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ABSTRACT

This report provides the NRC position with respect to the reactor pressure
vessel safety analysis required according to the rules given in the Code of
Federal Regulations, Title 10 (10 CFR). An analysis is required whenever
neutron irradiation reduces the Charpy V-notch upper shelf energy level in the
vessel steel to 50 ft-1b or less. Task A-11l was needed because the available
engineering methodology for such an analysis utilized linear. elastic fracture
mechanics principles, which could not fully account for the plastic deformation
or stable crack extension expected at upper shelf temperatures. The Task A-11
goal was to develop an elastic-plastic fracture mechanics methodology, applicable
to the beltline region of a pressurized water reactor vessel, which could be
used in the required safety analysis. The goal was achieved with the help of

a team of recognized experts.

Part I of this volume contains the "For Comment" NUREG-0744, originally published
in September 1981 and edited to accommodate comments from the public and the
NRC staff. Edited segments are noted by vertical marginal lines.

Part II of this volume contains the staff's responses to, and resolution of,
the public comments received. A major change to the "For Comment" version of
NUREG-0744 involved deletion of proposed safety margins from the regulatory
position. Definition of adequate elastic-plastic safety margins will be
addressed by the American Society of Mechanical Engineers Boiler and Pressure
Vessel Code (ASME Code) Committee, Section XI, at the request of the NRC.

When the ASME Code has identified safe margins for normal, upset, and accident
conditions, the NRC will review the results and, if the staff finds them
acceptable, adopt them by reference. Further discussion can be found in
Chapter 6.

This report completed the staff resolution of the Unresolved Safety Issue
A-11, "Reactor Vessel Materials Toughness." The information contained in
NUREG-0744, Rev. 1, Vol. I (Part I, Part II, Appendices A and B) and Vol. II
(Appendices C through K) will be the basis for licensing actions taken by the
NRC relative to the toughness requirements in 10 CFR 50, Appendix G.

iii







CONTENTS

VOLUME I
ABSTRACT . .ottt ittt ittt ettt eienenennnnnnns ettt iid
ACKNOWLEDGEMENT S. . vttt ittt ittt iiieeeenenooassosanaasoansanscnnns vii
INTRODUCTION. . . .... PSR _ ix
PART I "Resolution of the Reactor Vessel Materials Toughness

Safety Issue," NUREG-0744, "For Comment," September
1981, revised June 1982

PART 1II Staff Resolution of Public Comments
Appendix A Task A-11, Revision 3
Appendix B "A Method of Application of Elastic-Plastic Fracture

Mechanics to Nuclear Vessel Analysis," Paul C. Paris,
January 1981







ACKNOWLEDGMENTS

The work reported in this NUREG is the cumulative product of many individuals'
efforts. The technical basis for the safety issue resolution was developed
by a technical team which is named in Part I. Many of those people continued
to make contributions to this effort long after the team was officially dis-
solved and contractual support terminated. Also, those who submitted comments
identified in Part II contributed measurably to the quality of the final pro-
ducts, and their help is gratefully recognized.







INTRODUCTION

The "For Comment" version of NUREG-0744 was issued in September 1981. The
technical basis for the resolution of the Task A-11 safety issue was found
generally acceptable to the informed public. The response to the request for
comments was gratifying. The volume of responses was large, indicating that
there is a great interest in the subject. The acceptance of the work even to
the point of being complimentary indicated that the solution represents sound
engineering thinking. The detail addressed by the respondents proved that the
engineering community is well informed on the subject and helped in great meas-
ure to make the revised NUREG a polished paper. Based on the comments received
from the public and from NRC staff reviewers, the NUREG was revised and edited
and is printed here as Part I of NUREG-0744, Rev. 1. The public comments

and the NRC staff replies to them form the basis for Part II. Some minor
editing was done, but the commentors should be able to find their submittals.
The comments were organized by putting the essentially general comments first,
followed by those which addressed specific parts of the NUREG, generally in

the order of the original document pages at issue. Comments relating to

the several appendices to the NUREG were handled in one of several ways. If
the issue was editorial (e.g., a typographical error), the NRC Task Manager
changed the text. If the issue was a matter of clarification, the Task Manager
solicited the help of the author of the specific appendix to frame a reply. If
the issue was philosophical, the Task Manager chose to treat the appendix as

a Contractor's Report and recognize the right of the author to express his
opinions in his own way. None of the last-named class impacted the basic NUREG,
which remains the basis for NRC licensing actions.

