-
mentally-assisted cracking in the PWR environment. This review will also
present an interpretation of the mechanisms which seem to prevail, and will
suggest a series of laboratory experiments which would help to clarify the
mechanism or its kinetics. These experiments might involve, but not be ,

limited to, the following:
. .

(1) Continue fractographic and metallographic observations of post-test
fatigue fracture surfaces.

'

(2) Conduct tests with " poisoned" water chemistry, which would alter the ..

kinetics, in a known way, of one or more of the micromechanistic processes of
corrosion.

~

(3) Conduct tests in hydrogen-bearing environments, such as hydrogen gas,
hydrogen sulfide gas, or bicarbonate or biphosphate solutions, to see if the
additional hydrogen, beyond that produced by hydrolysis, further increases the
hydrogen assistance.

(4) Tests with a "backfed" specimen, tested in an inert atmosphere, or
vacuum, in which the hydrogen is provided, by hydrolysis, to the straining
plastic zone behind the crack tip. If the fractographic features continue to
appear to have brittle-like character, then the source of the hydrogen input
to the plastic zone is not the question, and the absence of any posaibility of

'

oxidation (i.e., no aqueous environment) will preclude the oxio ttion reaction
at the crack tip.

. .

(5) Tests with specimens in which the environment is fed, via capillary
tubes, directly to the crack tip. By forcibly ref reshing the environment at
the crack tip and canceling out stagnation of the environment in the enclave, -

the concomitant increase in pH and increase in oxygenation should alter the
crack growth kinetics in some proportion to the chemistry of the pumped
environment.

3.5.4 Milestones

The milestone charts for this subtask are shown in Fig. 3.11. Compilation of
the review document is expected to take most of the first year of the program,
with the experimental effort to follow af terward.

,

v
'

.

. ..
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Figure 3.10 Flow Diagram for Subtask 2e: Mechanism Models for
! Environmentally-Assisted Fatigue Crack Growth
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MILESTONE STATEMENT AND SCHEDULE

Subtask 2e: Mechanism Modcls for Environmentally- g
Assisted Faticue Crack Crowth

Fr84 W85 W W Beyond

J F M A M J J A S O N D 2 3 4

2.e.1 Literature Survey and Review

a. Conduct review V $
b. Prepare test plan A O
c. Prepare report

2.e.2 Mechanistic Studies

a. Design and perform evperir.cuLs to evaluate / p A
examine models and critical parameters and report

2.e.3 Phenomenological Studies

a. Analyze load ratio effects in stainless steel U A
y b. Perform test of steels of three sulfur levels G $
g c. Prepare report on flow rate / sulfur content V $

effects

2.e.4 Perform Applicability Evaluation and Report Q 3

REPORT SUMMARY 6 6 66
..

.

Figure 3.11 Milestone Statement and Schedule for Subtask 2e
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3.6 Subtask 2f Total Fatisse Process la PUR Environments

. 3.6.1'' Objective-
, -

IThe, objective of this subtask is to provide a unified, interpretation-of compo '
. nent lifetime encompassing both fatigue cract nucleation and growth.- Subtasks

1' ' .2a;f 2b, and '2c' will ~ all " feed" results to this task; 'but some explicit experi-
ments,will?be conducted to addressispecifically this objective.

_ _
3.6.2. Background

'

In r theiresearch; world, the subject of, fatigue has (been customarily divided
into'' two; _ essentially separate ' fields |of . study:- (1) fatigue life, utilizing~

- the ' testing fof smooth or blunt notched specimens, with analysis in terms - of
stressior - strain,c ' and -- (2) E atiguen crack : growth, utilizing : the testing off

'

- < cracked specimens, with analysis in - teras _ of _ linear elastic fracture mechanics
and .the stress intensity factor, K. . Hevever, in the real .world -many cracks .do

.

. nucleate on smooth surfaces and grow from essentially nothing to visibly sized-

,

- flaws. - -.This results.-in a situation which fcan be analyzed in terms. of ' applied
. ' stress being changed to a situation requiring ' fracture mechanics, and even-

tually, elastic plastic methodologies. _ The boundaries between these analysis
regimes are extremely difficult to define.' '

~
, .

. .

-In the - very early . stages- of - nucleation and growth, a - microcrack may_ appear by
meanr. ' of slip step - formation; or extrusion-intrusion mechanisms. Once the
microcrack has become : a . "short crack", in the currently popular pcriance, its

! crack ._ growth irate can i be defined, - but is > of ten found: to. be significantly..

different' from that measured for large cracks in''a similar AK range. At thin.;

; point, it is ; obvious that applied AK 'is not an adequate similitude parameter
.

because ~ the local field is still of great: influence. Eventually, the flaw
'

, grows ; to .a -size . such ' that = similitude of K does pertain ; and ,- assuming the
stresas field is Jaccurately defined, crack growth rate calculations and life;.

; predictions can be performed with reasonable' confidence.
t-

.
!3.6.3 Plan of Action

n

i: ~ Figure 3.12 is a flow . chart which - describes the general- plan of action and
shows - the major : blocks of.. effort. While , there is 'a -large data base, particu-

! t arly from : aircraf t : industry-sponsored = research on this subject, there isl

|
' -little background for nuclear structure / material / environment combinations. We

! ~ anticipate : that measurements performed -' on -- . ins trumented S-N spectmens froa
| Subtask 2a'will return some data on crack nucleation and environmental effects!

'

_ ' relationships.- Similarly,- data on' materials effects vill be provided by-

(; ; Subtask _2b and data on the behavior of - two-dimensional cracks will come from
p Subtask 2c.

, .~ MEA will' attempt te use plastic strain range ' parameters to link the two pro '
; _ ' cesses of; nucleation ' and growth.'_ - During nucleation and early growth, thes

| . strain range is dominated by the ~ notch field (be it ' a structural notch or
p perhaps a particle or inclusion- in' the material), while during later growth

the strain. range is dominated by the crack tip field. Although in both cases
the . strain.' range can | be evaluated, the changeover is uncertain. Thus, we
_ propose to ! approach the changeover from either end to determine where that

| match occurs and ' how. 'This phenomenological approach has to be taken to
' define the problem.-

3-
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In Mrder to provide some' experimental.. data which directly. address the elements
- Tof' this. subtask,'a ? limited number- of tests using center-notched -specimens will

' be - - conducted.' These specimens " will . have specific notch geometries, .with-

-

< selected K factors, and ' will' ba , instrumented with potential -drop -probes>

t so
that ' initiation 'and propagation ' evaluations can be'. carrie,d out. These tests.

will~:be. conducted-in both' air and water' environments,'and will be subjected to.
-- 'the plastic-strain-range analysis indicated above.

'3.6'.41 Milestones'.

.Th'e milestone charts. for this , subtask are shown in Fig. 3.13. This is a.small
effort compared to the other :s'ubtasks, 4with much of the work being on the
analytical side,'rather than the experimental side. The testing in. autoclaves

~

. will be . carried out toward the end of the - third year of the contract.