Needless to say, the completion of Task A-11 does not go very far toward solving
all the nuclear reactor pressure vessel problems. The NRC Unresolved Safety
Issue A-49, "Pressurized Thermal Shock," deals with a different RPV problem and
is considered by many to be one of the major tasks facing the NRC. Elastic-
plastic fracture mechanics is still an unfolding technology, and the engineer-
ing methods recommended in this report can be expected to undergo significant
revision in the years ahead. As discussed in more detail in the NUREG, not

all the work undertaken as part of Task A-11 has been finished because safety
margins must be quantified by the ASME Code Committee and the data storage and
retrieval computer program, "MATSURV," has not yet been certified as correct
and complete. What has been accomplished under Task A-11 is believed to be a
significant contribution to engineering and reactor safety.

Washington, DC
July 1982
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ABSTRACT

The central problem in the unresolved safety issue A-11, "Reactor Vessel Mate-
rials Toughness," was to provide guidance in performing analyses required by

10 CFR Part 50, Appendix G, Section V.C. for reactor pressure vessels (RPVs)
which fail to meet the toughness requirement during service life as a result

of neutron radiation embrittlement. Although the methods of linear-elastic
fracture mechanics (LEFM) were adequate for low-temperature RPV problems, their
use under operating conditions was questionable because vessel steels, even
those which exhibit less than 50 ft-1b of Cv energy, were relatively tough at

temperatures where the impact energy reached its upper shelf values. A technical
team of recognized experts was organized to assist the NRC staff in addressing
the problem. Using the foundation of the J-integral resistance curve and the
tearing modulus concept, which had been developed under earlier NRC sponsorship,
relationships were obtained which provided approximate solutions to the problem
of RPV fracture with assumed beltline region flaws. The first paper of this
report is a summary of the problem, the solutions, and the results of verifica-
tion analyses. The details are provided in a series of appendices in Volumes I
and II.
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FORWARD

NUREG-0744 was issued for public comment in September 1981 to describe the
method which has been developed by the NRC staff and contractors and has been
found acceptable as a means of complying with 10 CFR 50, Appendix G, Section V.C.
The analyses described in NUREG-0744 provide a rational basis for meeting the
regulations and do not constitute a substitute for, nor do they countermand,

any regulations. Other means of demonstrating that adequate margins against
fracture exist in nuclear reactor pressure vessels which fail to meet the
toughness requirements of 10 CFR 50 will be accepted if the substitute approach

can be shown to have a well-defined theoretical and experimental basis.






1 SUMMARY

Task Action Plan (TAP) A-11, "Reactor Vessel Materials Toughness" (Appendix A

to this Report), addressed one of the unresolved safety issues identi-

fied by the Nuclear Regulatory Commission (NRC). The fundamental goals of

Task A-11 were to provide an improved engineering method to assess the safety
margin in nuclear reactor pressure vessels (RPVs), and to develop appropriate

new licensing safety criteria for use in the evaluation of normal, transient,

or postulated accident conditions. The resulting method would be recommended

for the determination of the margin of safety against ductile fracture in RPVs
which fail to meet the toughness requirements of the current, relatively

simple, criteria. Extensive amounts of prefracture plastic deformation can be
expected at high temperatures, even in pressure vessel steels of low toughness.

The recommended evaluation method was based on advanced elastic-plastic fracture |
mechanics concepts. The basis for this improved methodology was published in
NUREG-0311, "A Treatment of the Subject of Tearing Instability."! Safety

margins can be determined by comparing the loads (RPV pressure) for a condition

of interest to the calculated failure load where both have been derived from I
elastic-plastic fracture mechanics concepts. To ensure an adequate margin of
safety, the operating (or transient) pressure must remain well below the
calculated failure pressure. However, the quantitative relationship may l
depend on the reactor plant conditions. For example, a much larger margin

would be required for normal/upset conditions than for low-probability acci-

dent events. The engineering method must account for radiation-induced

material degradation.

The need for such an engineering method was dictated by the fact that some
materials (primarily weld metals) used in RPVs may have Charpy V-notch (Cv)
impact test upper shelf energy (USE) levels of less than 50 ft-1b before the
end of their design 1ife.* When RPV steel exhibits a Cv USE level of 1less
than 50 ft-1b, the requirements of Title 10 of the Code of Federal Regulations
Part 50 (10 CFR 50)2 are not being met,** and a safety analysis must be

*Design 1ife is generally considered to be 40 calendar years or 32 years of
effective full-power operation (EFPY).

**See footnote on page 3-2 of this report.
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performed to ensure continued safe operation of the reactor. Linear-elastic
fracture mechanics (LEFM) would be inapplicable because of the large pre-
fracture crack tip plastic zones observed in steels with about 50 ft-1b of Cv
energy at upper shelf temperatures. As a result, TAP A-11l was designed to
provide an acceptable elastic-plastic engineering method. The task focused on
the RPV beltline because of the radiation-induced loss of USE in that region.
The problem, the proposed solution, verification tests for applicability, and
the NRC position are presented in the material that follows.
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2 MATERIAL ASPECTS

Steels commonly used in the construction of RPVs exhibit a fracture toughness
which varies greatly with temperature. Fracture tests of steel samples as a
function of temperature will show relatively high toughness at high temperatures
but Tow toughness at low temperatures. The temperature or temperature range
where the transition from high-toughness (ductile) to low-toughness (brittle)
behavior occurs is commonly referred to as the ductile-brittle transition
temperature. Thus the temperature-dependent fracture toughness has three more
or less distinct zones: a lower shelf with Tow toughness, an intermediate
transition region, and an upper shelf with high toughness.

"Size effect" further complicates the problem of assessing fracture toughness.
As specimen sizes increase from 0.5 in. to ~12 in., there is an upward shift
in the ductile-brittle transition temperature. Although reasons for this
effect are complex, it is essentially caused by an increased constraint to
local plastic flow in thick sections, or by an increased tendency of the thick
sections to maintain plane strain conditions with increasing stress.

Charpy impact test data in the form of specimen fracture energy as a function
of temperature reflect the ductile-brittle transition and follow a sigmoidal
function. The transition temperature can be identified in several ways, the
simplest of which is to report the temperature at an arbitrary CV energy level
(for example, 35 ft-1b). The USE is the energy level of the upper asymptote
of the EC_V = f(T) curve.

Neutron radiation from an operating reactor core will embrittle the RPV steel.
The embrittlement is shown in two important ways. In one, the transition
temperature regime is increased; in the second, the USE is decreased. For the
most part, the emphasis in the material that follows will be on the latter
because it is more important to TAP A-11.

The embrittling effect of neutron radiation may so change the mechanical

properties that the steel in an RPV will fail to meet the toughness require-
ments of 10 CFR 50.2 The irregularity could result from either too large a
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temperature increase in the reference transition temperature (RTNDT), or too
large an energy decrease in the Cv USE, or both.

The magnitude of the irradiation-induced changes will depend, among other
things, on the chemistry and metallurgical condition of the steel. The effect
of copper content can be singled out because it plays a major role in the USE
behavior. Copper was introduced by the practice (later abandoned) of copper-
coating the consumable electrode weld wire to protect it from rusting and to
increase its electrical conductivity. Experiments have shown that the
radiation-induced changes in both the transition temperature and the Cv USE
increase with copper content, and the most sensitive steels include weld

metals with relatively high copper content (in the range of 0.2 to 0,5 w/0), Because
some high copper welds exhibited relatively low initial USE levels, the decrease
in USE was found to be more significant with respect to violation of regulatory
requirements than the corresponding transition temperature increase.

Other important radiation-related comments about RPV steel include the following:
Some of the variability in radiation-induced notch ductility changes has been
traced to residual element compositional differences, especially the copper

and phosphorus contents.3°* Special limits on copper and phosphorus contents
are included in specifications for nuclear steels from the American Society of
Testing Materials (ASTM) and the American Welding Society (AWS). In older
steels, welds with high copper and nickel combinations had the highest radia-
tion sensitivity. The experimental evidence suggested that for nickel contents
up to about 1 percent, nickel reinforced the detrimental copper effects.

Among samples from plates, forgings, and welds, the lowest radiation sensi-

tivities were in forgings.

Regulatory Guide 1.99 (Rev. 1)° was prepared to provide conservative measures
of the changes in transition temperature and Cv upper shelf* with fluence;
copper and phosphorus contents were included parametrically. The guide is
updated as significant additional data from surveillance or test reactor

*Regulatory Guide 1.99 contains an operational definition of the upper shelf
energy level, as does ASTM Test Method E-185.

2-2




programs become available. Conservatism was included by constructing the
curves as upper bounds of property changes rather than averages. A different
viewpoint will be provided by a document being prepared by the Metal Properties
Council (MPC) to present the average transition temperature increase with
fluence, including 1o and 20 confidence bounds* on the data rather than upper
limits. A companion study on upper shelf trends by the MPC is in the very
early planning stage.

When the USE decrease dictated by the upper limit curves of the guide is
applied to the many steels (plates, forgings, and weld metals) found in
domestic operating reactors, it appears that about 20 RPVs will exhibit less
than 50 ft-1b before the end of their design 1ife, The standard against
which the calculated USE decrease is compared is presented in the following
section.