,, .
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Figure 3.12 Flow Diagram for Subtask 2f: Total Fatigue Process in PWR ]

Environments '
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.."' MILESTONE STATEMENT AND SCHEDULE

Cf84!

| Subtask'2f: Total Fatigue Process in PWR Environments
W84 ' W85 - W FY Beyond

- J F M A M J J A S 0 N D 2 3 4

2.f.1 Initial Analytical Effort

a. Evaluate existing methodologies, Y A
b. Evaluate plastic strain range model V A
c. Plan verification experiments 9-6.

2.f.2 Perform Air Environment Verification Experiments %
2.f.3 Review and Revise Analysis Methodologies - 9-6

Preliminary

2.f.4 Perform PWR Environment Verification Experiments 96

2.f.5 Review and'. Revise Analysis Methodologies - Final 96,

~

2.f.6 Evaluate Analysis Methodologies Against Pipe V6*

Test Results

2.f.7 Prepare Final Report- SM

REPORT SUMMARY 6

,

Figure 3.13 Milestone Statement and Schedule for Subtask 2f
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3.7 . Subtask 2g , Cumulative Damage Factor for Environmentally-Assisted Fatigue
Crack Growth

3.7.1' Objective

The ' objective' of' tthis subtask is to perform fatigue crack growth rate tests in
pressurized,-high-temperature . water,- using loading waveforms with simple,.

-overload spectra, and to attempt to develop a predictive capability for deter-
mination of growth rates incorporating the combined effects of environment and
loading spectra.

3.7.2 Background

Serious research on fatigue crack growth rate effects began in the early
1960's. By the time Paris and Erdogan proposed to correlate crack growth on
the basis of AK in 1965, the qualitative effects of load interaction, particu-
larly retardation, were already well known. The ~ first explanations of retar-
dation were based on residual stress due to reversed yielding, and the early
models, due to Wheeler and Willenborg (Refs. 3.23 and 3.24) using this consi-
'deration have achieved a rather lasting popularity. This is due in part to
incorporation of such models in the Military Aircraft Damage Tolerance
requirement (MIL-A-8344). Later research indicated that crack tip closure
loads,.due to plastic zones in the wake of the crack tip contributed to the
crack tip opening, and a new generation cf interaction models was born (Ref.
3.25). Because most of these models were directed for use in the aircraft and
aerospace industries, none of them account for environmental-assistance ef-
.fects. 'In fact, even qualitative models for load interaction including
' environmental effects are not available. It can be supposed generally that
environmental effects will mollify the beneficial effects of load retardation
due to overloads, but the degree of synergism between the acceleration due to
underloads and the enhancement to growth rates due to environmental effects is
an unknown quantity.

3.7.3 ' Plan of Action

Figure . 3.14 is a flow chart which describes the general plan of action and
shows the major blocks of ef fort. In view of the number of unknowns bearing
on the research of this subtask, a very fundemental test and analysis plan has
been . proposed. This plan consists of a series of tests, using compact speci-

. mens, conducted using simple loading spectra. The spectra basically involve
constant amplitude fatigue crack growth rate tests, with occasional applica-
tions of single overloads, or underloads, followed by careful monitoring of
the. subsequent crack extension. These tests will be conducted in both air and

pressurized, high-temperature water environmente, in order to compare the
.magnitudo of the effects, and to separate out the environmental _ contribu- |

tion. Later tests will involve applications of nultiple overload or underload
cycles. Testing will be conducted in multispecimen daisy chains with a ,

variety of steels of differing known susceptibility to environmentally- !

assisted fatigue crack growth.

Analysis of these effects will be carried out with help of all the above i

interaction models, including the reversed plasticity model which is currently j

undergoing additional refinement. The first exercise of the model will be j
. carried out to determine the sensitivity of the calculations to load history

3-28 |
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input, - including sequencing of the loads, and incorporation of the known
- ef fects of cyclic .f requency. The second phase of the analytical ef fort will
be calibration of the-model.to incorporate the environmental effects. . Lastly,
- fatigue: crack ' growth rate tests will be conducted using the reactor stress
history profile - suggested by Scott (Ref. 3.26), and the calibrated model' will

- be used-in an attempt to " predict" the measured growth rate respouse.'

3.7.4 Milestones

The milestone chartJfor'this subtask is shown in Fig. 3.15. This subtask will
' involve testing in air environments and calibration of the computer models for

- the first. two years, with testing and modeling in the PWR environment taking
- place in the:last two years of the contract period.
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| Figure 3.14 Flow Diagram for Subtask 2g: Cun.ulative Damage Factor for i

Environmentally-Assisted Fatigue Crack Growth l
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3.8 Subtask 2h International Cyclic Crack Growth Rate Group

3.8.1' Objective

The objective of this task is to participate in the ICCGR group, to contribute
. to round robin tests and ' data base development sponsored by the group, and to
help author codes and standards developed within the ASME and ASTM society
structures.

3.8.2- -Background

The International Cyclic Crack Growth Rate (ICCGR) Group was founded in 1977
with . the : support of both the NRC and EPRI. It has grown today to include
members from 41 sponsoring or research organizations, representing 11
nations.. Comprehensive reviews of the Group, its history, and activities have
been authored by Slama and Jones (Ref. 3.27) and Cullen (Ref. 3.28). The most
important activities can be described as follows:

e 1977 - ICCGR Group was formed.. In summary form, the charter states that
the specific objectives of the Group were to provide a forum for the
timely . interchange of informatiun, to perform cooperative research
programs, .to develop consensus test data and internationally accepted
standards, and -to ' recommend test procedures and applications tech-
niques. The Group's semiannual meetings continue to be marked by a f ree
and open exchange of ideas on techniques and the interpretation of the
most recent data.

e 1978 - Completion of a round' robin on data reduction and processing
showed that a variety of computational techniques and stress intensity
f actor formulae led to an intolerably wide scatter band in the final
results. This, in turn, led to a recommendation, completed in 1983, of a
standard procedure for data acquisition, processing and presentation.

e- 1981 - First round robin test was completed by the initial selection of
-

laboratories. The very wide scatter 1n results led, in part, to new-
.

conclusions about the effects of dissolved oxygen content.

'1981 - The ICCGR, with the sponsorship of the International Atomic Energye
Agency (IAEA), organized a two-day specialists' meeting in Freiburg, West
Ge rmany. . MEA authors contributed three papers to NRC Conference Proceed-
ing NUREG/CP-0044 (Ref. 3.29) which was assembled and edited at MEA.

-e 1982-1983 - A 'second round robin was initiated, with tightened con-
straints, in order to eliminate many of the interpretation problems
essociated .with the first round robin. The basic parameters for the
second round robin are R = 0.7, - 17 mHz sinusoidal waveform, 288'C (550*F)
and 1000 ppm boron as boric acid will be dissolved in the water.

3-32
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- 3.8 '. 3 : Plan of Action

The plan of action | for. this subtask is simply :to attend the various meetings
~ (hosting the - Fall --1985 . meeting) and - to present ; the. -results of the Task 2

.

|'ef fort . to , the group. Interaction - with . the international community . involved
' with' related research'.wil1 ~- have a positive impact on ' the Task 2 research in

- terms of ' building L oni the. positive results of others or . being guided by their
false starts..

^3.8.4' Milestones

Figure 3.16 show's the milestone schedule for this subtask.
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TMILEST0NE S T A T E M E N T'' A N D : . SCHEDULE;

Subtask 2h: International Cyclic Crack Growth -
CWM~ '.Rate Group

. FY84 : . PY85 - M N Beyond
- ' MILESTONE 86 -87 :FY87

J F M 'A M J J A S 0 N D 2 3 4

~

2.h.1 Attend ICCGR Meeting at. Risley 21

2.h.2' Att'end ICCGR Meeting in U.S.A. 21'

~2.h.3 Attend'ICCGR Meeting in. Europe /i

2.h.4 Host ICCCR Meeting. , /1 ,

'12.h.5 Attend ICCGR Meeting 11n Europe 2

2.h'.6 Attend ICCCR Meetings in U.S.A.- /i

2.h.7 Attend ICCGR Meetings in' Europe 21

Y*

Figure 3.16 . Milestone Statement and Schedule for Subtask 2h
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4.0 TASK 3 RADIATION SENSITIVITY AND POSTIRRADIATION PROPERTIES RECOVERY a"

> Task 3 is designed to advance the technology and expand the data base on the 7
:deleterious effects of neutron radiation on the fracture resistance of struc- _E

" ~ ' ;L tural steels. Emphasis is placed on exploring postirradiation heat treatment -

(annealing) as a method for alleviating neutron effects periodically during' #

service. These research thrusts build on knowledge gained by previous studies #
,

on pressure vessel steels and respectively seek information permitting future 5
refinements to NRC Regulatory Guide 1.99 and information defining the benefits

~

and governing variables of embrittlement relief by annealing. Common to the
a studies is the development and better understanding of underlying radiation 3

effects mechanisms. 9
di -

The Task 3 effort consists of six primary subtasks. The interaction of these i
subtasks is illustrated in Fig. 4.1. These, in most cases, are closely inte- =

".grated in the interests of maximum research payof f and efficiency in investi- -

gating process variables. Two subtasks focus on the variable radiation [

embrittlement sensitivity of steels and deal with uncertainties over the
correlation of test vs. power reactor environments from the view of damage 1

producing capability and with metallurgical factors responsible for dif fer- @
ences among s teels in resistance to radiation-induced embrittlement at the ,:_

c service temperature. Three subtasks focus on embrittleoent relief by anneal-
_

ing for nonimproved (older vessel) steel compositions. They are exploring the $,

merits ' and limitations of high temperature (454*C) and intermediate tempera- 3
ture (400*C) annealing, the composition effects' on annealing response, and g
fracture resistance changes under cyclic annealing and reitradiation. Consis- g
tent with NRC priorities, a distinct subtask was undertaken tor the isolation

-

and definition of radiation mechanicas attributable to composition effects and f
interactions. This subtask will be pursued through subcontract with the Uni- 9
versity of Florida (Gainesville). }5

.

, /.
Task 3 is restricted to the investigation of low-alloy vessel steels, includ-

. .

ing types representative of old and new reactor vessel construction. )
-.Projected information from this task will have significant benefit to Tasks 1 ;;;

and 2 since several research materials, especially weld deposits and labora- f
tory melted plates, are being shared with these tasks. 1
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TASK 3
RADIATION SENSITIVIT(

SUBTASK 3a SUBTASK 3b SUBTASK 3c

HIGH COMPOSITION MECHANISM

TEMPERATURE EFFECT CN MODEL

ANNEALING ANNEALING

1

SUBTASK 3d SUBTASK 3e SUBTASK 3f

IAR PHASE 2 DOSE RATE VARIABLE

STUDY RADIATION

SENSITIVITY

SUBCONTRACT: UNIV. OF FLORIDA

Figure 4.1 Subtask Interactions in Tank 3: Radiation Sensitivity and Postirradiation
Properties Recovery.
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4.1 Subtask 3a High Temperature Annealing

4.1.1 Objective

The objectives include experimental verification of high (> 80%) notch ductil-
ity recovery with 454*C annealing, verification of the superiority of 454*C-
168 hr annealing response over 400*C-168 hr annealing, examination of the
dependency on welding flux - of 454*C vs. 400*C annealing recovery and explora-

- tion of reembrittlement rates for 454*C vs. 400*C annealing. An additional

objective is to establish if embrittlement saturation occurs, or alterna-
tively, the fluence level at which embrittlement of annealed and reirradiated
material begins to surpass the embrittlement level preceding the anneal.

4.1.2 _ Background

This subrask represents one of several systematic investigations being carried
out.for full qualification of the annealing method for embrittlement relief of
reactor vessels in service. The subtask builds on prior MEA investigations
for the NRC and others and has two key elements: embrittlement relief by

postirradiation heat treatment and reembrittlement behavior upon resumption of
the irradiation exposure. Tests of irradiated (I), annealed (IA) and reir-
radiated (IAR) material thus are implicit to this study. Information gained

here will be maximized through correlation with other Subtasks 3b and 3c
described below.

Studies to date have shown that recoveries in notch ductility as high as 70 to
75% are possible with 400*C annealing. For 454*C annealing, exploratory data

developed by MEA in tests of wrought materials suggest that notch ductility
recovery is dependent, in part, on material composition or type. For example,
results for plates irradiated at vessel service temperatures (~ 288'C) des-
cribe equivalent recovery (< 100%) for 454*C-168 hr annealing vs. 400*C-168 hr
annealing in some cases but large differences in recovery for other plates. A
parallel test for welds is one thrust of this subtask. A critical test of
welding flux type vs. recovery will be possible with the materials chosen for
study.

Studies of the IAR condition likewise have revealed a promise of the annealing
method for minimizing radiation embrittlement build-up in service. The re-
sults in combination with those cited above are encouraging, but raise the
question of a steel's reembrittlement path. Reports by one laboratory, more-
over, indicate that embrittlement after 454*C annealing is at a slower rate
than the (initial) embrittlement of virgin material. This indication is a
direct contrast to MEA findings with another set of materials and with 400*C
intermediate annealing. Research objectives listed in 4.1.1 above stem from
the several current uncertainties over IAR (and IA) behavior.

4.1.3 Plan of Action

The planned approach to the resolution of the subject question is shown
schematically in Fig. 4.2. The activities focus on the behavior of weld
deposits, recognizing that this component appears to be the most problematic
with regard to old production vessels now in service. The welds of interest
have in common a high (> 0.30%) copper content. Primary dif ferences are in

nickel content (high or low) and the as-fabricated C upper shelf energy levely

4-3
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(high or low) resulting from the choice of welding flux. Welds representing
three of the four types are on hand for Subtask 3a and were fabricated with
Linde 80 flux (low upper . elG or with Linde 0091 and Linde 124 (high upper

*

shelf). The version lacking (low nickel, Linde 80 flux) will be made by a
commercial - reactor vessel manufacturer for the task in CY 84 (subelement
4.1.3.1). Base plate will be provided by FEA.