*Where o is one standard statistical deviation.
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3 REGULATORY ASPECTS

Pressure vessels built to the requirements of the Boiler and Pressure Vessel

Code of the American Society of Mechanical Engineers (ASME Code Section III)®

are expected to withstand pressures more than twice (about three times) their [
nominal design pressure under normal conditions. That this has been achieved

was shown with particular clarity by the series of vessel failure tests run at

Oak Ridge National Laboratory (ORNL) over the past 10 years as part of the NRC
Heavy Section Steel Technology (HSST) program.? 1In the experiments, intermediate
size (39-in.-diameter, 6-in.-thick) vessels built to ASME Code requirements |
failed only at pressures ranging from about 2.5 to 3 times the design pressures,
even though very large flaws were intentionally introduced before testing.

Fracture toughness requirements for RPV steels are given in 10 CFR 50.2 Most
of the details of the requirements can be found in Appendix G to Part 50; the
rules for monitoring radiation-induced changes through surveillance programs
are given in Appendix H.

The fracture toughness criteria originally adopted were developed by a special
Task Group of the Pressure Vessel Research Committee and were recommended for
inclusion in the ASME Boiler and Pressure Code in 1971.8 The criteria were
published as the nonmandatory Appendix G to Section III of the Code in the
Summer 1972 Addendum. After a thorough review by the Atomic Energy Commission
(AEC), the criteria and additional necessary items were incorporated into
Appendix G to 10 CFR 50, which became effective in August 1973.

Although the new ASME criteria used LEFM principles exclusively, the difficulty

in performing tests to determine valid plane strain fracture toughness led to

an approach that employed the two traditional tests: drop weight NDT and

Charpy V-notch impact. The goal was to provide a specific safety margin (a

factor of 2 on pressure) in the presence of an assumed large flaw (1/4 of the

wall thickness was chosen) for all conditions of normal operation, including l
cold startup and shutdown. A smaller margin (a factor of 1.5) was specified

for test conditions.

3-1




To perform the necessary calculations, the LEFM fracture toughness (KIc) as a
function of temperature was needed, and it was recognized that data were not
available for each and every material in every RPV. This problem was overcome

by correlating all available K Ko’ and KIa test results to the specific

nil-ductility transition tempeigture (NDTT) of the tested material. The lower
1imit of the data scatter band was used to establish what was called the
"reference" toughness curve (symbolized as KIR)' Charpy tests also were
specified to provide additional assurance that the specific material being
evaluated had a normal behavior in the transition temperature region. The
somewhat redundant additional tests also provided protection against possible
errors in determining the NDT. Also, Charpy specimens were well suited to the
experimental determination of the effect of radiation on the fracture mode

transition.

A11 operating reactor licenses require that a surveillance program be maintained
in accordance with Appendix H of 10 CFR 50 to monitor irradiation-induced
fracture toughness changes. In surveillance programs, specimens are irradiated
in operating RPVs, removed according to an established schedule, and tested to
provide fracture toughness data. The data are used to determine the conditions
under which the vessel can be operated with adequate margins of safety against
fracture throughout its service life.

Impact 1ata are used to adjust the KIR curve. The specific index used

is the reference temperature for the nil-ductility transition,

symbolized as RTNDT; it is defined in the ASME Code. This definition reveals
that the reference temperature used to index the KIR curve basically is the

drop weight NDT with additional assurance provided by a check at the 50 ft-1b
Charpy level. The Cv 50 ft-1b level has been used to measure ARTNDT; thus, if
the USE level drops to less than 50 ft-1b, ART is infinite, which constitutes
a failure to meet the 10 CFR 50 requirements.*

NDT

*In Appendix G, Revised (now available for public comment), ARNDT is measured

at the 30 ft-1b level, but the 50 ft-1b USE requirement is established as a
specific attribute.
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The RPV material and design requirements of 10 CFR 50 were established to
provide ample safety margins for normal and upset conditions during operation.
The technical basis for those requirements can be found in Reference 8. The
ASME Code recognizes four conditions: normal (Level A), upset (Level B, antici-
pated transients), emergency (Level C), and faulted (Level D) (a more detailed
discussion can be found in Appendix J). The plant conditions covered by

Levels A and B are clear, but Level C and D conditions deserve explanation.
Quoting from the consequence statements of Section III of the Code (NCA-2421.2):

(a) For Level C (Emergency): "These sets of limits permit large deforma-
tions in areas of structural discontinuity. The occurrence of
stress to Level C limits may necessitate the removal of the component
from service for inspection or repair of damage to the component or
support.”

(b) For Level D (Faulted): "These sets of limits permit gross general
deformations with some consequent loss of dimensional stability and
damage requiring repair, which may require removal of the component
from service."