Starting in CY85, sets g stangard C and tensile specimens will be irradiatedy

@0%8 g or gtat 288*C to ~ 1.2 x 10 n/cm (E > 1 MeV),1ganneagd at

454*C-168 hr, and reirradiated to 0.3 x 10 n/cm and to 0.7 x 10 nfcm.1One additional set of specimens will be irradiated at 288"C to 0.7 x 10 and
tested in the I condition only. Irradiation operations will be completed in
CY86. Additional sets of specimens (controls) will be thermally conditioned
out of reactor to simulate IAR thermal histories.

The irradiations, identified as the High Temperature Annealing (HTA) Series,
will proceed in two phases. Phase 1 (subelement 3.a.2) will investigate I and
IA response only to assess variability in recovery for 454*C vs. 400*C an-
nealing. Phase 2 (subelement 3.a.3) will investigate IAR behavior following
annealing at 454*C vs. 400*C. (Phase 1 provides the necessary I M rderence

lg
data for Phase 2.) The test of the I condition at 0.7 x 10 also falls
within Phase 2.

In both Phase 1 and Phase 2 the primary analysis will be based on observed C y
41 J transition temperature change and 24*C yield strength change. Other
notch ductility and tension properties will be determined, but are not expec-
ted to be drivers in the analysis. For example, ersentially full C uppery
shelf recovery is anticipated with 400*C-168 hr and 454*C-168 hr heat treat-
ments.

4.1.4 Milestones

Milestones and the anticipated schedule for Subtask 3a are given in Fig. 4.3.

:

.

:
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Figure 4.2 Flow Diagram for Subtask 3a: liigh Temperature (454*C) Annealing.
' Capsule Irradiations in this subtask are designated High

j Temperature Annealing (llTA) Series. (
,
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;4.2. - Subtask 3b Composition Effeet.on Annealing

4.2.1. Objective

Objactives of this subtask are a general assessment of the influence of steel
composition on notch ductility recovery produced by postirradiation annealing
and development of specific qualifications of the individual and combined
influences 'of copper, nickel and phosphorus on recovery by a 400*C-168 hr heat
treatment.

4.2.2 Background

Studies -of heet treatment capabilities for mitigating radiation-induced
embrittlement are ~providing increasing evidence of an effect of steel (or
weld) composition on observed recovery. The description of Subtask 3a gave
one example. - Surveys of percentage recovery of transition temperature by
annealing at a given teeperature ' likewise have revealed large material-to-
material variability. These constitute a clear indication of a composition
dependence of some type., Accordiagly, composition must be considered as a
critical metallurgical factor potentially influencing both recovery rate and
the degree of embrittlement remaining af ter heat treatment. Metallurgical
influ'ences' on ' the anneal process have not been investigated in detail but
obviously form a prerequisite to ' NRC's evaluation of commercial reactor
annealing applications.

Unfortunately, reactor vessel surveillance programs are very limited in scope
and in the number of materials assessed. Typically, only one plate (or forg-
ing), one weld and one weld heat-affected zone are selected for the program.
The numbers of specimens and capsules clearly are too few to probe material
annealing behavior. -By default, laboratory tests must be relied upon for the
bulk 'of needed information on metrillurgical effects on annealing response,
-including those of composition. Studies with split laboratory melts have had
singular success in the isolation of composition influences on radiation
: sensitivity level. It is- logical then to apply this same approach for
assessing the relationship of composition variables to annealing behavior.
That 'is, . laboratory melts are a convenient way to eliminate metallurgical
guesswork and to obtain composition variations (statistical arrays) as needed.

:The technology suggests that,the magnitude and direction of individual element
influences -on annealing response will vary for the simple reason that more
than one radiation embrittlement mechanism appears to be operating in the
embrittlement process. Copper and phosphorus, having known contributions to
radiation sensitivity development, were selected for the Subtask 3b study on
the basis of their difference in (suspect) mechanism. Nickel was included
because of its recently proven reinforcement of the copper influence in radia-
tion sensitivity level. The choice of annealing temperature fc studies of
this ' type, on - the other hand, appears optional. Strong interest currently
exists in both 400*C and 454*C annealing capabilities and trends. Subtask 3b
will em,loy 400*C ' annealing, in part, to enable the large band of existing
annealing data -for this temperature to be used in the final analysis and for
making correlations. In contrast, data for 454*C annealing are sparse.
Also, long term time-at-temperature effects are a distinct possibility with
this temperature.

4-7
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4.2.3 Plan of Action

The overall subtask will evolve as shown in Fig. 4.4. Irradiations of this
subtask are identified as the Composition Ef fects on Annealing (CEA) series.
The first group . of materials (Investigation 1, subelement 3.b.1) will be
irradiated in CY84, and results reported in the Fall of 1985. The second
group (Investigation 2, subelement 3.b.2) will be irradiated in CY86. Full

analysis of subtask findings is expected in mid 1987. Research materials
(plates) for the study are being supplied by Subtask 3f below, and another MEA
study. The referenced studies will provide the bulk of required information

on I-condition behavior also.

A . total of eight plates have been selected for investigation which together
provide statistical variations in copper, nickel and phosphorus content. For
example, plates in investigation 1 have a high-nickel content (0.70% Ni) and
depict high/ low copper contents and high/ low phosphorus contents. The primary
composition variables for plates of investigation 2 are copper and nickel
conteng In gach case, C specimen.2 will be irradiated to a target fluence ofy

2 x 10 n/cm (E > 1 MeV). The bulk of the specimens will then be annealed
at 400*C for 168 hr and tested to establish transition temperature recovery
and upper shelf recovery. The balance of the specimens will be used to verify
the estimates of I-condition properties erived from earlier findings on thed

materials. As a precaution, out-of-reactor thermal conditioning tests are
also~ planned for this subtask. As with Subtask 3a, the effects of irradiation
time-at-temperature and that of the irradiation plus annealing temperature
cycle will be assessed individually, using two sets of samples.

4.2.4 Milestones

Milestones and the schedule for their accomplishment are shown in Fig. 4.5.
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Figure 4.4 Flow Diagram for Subtask 3b: Composition Effect on Annealing
_ Response. ' Capsule Irradiations in this subtask are designated

'

as Composition Effects on Annealing (CEA) Series.
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Sti . ;4;3L17 Objective 1
,

,a,
"

. -
.. .. , !

tr _ Objectives 3 off this a subtask ' are 4 to confira the basic mechanism of .the copper- +

d . contribution 1to radiation _ sensitivity development, to define - the mechanism (s)
(, - " _by<which ! nick'el alloying reinforces the copper . content to sensitivity le. vel !

. ? and 'to ? isolate the mechanisa ' responsible . for the -- phosphorus contribution to
f radiation ' sensitivity development. The subtask will |also assess the depen-1

'x idence ' of L the L respective; sechanisms on the ambient radiation flux level (high
vs. | low).c . The'asjor portion of the research ' activities will. be carried out by'

i

'a subcontractor-to. MEA."
i

;
...

,

_| "4.342'IBackground- 3
'

,

M iRadiation damage'fto ' pressure vessel . steels typically . is associated . with'

! i : changes wrought ~ in the ' metal': lattice by: high energy neutrons colliding with
h j the ; atoms : of the ~ alloy. - 'In' this~ simplistic view, the- collision process pro-

.

, .
(duces (lattice displacements (or displacement- cascades) which result in' metal

c hardeningl .and,' L in '| turn, i the : elevation - of the brittle / ' ductile: transition*
-.

~ ~ . 1 temperature found ?in fpostirradiation notch ductility and fracture toughness
,

M tests.; Steels,' however, are complex asterials at the microscale and, as might -
, . . . be 1 expected showJ that: radiation 4 damage mechanisms- extend ' well beyond the

'

- simpl'e _ displacement cascade and displacement spike models. Cases in point are
'

' the h' rmful: effacts Lof . copper and phosphorus - impurities on 1288'C . radiation -
~

a
,

t- . res_istance ; and ithe recently confirmed -interaction between nickel; and copper !
which magnifies' the effect of the' latter on sensitivity.v' _ e

'

, , -

b

,

i In,1972,;Smidt and 'Sprague ~(Ref. 4.1) ' reported evidence that the copper mecha-+

' nism ' 'isf dif ferent from ~ that . of phosphorus , and ' that nickel content does not'

,
;

' i enhance directly, the radiation. sensitivity ofLiron,~at|least for compositions
up;to 0.37aton percent nickel. . Their observations with binary; iron alloys and

_

low alloy pressure; vessel ' steels indicate that- the probable ' mechanism for the
copper influence is' the promotion by copper atoms or atos clusters of inhomo-

~

.

, '7 geneous nucleation of vacancy defects, i.;e. , small dislocation loops. . These:

r provide'the barriers' to dislocation motion responsible for the enhanced yield>*,

Jstrength elevation. by irradiation. Because a different yield ' strength ' depen-
dence with fluence was observed for the-iron phosphorus binary, they concluded1

;that the' nechanism for. the ' phosphorus contribution amist be different from that,

,

iof copper.. Separately,'it has been Tproposed that the phosphorus mechanism is'
-

4

similar- to . that of : temper embrittlement- ~and ' derives : from ' radiation-enhanced4

*
J ~ diffusion of phosphorus to ferrite-carbide interfaces.

4 '
, . .

.

1. 'A reviewJ of ' the present- (1984) state of' the. fundamental understanding of
D ' radiation sensitivity . provides|| the . following ' picture: (a) more than one
,

. _ mechanism :st 'the microscale ' generally is responsible for observed 'embrittle-
ment 5by ;288'C irradiation,' - (b) .the mechanism for the copper : influence still-

' lacks . confirmation even though -it h J been' studied for several years and has' '

been modeled based on. abundant' empirical data, (c) the form of'the interaction,

p betweeninickel" and ' copper content 'in ' sensitivity development is not known, |'

' neither' is the - reason - for the . greater level ~ of interaction seen in welds *

, compared to plates, and -(d) the mechanism for the phosphorus effect remains*

' elusive,L partly ' because - of ' past microscopy limitations. Relative - to (d), i
investigations by - Subtask 3f recently revealed an interaction between

,

4-11
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s

|
E phosphorus and cepper such that a greater phosphorus effect arises if the

copper level is low. Observation (d) clearly shows the merits of a statisti-"

- cally based materials matrix when investigating sensitivity variables
(approach taken by this subtask and Subtask 3f).

~ 4.3.3 Plan of Action
.

A unified, systematic investigation into operating mechanisms is planned. In

L addition, a two pronged approach using laboratory-melted binary and ternary
s iron alloys and A 302-B and A 533-B steel alloys is felt necessary (see Fig.

4.6).
,

~ Iron alloys (iron-copper, iron-copper-nickel) to be melted by October 1984,
- will be used in studies of defect production aimed at confirming the copper
F mechanisms and identifying how the mechanism is altered by nickel. TEM and
'

more advanced microscopy techniques will be applied in this thrust. The-

approach to the isolation of the phosphorus mechanism assumes it reduces thes

h f racture stress through a weakening of carbide interfaces. Fracture surface

__

analyses of plates from Subtask 3f and of welds previously irradiated in the
form of C specimens will comprise the prirary (initial) thrust for phos-r

y
- phorus. If results prove negative, plans are to explore other possible mecha-

nism compatible with observed the copper phosphorus interaction.

E Efforts by - the subcontractor (University of Florida at Gainesville) are to
begin October 1984. In advance of this date, MEA will supply necessary*

_
research materials to the subcontractor. Planned research involving new melts:

s (e.g., iron binaries) from subelement 3.c.3; those involving materials from
' Subtask 3f and other MEA investigations constitute subelement 3.c.4. Irradia-;
- tions required by the former will be carried out piggyback fashion in reactor
$ assemblies serving other subtasks such as Ib. The subcontractor has at his
[ disposal state-of-the-art equipment for direct detection and measurement of
- local concentrations of copper, nickel and phosphorus and for lattice imaging
_

and analysis.

- 4.3.4 Milestones
m

- Milestones and anticipated completion dates for this subtask are identified in

E Fig. 4.7.

;

e
_

-

m-

%

E
F

b
r
E

-

_

E 4-12

_



p9; .. .. - -

) .. '

!" '

PLANNING MEETING
' MEA /UF

'
y-

9 ,-
PROCURE PREPARE 288 C IRRADIATE

. LAB. WELTS ^ MICROSCOPY (STEELALLOYS),

(IRON ALLOYS) SAMPLES MEA
(STEELALLOYS)

o

PREPARE DEVELOP REFERENCE POSTlRRADMTION
MICROSCOPY PROPERTIES TEST SPECIMENS

SAMPLES
~(STEEL ALLOYT _ (Cy , T)

,

t MEA
2 M

REF ENCE' CUT SAMPLES0YS
PROPERTIES IRRAD. SPECIMENS(yg)

(fRON ALLOW) MEA

} {e <

INTERIM REPORT POSTlRRADIATION
REFERENCE PROPERTIES ' EXAMINATIONS:

(STEEL ALLOYS)
t

| WEETING |

o e

POSTIRRADMTION ANALYZE
EXAMINATIONS FRACTURE SURFACES

'(IRON ALLOYS) (STEELALLOYS)

f' u

M INTERIM REPORT INTERIM REPORT
DEFECT STRUCTURE PREUMINARY MODEL PRELIMINARY MODEL-

OR T Cu, Cu+NI MECHANISMS P MECHANISM( q,

i
e

| MEETING }---

POSTlRRADMTION ASSESS NEED
EXAMINATION FOR AD0til0NAL

(STEELALLOW) MEA PROVIDES COMPARISONS
NEW MATERMLS

I
|

ANALYZE .o
DEFECT STRUCTURE

( ) SUP EN AL
TESTS

CORRELA1E RESULTS

(IRON / STEEL ALLOW) I

ANALYZE RESULTS
SUPPLEMENTAL TESTS

|INTERlu REPORT.|

U o

FINAL MODEL DEVELOPMENT FINAL MODEL DEVELOPMENT
Cu, Cu+NI hECHANISMS - P MECHANISM

e

FINAL REPORT
TASK 3e

Figure 4.6 Flow Diagram for Subtask 3ct Mechanism Model of Irradiation
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' [4~.4..:Sshtask3d' LIAR' Phase 2'
,

T' . 4.4.1 $9 0b'jective ' '

'

N4-
~

f ObjectivesTof[this' subtask 1|are to complete an irradiation-anneal-reirradiation
tinvestigation ' designed to explore reenbrittlement ' path' af ter 288'C irradiation "

- Jand i399'.C L annealing. ' , The' investigation employs ~ two submerged-are weld depo-
sits L and [Cy 1 test ( de. terminations. : The | welds were f abricated with different
fluk typeas but ' shared ; the~,same lot ~ of filler wire (high copper,'

Qcomposition).:
'

high nickel.- , :
'

, ,
,

! 4.4.'2 : 5 Background-
,

TheCNRC's.I irradiation -(I)-anneal (A)-reirradiation(R). program - represents : a-
' ' (systematic' effort! to qualify the annealing method for the control 'of radia-

tion-induced embrittlement ito commercial vessel materials. IAR behavior is
(beingj assessed both ? f rom ' the standpoint. of transition temperature elevation-

'

' and from the ' standpoint of - ~ upper shelf toughness _ reduction.
'

.

6ThE5 first phase-investigation, reported. byiMEA investigators in 1978, employed ':<

ftivo t cosamercially L produced ' submerged-arc welds 1(nozzle cutouts) containing
~

'

10.35% : copper and. ~ 0.65% nickel but: which dif fered in welding: flux type. Ones

flux 2. type -(Linde. 80) ' typically ; produces a low as-fabricated C upper shelf'y
ylevel; Ethef second ; flux' - type - (Linde 124). yields a upper- : shelf level.' Irradiations at 288'C to - 1.3 x 10ghigh }s-f abricated

4

n/cm _ were used for ~ the
J? ^ lfirst'~ cycleiexposure; f reirradiation fluences were less. | This . investigation

. revealed a that1399'C-168 h'r " annealing,' but not 343*C-168 - hr annealing, > has ~

'

a
Lhigh ' potential fort reducing radiation : effects build-up in service. The Phase>

. - 2 : investigations builds 'on this finding.~ Subtasks 3a .and 3b, in turn, | build
b on the Phase 2 studyiwhich is: now nearing completion.

$ (; Additii$nallobservations- of Phase l'were (a)'s greater rate of embrittlement in
~

~

| heat-treated material compared to nonheat-treated material and (b) a signifi-,

Pcant- difference' between upperf shelf and transition temperature - responses - to;
* heate treatment. ;The first _ was "the , primary - motivation - for the Phase '24

-study. .~Its. goal is'to explore the reenbrittlement path after annealing. This
follow-on ' investigation,' additionally, is testing - the . significance of_ welding-

| 5 flux type: to .IA and IAR ~ performance, . noting that considerable differences in,

1 as-fabricated -transition temperature . and upper, shelf properties can. result -,
,

*
.from the flux choice.

'

! The ' investigations of IAR Phase 2 -center on C assessments with some support-+ e s

_ . y
,ing :information derived. from' companion tensile tests. Compact tensig testg

.

forfJIc properties of I vs . IAR ~ conditions at a fluence of 1.5 x 10 n/cm
.O s have 1 been ; conducted; results . generally agree with~ the C observations to

Rena{ning experimental C, assessments invofve fluences of^ date.
i F 2 x 1019 n/cm , i.e... significantly higher than that of the J ge test com-, ,

iparisons.'
,

p 'l
e 1

i
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4.4.3 Plan of Action

Figure 4.8 shows the sequence of experimental operations planned in completion
of this subtask. Test materials are two welds produced from the same lot of
filler metal but different welding flux types (Linde 80 and Linde 0091).!

Qualification tests of these welds indicated significantly different preirra-
diation C properties consistent with these flux types.y

Completion of the IAR (Phase 2) Series involves 288'C irradiation, 399'C-168
, hr intermediate annealing and 288'C reirradiation of C and tensile specimeny

; sets of both welds. Objectives are to gtabligh I- and IA-condition proper-
ties after a (total) fluence of 2.5 x 10 n/cm (E > 1 MeV) and t establish

1IAR-condition properties for a first cycle exposure of 2.0 x 10 at 788'C
followed by 399'C-16 hr annealing 288*C reitradiation to second cycle
fluencesof0.25x10{9 and0.50x10gd.

n/cm . These operations are scheduled;
for completion in CY84. Findings on notch-ductility changes will be intercom-

,

pared to identify the reembrittlement path with flue.nce, the effect of weld
- flux type on the IAR trend, and through comparison with previously reported
.

findings on these welds, the significance of the first cycle fluence level
(high vs. low) to subsequent IA and IAR property changes.

_

Results from this subtask are to be closely integrated with the observations
of Subtasks 3a and 3b.

4.4.4 Milestones

Milestones and the schedule for their completion are shown in Fig. 4.9.
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FABRICATE Cv, T-.

i -

|
(

'

- CONSTRUCT REACTOR EXP.~
: CAPSULES A,B,C .

' '

clRRADIATE

- - 288 C, '2 'x 10 19

'
'

- ANNEAL' A,B

399.C
.-

_D,..

'
CONTINUE 1RRADIATION

A,B,C

t

.,

DISCHARGE A DISCHARGE B DISCHARGE C
- AT ~2.25 x- 10 19 AT 2.5 x 10 19 AT 2.50 x 10 19

.

(TEST) ANNEAL.g

- -^ '

399 C,

. lAR IAR 1 1A -
'~

l | | |

'

i
EXP. ANALYSIS <- - - M TASK 3A ~ i

i_BSERVATIONS .O>

_ _
.

_ _ _ _i_. _. _ IFULL: PHASE 2 MATRIX ' TASK 3B '
Cv,T ANALYSIS ' ~ ] OBSERVATIONSt

|
_ _<

'
FINAL REPORT

1

'

' Figure 4.8 Flow Diagram for. Subtask 3d IAR Phase 2. Capsule Irradiationc
, in this subtask are designated as Irradiation-Anneal-!