Both conditions require shutdown; neither condition implies loss of coolant
retention. An emergency condition may require removal from service for repair,
but a faulted condition may require permanent removal. Operation after an
emergency condition is expected, but it must be assumed that operation after a
faulted condition is not possible.

Continuing to extract from Appendix J, the lesser need for the "normal" and
"upset" conditions may be illustrated by considering the result of a typical
RPV evaluation. A flaw* is assumed to be present, and the pressure-induced
stress intensity factor, KIP’ is calculated according to

*Appendix G stipulates: a semi-elliptical flaw normal to the hoop stress, wifh
a depth: a = T/4, and a total length at the surface: 1 = 3T7/2, where T is the

wall (shell) thickness,

3-3




K;p, = C (P/2500), ksi (in.)32

IpP

where the factor C depends on wall thickness and P is the internal pressure.

I1lustrative values are

Wall Thickness, Flaw Depth, KI at P =12250 psi,
in. in. ksi (in.)?
1.0 45
6 1.5 54°
2.0 63
10 2.5 76

It is required that

K < Kpp/y10 = Kpp/(3.2)

I

Therefore, for a vessel of 8-in. wall thickness (typical of PWRs), KIR should
be about 200 ksi (in. )1, or more, at the operating pressure. That will be

so for temperatures of RTNDT + 200°F, or more; that is, for temperatures com-
fortably below and up to the operating temperature of about 550°F. Therefore,
it is believed that the present LEFM procedures are completely adequate and
conservative for the evaluation of inservice indications subject to normal and

upset conditions.

If the Cv upper shelf remains at or above the 10 CFR 50 requirement of 50 ft-1b,
there is no concern about the evaluation of emergency and faulted conditions,
because (1) these conditions are not treated in Appendix G and (2) Section XI
imposes a relatively low safety factor on these conditions. Therefore, priority
must be given to formulating rules applicable to emergency and faulted condi-
tions. Once they are developed, the need for modifications, if any, to the
rules for normal and upset conditions should be evident.

When it is determined that the materials toughness requirements of 10 CFR 50
are no longer met, the licensee must complete three tasks; ‘the continued
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operation of the plant depends on satisfactory completion of all three.

First, the RPV beltline region--including all weldments--must undergo a complete
nondestructive volumetric examination performed in accordance with the require-
ments of Section XI of the ASME Code. Second, additional tests must be performed
to determine the actual RPV material response to neutron radiation, using
archive material, accelerated irradiation, and measured properties such as
dynamic fracture toughness. Third, a conservative fracture analysis of the

RPV must be performed, including allowance for all uncertainties, to demonstrate
the existence of adequate margin during continued operation. If an adequate
safety margin cannot be demonstrated by performing the above three-step proce-
dure, continued operation would be contingent upon the successful completion

of a thermal anneal to recover sufficient material toughness.

The inspection step may require revision to the inservice examination schedule,
with related loss in availability, but it presents no new problems. However,
most surveillance specimens are V-notch Charpy bars (a few are small fracture
mechanics specimens); therefore, the second step is difficult. The principal
problems are (1) interpretation of Charpy data and (2) inadequate testing
techniques for the small fracture mechanics specimens. In a later section, a
fracture mechanics correlation with Charpy data is proposed based on TAP A-11
work; other efforts are under way to resolve both difficulties.

Several years ago it was recognized that the 10 CFR 50 requirements led directly
to a need for advanced fracture mechanics analyses. Experimental evidence
showed that violations of the 10 CFR 50 toughness requirements were to be
expected because of radiation-induced decreases in Charpy USE to less than

50 ft-1b; thus, the indicated arena for RPV safety margin analysis was marked
out as high temperature. Specifically, that would be from as much as 350F°
below the typical reactor operating temperature (about 200°F) up to and
including the high temperatures which might occur during or as a result of an
accident (about 650°F). Within that temperature range, the RPV materials
including plates, forgings, and weld metals (even the high copper content
welds) which exhibit Charpy V-notch energies on the order of 50 ft-1b are
tough enough that the prefracture crack tip plastic zone would exceed the
boundary conditionf assumed in an LEFM analysis. The resulting dilemma is
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that, whereas a fracture analysis is required by Section V.C of Appendix G, an
LEFM solution would be incorrect and no elastic-plastic fracture mechanics
analyses were available with sufficient accuracy and reliablity for nuclear
RPV safety margin calculations.