- Reirradiation (IAR) Series.
,
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[ 4'. 5 i Sahtaski3e Base Este Effects
'

- 4.5.la Objective'
.r

~ The usin objective is to [ demonstrate experimentally,1using closely controlled.c

4" ' test .: conditions, the relative effects of11ong-tera vs.- short-term ' irradiation-'
-

exposures 'on the~ anchanical properties of reactor vessel' steels. Neutron flux
Llevels employed ' are representative . of ' power ~ reactor and test reactor environ--
ments; Jthe temperature of irradiation (288'C) ' is , typical of reactor vessel

| service.,

:4.5.2 Background

Reactorivessel surveillance . programs have been highly beneficial not only for ,
confirming . radiation ' embrittlement . trends' established in test : reactor. experi--

3 ments Dhut .. also for verifying the ' high . radiation sensitivity of ' _ asterials'

. having; a high copper and a high nickel content. A historical objective of
such programs, additionally, was to' ascertain the. combined effects of long-
ters irradia. tion and elevated temperature. Comparison data now evolving from
long .vs. . short-term neutron . exposures provide some evidence of a time-at-

'

. . . temperature dependenca of .the embrittlement process. Specifically, embrittie-
*

ment. levels . observed for power _ reactor irradiations :st low fluxes appear to be'

!1ower thanithose found in test reactor irradiations, especially for_ the case- -

of fluences typical of vessel end-of-life.

Because of ' the - major import t'o vessel . operations, both in terms of allowable
lifetimes and startup/ shutdown L procedures that are safe yet most economical,

.the fluxa dependence uncertainty bears examination and confiraation : for NRC
regulatory decisions. ; Also,_. out of necessity, ,it is fully expected that test
reactor data will continue to be a key element in the. analysis of the power
reactor case. The former represents a major portion of the available ;informa-
tion and, from a " practical standpoint, test reactor experiments are the only>

<

,

means by which metallurgical .and annealing variables can be studied and quali-
fled within a | reasonable (short) time frame.

.

Subtask 3e and the Dose Rate Effects (DRE) . Series of experiments were estab-
lished to provido a critical test of the flux effects issue. The irradiations

'

are being conducted in the UBR test ; reactor, which is light-water-cooled- and
has a . low enrichment.' This vehicle was chosen because of the high degree of3

*
control' which' can be exercised over fluence levels -(for fluence astching) and
exposure temperatures (positive temperature . control and continuous temperature

- monitoring are ' possible). . In turn,' this capability avoids the primary uncer-
tainties found in' power reactor specimen irradiations.

4.5.3 ' Plan of Action
>

The irradiation astrix calls for the exposure of A 302-B and A 533-B reference
plates (one each)- and ' A 533-5 weld materials - (oae each gf Linde 80 {1ux and

-

Linde p1 flgx)' at three' neutron flux levels 7-8 x 10I , 4-5 x 101 and 8-
9 x 10 n/cm sec~. Requisite flux levels are being obtained using two
reflector' (in-pool) . locations and one in-core ' location in ' the UBR.- The
reflector -region locations are identified here as standpipe (SP) and core-edge

. (CE) locations, respectively. The majority of required irradiations have been
in progress since 1983. Figure 4.10 shows schematically the general plan for

4-19
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.

the relationship of remaining research efforts regarding Subtask 3e.
e

Subelements 3.e.1, 3.e.2 and 3.e.3 refer to operations in the standpipe, core-
: edge and in-core (IC) facilities, respectively.

Specimen types being irradiated include C specimens for notch ducility deter-y

minations, fatigue precracked C specimens for dynamic fracture toughnessy

(KJd) determinations, 0.5T-CI specimens for static f racture toughness tests,-

and tensile specimens. The irradiation temperature is controlled at 288'C in
:

f e gher h le M s areall three locationsgg Target hges'

g 2
0.5 x 10 1.0 x 10 and 2.0 x 10 Ig/cm. Specimen sets irradiated at the

, 2lowest flux are to receive 0.5 x 10 n/cm (E > 1 MeV) only. Irradiation

tests of the A 302-B plate and the Linde 80 weld will be made at each matrix
m

point; tests of the A 533-B plate and the Linde 0091 weld will be made at the'

-

lowest fluence only because of program size and time constraints.
e

[
The initial comparison for testing flux effects is not expected until July
1986. The results from one of the DRS assemblies (Core-edge (CE) Assembly 1]
will be available in 1984, however, and data for the A 302-B plate could be

, compared against existing in-core data trends for this material. Likewise,;
i some in-core data will become available from Subtask 3a for the Linde 80

weld. Thus, preliminary comparisons of the ef fects of core-edge vs. in-core-

locations should be possible before mid 1986. A special neutron spectrum

calculation will be made in CY86 for core-edge and in pool locations to aid
overall comparisons (subelement 3.e.4). A spectrum calculation already

I exists for the in-core locations.

In addition to the main objective, test method correlations will be investi-
gated using data supplied by the C end CI specimen tests. Accordingly, thisy

.

portion of the effort will reinforce the efforts of Subtask Ib above.
i

4.5.4 Milestones
1

f Milestones and target completion dates for Subtask 3e are given in Fig. 4.11.
E
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FABRICATE
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Figure 4.10 Flow Diagram for Subtask 3e: Dose Rate Effects. Capsule Irradiations
in this subtask are designated as Dose Rate Effects (DRE) Series.
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MILESTONE STATEMENT AND SCHEDULE

Subtask 3e Dose Rate Effects

FY84 Ff85 W W Beyond

J F M A M J J A S O N D 2 3 4

3.e.1 Low flux irradiation assessments
a. Construct DRE-In Pool (IP) facility no. 2 V--6
b. Construct DRE-IP assembly no. 2 (welds) V-6
c. Complete irradiation, DRE-IP-1 (plates) V 6
d. Complete irradiation, DRE-IP-2 Y 6
e. Test specimens of DRE-IP-2 7-6
f. Analyze specimen / dosimetry results V-6
g. Interim report, DRE-IP-1 findings 7-6

3.e.2 Intermediate flux irradiation assessments
a. Complete irradiation, DRE-Core Edge (CE) assblyfl ? A
b. Test specimens of DRE-CE-1 V 6
c. Analyze specimen / dosimetry results V 6
d. Interim report. DRE-CE-1 findings V 6

t- e. Complete irradiation DRE-CE-2 Y 6
d f. Test specimens of DRE-CE-2 9-6"

g. Analyze specimen / dosimetry results 9-6
h. Interim report, DRE-CE-2 findings 9-6
1. Continue irradiation DRE-CE-3 Y 6

3.e.3 High flux irradiation assessments
a. Cceplete irradiation, DRE-In Core (IC) assblyf1 76
b. Test specimens of Dre-IC-1 76
c. Analyze specimen / dosimetry results %
d. Interim report, DRE-IC-1 findings 9-6
e. Complete irradiation.DRE-IC-2.DRE-IC-3, DRE-IC-4 76
f. Test specimens, DRE-IC-2. DRE-IC-3, DRE-IC-4 g---o
g. Analyze specimen / dosimetry results Q--6

3.e.4 Neutron spectrum calculation / determination 7--6

3.e.5 Final Report U--6

REPORT SL?OfARY 6 6 66 6

Figure 4.11 Milestone Statement and Schedule for Subtask 3e
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' _4. 6 subtask 3f1. Variable Radiattom sensitivity

. 4i,6.1 Objective

This subtask .is ' directed ' toc the experimental isolation ' and qualification of

combined alloying . element and residual element ' effects on the 288'c radiation
,

, embrittlement resistance , of - pressure vessel < steels. Research materials are-

plates from laboratory melts of A 302-B or s A 533-B steel. . Impurity ' elements
investigated are Cu, P, Sn, Sb| and' As; ' alloying elements investigated individ-
. us11y and in conjunction with Cu level are Ni, Mn, No and Cr.,

14.6.2' 'Esekaround

The detrimental' effects cf a high copper content and a high phosphorus content,

,

4 onothe resistance of . reactor vessel- steels - and welds to 288'c.. radiation
. embrittlement is well established. :The primary impetus to the current study
was the recent experimental confirmation of a nickel and copper content inter--
action through which the detrimental' effect of copper is enhanced signifi-
cantly. The interaction is believed primarily responsible for the high radia-
| tion sensitivity levela exhibited by the - high copper, high nickel content:
welds of many early production reactor vessels. A likelihood of contributions
from other elements acting in combination is suggested by other data and also =
by computer evaluations of current data banks for both test reactor and power
. reactor irradiations. -Subtask.3f was initiated in 1982 to explore and qualify
.'other suspect interactions.

The subtask Dhas purchased seven laboratory melts of ! steel. The procedure of
multiple casting with specific element ~ additions to the melt between casts was;

Hi used to obtain four composition variations from each melt. The base'composi-
tion - was A 302-B 'or - A 533-8 : in each instance. _ Primary impurity elements

; . varied were copper and phosphorus. Combinations of these two elements (indi-,

vidually or in pairs) ~.with ~ the ' alloying elements nickel, chromium, manganese-
and molybdenum form the . main composition matrix. The matrix' provides other

! element variations, including , tin, arsenic and ' antimony, but on ' a second
. priority basis.

Relative radiation sensitivity is being ascertained from the radiationgnduceg_

change in C, notch ductility and tensile properties produced by 2 x 10 'n/cm
(E >.1 MeV) at 288'C. The thrust of Subtask 3f is the development of key
information' upon. which further refinements to Regulatory Guide 1.99 can be
confidently based. By design, the results will also help guide studies of

L
'

annealing and reirradiation behavior described 'above. As stated earlier, this
subtask provides test materials and I-condition information for Subtasks Ib
and 3a.

4.6.3 Plan of Action

The necessary experimental steps for completion of the original subtask plan -
' are 'shown schematically in Fig. 4.12. At the commencement of the current pro-
~ gram, - 16 'of ~ the 28 plates hg been irradiated and evaluated for relative notch

^

i

. ductility change by 2 x 10 n/cm . C, specimens of eight additional plates
had also been irradiated but the reactor assembly remained unopened. ' Accord-, .

i< - ingly, . completion of the Variable Radiation Sensitivity (VRS) series requires
j the testing and evaluation of C specimens from one reactor assembly (VRS-3)y
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(subelement 3.f.2), the 288*C irradiation and testing of C specimens of foury
| plates and also the 288'C' irradiation and . testing of tensile specimens of all
28 plates (subelement 3.f.3).

The plan for : the . remaining neutron exposures is to use a multiple-capsule
. assembly J capable of irradiating both specimen types simultaneously. Some
revisions to the' standard MEA assembly design are required and will be made in
early '1984. . All ' experimental phases should - be completed by early 1985.
Findings from the four reactor assemblies comprising the VRS series will be
issued in three reports for simplicity (see subelements 3.f.1 and 3.f.4).

4.6.4 -Milestones

The schedule.of milestones for this subtask if risen in F13 4.13.
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Figure 4.12 Flow Diagram for Subtask 3f: Variable Radiation Senair.ivity. Capsule
irradiations in this subtask are designated as Variable Radiation
Sensitivity (VRS) Series.
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MILESTONE STATEMENT AND SCHEDULE

Subtask 3f Variable Radiation Sensitivity

W84 W85 W W Beyond

J F M A M J J A S 0 N D 2 3 4

3.f.1 Interim report, findings for VRS Series
Assemblies I and 2 7 0

3.f.2 VRS Series Assembly 3

a. Test specimens (Cv, I-condition) V A
b. Analyze specimen / dosimetry results V a
c. Interim report, VRS-3 findings V a

3.f.3 VRS Series Assembly 4

a. Cut / machine specimens V $
b. Construct VRS-4 W 4-

c. Irradiate VRS-4 %d
i d. Test specimens of VRS-4 (Cv, tensile) V A
$ e. Analyze specimen / dosimetry results V O

f. Letter report, VRS-4 findings Q f

3.f.4 Final Report, Subtask 3f 7 A

REPORT SINMARY d 6 6 A

Figure 4.13 Milestone Statement and Schedule for Subtask 3f
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15.0 BUDGETARY ASSUMPTIONS
i

The: budgetary assumptions on which this issue of the four year plan are based i.

are given in this chapter.. The four year program budget is given in Table j

5.1.. i

s

Table 5.1 Budgetary Assumptions by Contract Year i
.s

CY YEARLY BUDGET

($K)

1 1739

.. 2 1630

3 1982

4 1953
,

,
.

-

. !

The budget for each contract year (1984-1987) by task and subtask is presented '

Iin Table 5.2.
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Table'5.2 Program Cost by Contract Year (CY)_
.

,

TASK SUBTASK ' CY .1 CY 2 CY 3 CY 4
~

1984 1985 1986, 1987

1. FRACTURE MECHANICS- la. Cladding Fracture- 131 , 162 124| 37 x
lb. C -K Correlation- ;140 78 58 75 " ^"y yc

4 - Ic. Warm Prestress. 38' 56, 75- 21 *

- Id. K Curve Shift 110 89 ' CT116 46yc
le. Piping Fracture 187- 206 218 206s

'_ If. HSST 4th Irradiation 60 0 0 0
- ---.

''

~ 591. 385TOTAL TASK 1 666 591 ;

2. ENVIRONMENTAL CRACKING 2a. S N Curves 145 142 248' 219
2t. Environmentally-Assisted Fatigue 180- 136 73 0
2c. Crack Ceometry. 77 103 222 352
2d. Cindding ' Fatigue 13 36 48 50
2e. Mechanisms 83 80 92 79,

4 2f. Total Fatigue 0 20 42 70
2g. Cumulative Damage 46 40 57 54
2h. ICCCR 23 25 18 20

JTOTAL TASK 2 567 582 800 844

3. RADIATION SENSITIVITY 3a. High-Temperature Annealing 403 75' 117 98
3b. Composition Effects on Annealing 80 64 93 35
3c. Irradiation Damage Mechanisms 62 126 143 144
3d. IAR Phase 2 76 45 0 34
3e. Dose Rate 99 97 227 413
3f. Variable Radiation Sensitivity 86 50 11 0

TOTAL TASK 3 506 457 591 724

PROGRAN TOTAL 1739 1630 1982 1953
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