The above considerations resulted in identifying the task of providing a
viable high temperature elastic-plastic fracture mechanics analysis for the
RPV upper shelf problem as the goal of TAP A-11. The resources of TAP A-11
were organized to provide an engineering methodology, generally acceptable to
the NRC, which could be employed to satisfy the third requirement (that is,
analysis) of Section V.C of Appendix G to 10 CFR 50.
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4 PROBLEM DEFINITION

The issue was to establish an engineering method to assess the safety margin

in RPVs which contain steels with 50 ft-1b or less of CV energy at upper shelf
temperatures. The problem area was limited to the beltline region, where

neutron flux and radiation sensitivity (especially in some weld metals with
relatively high copper content) both were high. The goal was to utilize the
current theories of elastic-plastic fracture to develop an engineering method

for calculating failure conditions and for evaluating safety margins in operating
nuclear reactors.

The low upper shelf mode of failure, which is the focus of TAP A-11, requires |
some definition. It concerns predicting the burst pressure of a reactor

vessel with a beltline flaw of significant depth at temperatures too high for |
cleavage fracture to occur. One pressure limit relates to the onset of plastic
instability in the ligament beneath the flaw. Neutron radiation will increase

the pressure required for plastic instability in proportion to the flow stress
elevation. However, radiation also reduces the tearing resistance and, if the
pressure is to induce full ligament plastic instability, the crack must remain
stable as that pressure is applied. When preceded by such a scenario, the

final fracture is called the low upper shelf mode of failure.

The A-11 Technical Team decided that the J-integral provides the best basis
for an engineering method of elastic-plastic fracture analysis. This means
that the crack extension parameter should be either the J-integral itself or a
parameter analytically relatable to the J-integral. To ensure an appropriate
solution to the problem, the recommended method should consider the actual
flaw geometry involved, should include an analysis of the uncracked structure
in terms of load and the related strain, and should reduce smoothly to the
LEFM solution for linear elastic conditions. From practical considerations,
the method of analysis should not require a computerized numerical solution
for each individual problem, although it may be based on existing numerical
solutions. In addition, the results of calculations should be presentable in
a form that has direct physical significance with respect to the safety margin
determined for both load and flaw size.
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5 PROBLEM SOLUTION

5.1 Theoretical Background

To make efficient use of resources, it was decided to base the solution on
available elastic-plastic fracture mechanics concepts. The foundation for a
rational theory of elastic-plastic fracture was built from the concept of the
Rice J-integral, the Hutchinson-Rice-Rosengren (HRR) analysis for the stress
strain fields in the vicinity of a crack,® and materials J-resistance curves
(known as J-R curves) based on data in the form of: J = f(Aa), where Aa is
the measured crack extension. A method for applying the J-Integral fracture
theory was developed by Prof. Paul C. Paris under NRC sponsorship (Appendix B
and References 1, 10, 11, 12, and 13). The theoretical aspects are discussed
in Appendix C; their application to the RPV problem is discussed in Appendix H.
At the same time, an experimental procedure was needed to obtain material
fracture parameters in a form compatible with the theoretical concepts. The
single specimen unloading compliance method was adapted and further refined
for irradiated specimen testing in hot cells at the U.S. Naval Research
Laboratory (NRL).!% Materials properties are discussed in Appendix D.

The value of J is a measure of the intensity of the stress-strain field (in

terms of total work, elastic plus plastic) in the vicinity of a crack. Compari-
son of J for a structure with the corresponding J for the material of construc-
tion leads to a statement of crack equilibrium. The tearing modulus, T, is pro-
portional to the derivative of J with respect to the crack size or, equivalently,
to the second derivative of the mechanical energy in the system. Analytical
methods of stable crack growth applicable to nuclear pressure vessel steels must

be based on the premise that material J-R curves are continuously nonlinear.

It has been shown that ductile fracture depends on the relative value of the
J-integral and that the stability of the ensuing crack extension depends on
the relative value of T. Thus, a crack would be expected to grow when J

appl
exceeded a characteristic Jmat1’ say JIc' The fracture would proceed by stable
tearing (under rising load), so long as Tapp] < Tmat1; it would become unstable

when the two values reach equality. The conditions were presented graphically
by plotting curves of the related structural and material parameters on a single
J-T graph. Details are given in Appendix B.
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I The distinguishing feature of the methods of analysis presented in this report

is a unique application of loading and resistance curves that shows the fracture
resistance as a function of the extent of ductile crack growth. As shown in
Figure 5.1, up to the point of instability, the applied value of J is less

l than the critical material J-integral and, at the point of tearing instability,

J (5-1)

appl = Jmat

An increase in crack size would cause the applied value of J to increase by
more than the related increase in the material J-integral. The failure

criterion for tearing instability is Equation (5-1), combined with 15 ‘
04, (5-2)
da =~ da

APPLIED

MATERIAL

TEARING
INSTABILITY

Figure 5.1 Schematic Curves of J=f(T) Illustrating
the Material and Structural (Applied) Curves
the Intersection Denoting Instability.
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The J-R curves shown in Figures 5.2 and 5.3 (taken from Appendix D) show no |
trend which would suggest a size effect at either the 77 or 302°F (25 or

200°C) test temperature. This result was surprising in view of the likelihood
that crack extension occurred beyond the accepted 1imit of J-control. It |
suggested that small specimens may be more useful than previously assumed by
providing the R-curve trends of larger specimens. Figure 5.4 (also from
Appendix D) compares J-R curves for irradiated A 533-B weld metal obtained

from two different size CT specimens (0.5 T and 1.6 T).1* The J-R curves are
similar for small crack extensions (Aa less than 1.5 mm). As in Figures 5.2

and 5.3, these data suggest that the small specimen J-R curve is no less
conservative than that derived from a larger specimen.

Resistance-curve analysis has been applied by Paris and others! to develop a
method for estimating the onset of ductile crack instability at limit Toad

under specified boundary conditions. The analysis uses the slope of the
resistance curve to determine the nondimensional parameter T, the tearing |
modulus *°

dJ

_ dJ _ _E (5-3)
T= 3@ _Eg

where E is the elastic modulus and R is the flow stress (the average of the
tensile yield and ultimate strengths), assumed to govern the magnitude of the

fully plastic 1imit load.

The tearing modulus approach was used to solve two specific pressure vessel
fracture problems, namely the simple cylindrical shell with (1) a surface
crack and (2) a through-wall crack. The next sections present the following
topics: (1) the two fracture problem solutions; (2) a comparison of the
approximate (tearing modulus) surface crack solution with a detailed, three-
dimensional finite element solution; (3) verification of the solutions by
application to (a) the HSST ITVs* and (b) large surface-cracked tensile

*HSST: heavy-section steel technology research (NRC) program; ITV: intermediate-
size test (pressure) vessels.
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fracture specimens and, in both cases, comparison of the calculated and observed
failure conditions; (4) the results of a sensitivity study showing the effect

of variability in the underlying mechanical property parameters on the results;
and (5) comparison of the tearing modulus approach with other EPFM fracture
predictions. Finally, the report addresses the situation where an analysis is
necessary, but specific EPFM mechanical property data are unavailable. An
alternative is proposed based on a correlation between Cv impact test data and
conservatively established values of the J-integral for pressure vessel steels
covering a spectrum of metallurgical conditions.
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' 5.2 Elastic-Plastic Analyses

I 5.2.1 Elastic Approximation

The elastic-plastic analyses of vessel cracks are more easily understood if
one first follows through a simple elastic derivation: Consider a wide plate
under a uniform tensile stress, o. Introduce a through-thickness crack of
total length 2a normaf to the tensile load. The associated stress intensity

' factor, K, is given by 16
- % -
K = o(na) (5-4)

In addition to assuming that an LEFM analysis is proper, one also may ignore
I geometrical differences and apply the equation to a pressure vessel. (In the
more detailed analyses, done as part of TAP A-11, shell correction factors
I were derived and were shown to play an important role.) From LEFM

G = K2/E (5-5)
where G is the elastic strain energy release rate for a virtual crack extension;
that is, G = dU/da. In the absence of significant prefracture crack tip
plastic deformation, the J-integral reduces to G, so

J =G = K2/E = nao?/E (5-6)
for the wide-plate elastic approximation to the vessel with a through-wall
crack. It will be seen later that the plasticity correction factors derived

from the TAP A-11 solution also played an important role.

Differentiating. Equation 5-6: dJ/da = no2/E, and using Equation 5-3
= m? [ E__fao)? -
T= E 5§ = n<:o ) (5-7)

Finally, combining Equations 5-6 and 5-7

Jd_ .2 -
T aoo/E (5-8)



The relationship provides a pressure vessel loading curve elastic approximation
which, on a graph of J = f(T), will be a straight 1ine except for crack extension.
In a large structure with a relatively small initial crack size under slow, stable
crack growth (by a ductile tearing mechanism), the straight line will be a good
= f(T

approximation. In combination with a materials curve of Jmat]

or catastrophic) fracture conditions.

5.2.2 RPV Analyses

The elastic-plastic fracture analyses for pressure vessels with through-wall or
part-through cracks are reported in detail in Appendices B and C of this report.

An abbreviated presentation follows.

5.2.2.1 Through-Wall Crack

)
matl”’
Figure 5.1, Equation 5-8 would allow a determination of unstable (that is, rapid

For a pressure vessel with a through-wall crack of 2a total length, LEFM

considerations suggest

K2/E

[
]

oyna + Y(A)

and K

(5-9)

(5-10)

where Y is a geometrical shell correction factor, a function of A = aJRt.

In turn, R = vessel radius, and t = shell (wall) thickness. So
023 2
= ._2._ no 2
J E {Eg— [Y#4]

where the convention is adopted that

o~
—
I

the stress bracket (yielding correction factor)

—
(]
I

the geometry bracket
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Operating on Equation 5-11

- §no? 2 . -

T= {51 - [Y2+ 2AYY'] (5-12)
o
where the prime signifies E&’ . Thus
2

J) %52 1

= = (5-13)
(T appl E 1+ 2AY'/Y

As was the case in the simplified previous example, if Aa = 0, the loading

line is a linear curve. Figures 6, 7, 8, and 9 in Appendix B can be used to
obtain values of Y graphically. Also, consideration of plasticity corrections

on { } led to the same final result and the conclusion that the same approximate
loading line equation applies whether a crack tip plastic zone size correction

is used or not. Because the evaluation of the geometry bracket in Equation 5-13
showed that [ ] = 0.5 to 1.0, it was concluded that the simple elastic result

of Equation 5-8 was a good first-order approximation.

5.2.2.2 Surface Crack Approximation

For a pressure vessel with a part-through elliptical (surface) crack of depth a
and total (surface) length 2c, LEFM analysis suggests

K = 0@’(‘; . f(%)o g (.:_) (5_14)

where & is the complete elliptic integral of the second kind (a function of
the aspect ratio, a/c) and f and g are geometric correction factors for the
front surface and back surface, respectively. From Equation 5-9:

2
=—E—{} FA -6 (5-15)

where:  F(2) = [F(D)/6(DI?, and 6(3) = [g(F)12
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and, according to Equation 5-3
no? a a + a . Gn(é)]
T=1%2 F (E) [G(E) T t (5-16)
o

In deriving Equation 5-16, F' was ignored because it would result in a small
change (zero to slightly negative) for an increase in a relative to c; the

result is to make the evaluation of T somewhat conservative. Finally

A B W (5-17)
T appl E il +a. G

o
(ep)

The similarity with the equation for the through-wall crack, Equation 5-13,
should be obvious on inspection. Taking a well-known approximate relation,

G(2) = sec 22
t 2t

the geometry bracket from Equation 5-17 becomes

1
na nal °’
1+ 5% tan 3¢

N

and for 0 <

o

<z3;1<[ 1<0.57.

In Appendix B, it is noted that analyses of plasticity effects relative to the

influence on the stress bracket, { }, did not alter the conclusion. Thus, for

pressure vessels with significant cracks in the beltline (cylindrical) region

J 052
T = [rl (5-18)
app1

where 0.5 < T < 1.0 for most examples of interest.

5.2.2.3 Comparison to Three-Dimensional Analysis
The General Electric Company conducted a detailed three-dimensional elastic-
plastic finite element analysis of a typical pressurized water reactor (PWR)

vessel containing a 1/4 T beltline axial flaw.1? Vessel geometry and modelling
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Figure 5.5 Finite Element Model of Vessel with Beltline Axial Flaw

details are illustrated in Figure 5.5. Because this problem is very relevant
to TAP A-11, it was decided to compare these results to the approximate,
part-through flaw methodology using J/T curves. The estimated J-values from
the approximate surface flaw analysis listed in Table 5.1 were plotted in
Figure 5.6, along with the three-dimensional, finite element results. The
agreement between the two approaches is excellent for the entire range of
pressure over which the finite element calculations have been performed.
Moreover, the approximate analysis has been carried beyond this point to
values of 0/00 < 1, and the extension of the analysis looks reasonable also.
This agreement further verifies the approximate surface flaw methodology
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Table 5.1 J-Integral as a

™Mo

oMM

function of internal pressure

o, = 60,000 psi
80 = (0.002
E = 30 x 10% psi
_ PR _
Ge =t = 10P
%
+ N + g5 (og)
€ (O
. E( o)
80
g
."0.8.6
+ 1.4 (=)
00
P % 06/00 €/e F(o/o,) J
1000 10,000 .17 .17 = --- -
2000 20,000 .33 .33 -=-= ---
3000 30,000 .5 .503 .82 261
4000 40,000 .67 71 1.5 478
5000 50,000 .83 1.11 3.0 956
6000 60,000 1.0 2.4 8.0 2549
7000 70,000 1.17 6.51 24.5 7806
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developed under TAP A-11 for application to the RPV beltline region. It also
indicates a lack of sensitivity of the stress correction factor F(o/oo) to the
particular stress-strain law, because it was demonstrated for two different

stress-strain laws.

5,3 Experimental Verification

5.3.1 HSST ITVs
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