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Abstract

Irradiation embrittlement causes a loss of reactor vessel material fracture toughness as
nuclear plants age. Fracture mechanics based regulatory requirements limit the
permissible level of irradiation embrittlement such that essential fracture prevention
margins are maintained throughout the plant operating life. This paper reviews the
regulatory requirements and the underlying fracture mechanics technology. Issues
identified with that technology are identified and research programs implemented to
resolve the issues are described. Where possible, an assessment is given of the
anticipated impact the research program output will have on the reactor vessel fracture-
margin assessment process.

1. Introduction

Structural integrity of the reactor pressure vessel
must be assured throughout the operating life of
a nuclear power plant in order to maintain the
capability to cool the nuclear core. This assur-
ance is achieved by requiring that the reactor
vessel maintain specified fracture-prevention
margins throughout its operating life. Fracture-
prevention margins are calculated using fracture
mechanics technology in conjunction with a
material property known as fracture toughness.

Fracture toughness is a measure of the ability of
a material containing sharp-edged cracks to sus-
tain stress. Fracture mechanics based structural
integrity assessments differ therefore from those
obtained from the more familiar stress-strength
analyses in that they account in a quantitative
manner for the effect of cracks, which are un-
avoidably present in all engineering structures.

Irradiation damage is the aging mechanism of
dominant concern in pressurized water reactor
pressure vessels. Irradiation exposure causes
dislocations in the vessel material lattice struc-
ture which have the effect of increasing its

strength but decreasing its ductility and fracture
toughness. It follows therefore that fracture-pre-
vention margins will progressively decrease as
the vessel material absorbs increasing amounts of
irradiation damage throughout its operating life.

Regulatory requirements limit the permissible
accumulation of irradiation damage in the mate-
rial of a given reactor vessel. Irradiation damage
limits are set such that required fracture-preven-
tion margins are maintained throughout the
nuclear plant licensed operating period.
Regulatory requirements are based on fracture
mechanics technology and utilize materials aging
data drawn from mandatory reactor vessel irradi-
ation damage surveillance programs. They
address both normal operation of the reactor
system and potential accident loading. For nor-
mal operation, the regulatory requirements dic-
tate that plant technical specifications be periodi-
cally adjusted to preclude operating conditions
which could reduce the fracture-prevention mar-
gins. For accident loading, they set regulatory
limits on the acceptable level of irradiation dam-
age in the vessel material. They also define the
scope and acceptance criteria for fracture-margin
assessments which must be performed to support
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any proposal for continued operation of the plant
once the regulatory irradiation damage limits
have been exceeded.

In recent years it has become evident that a
number of nuclear plants will exceed the regula-
tory limits on irradiation damage to the reactor
vessel material before the end of their current
operating license period.l One result from this
development is that a number of nuclear indus-
try organizations have gained experience in the
application of fracture-margin assessment tech-
nology. This experience has resulted in the iden-
tification of a number of issues with the technol-
ogy in its present form. Data from irradiation
testing programs, operating plant surveillance
programs, and large-scale fracture technology
validation tests have identified additional issues.
The NRC-funded Heavy-Section Steel
Technology (HSST) program at Oak Ridge
National Laboratory (ORNL) is performing
research to resolve these issues and further de-
velop and refine the fracture-margin assessment
technology.

This paper presents a brief overview of the cur-
rent status of fracture-prevention regulatory re-
quirements and the associated fracture-margin
assessment technology. Issues identified wirh
the technology are reviewed, and research pro-
grams implemented to resolve the issues are de-
scribed. Potential impacts of this ongoing re-
search on the fracture-margin assessment pro-
cess are discussed.

2. Regulatory Requirements

Irradiation embrittlement and low vessel tem-
peratures both act to reduce the cleavage frac-
ture toughness of reactor vessel material. It is to
be anticipated therefore that regulatory require-
ments for fracture prevention will focus on
operating and potential accident conditions
which generate both low temperatures and high
stresses in the reactor vessel material. For some
vessels however an additional concern exists at
higher operating temperatures. These vessels
contain materials with a reduced resistance to
failure by ductile tearing. Additional require-
ments are placed on vessels in this latter
category to assure that adequate ductile tearing
failure prevention margins are maintained.

A summary of the regulatory process for assur-
ing the retention of adequate fracture-prevention
margins in reactor pressure vessels is presented
in Fig. 1. A mandatory reactor vessel surveil-
lance program2-3 provides data on the progres-
sive effect of irradiation embrittlement on the
vessel material fracture toughness. The decrease
in fracture toughness is measured using small
Charpy specimens rather than large fracture-
toughness test specimens and is expressed in
terms of (a) lateral translation (ARTNDT) of the
Charpy energy curve at the 30 ft-lb energy level
and (b) decrease in the upper-shelf fracture
energy (AUSE) of the material. Regulatory re-
quirements for preservation of required fracture-
prevention margins are expressed in terms of an
adjusted R T N D T 4 " 7 and a minimum acceptable
level of USEA8

2.1 Pressure-Temperature Operating
Envelope

Surveillance program data are used to periodi-
cally adjust the upper bound to the reactor pres-
sure-temperature (P-T) operating envelope,5-8-9

as shown in the left-hand branch in Fig. 1.
Adjustment is required to maintain margins
against fracture of 2 on pressure loading and 1 on
simultaneously applied thermal loading. Fract-
ure-prevention margins are calculated assuming
an inner surface flaw, having a depth correspond-
ing to 25% of the wall thickness. The fracture-
margin assessment analysis must be performed
using lower-bound (KIR) dynamic fracture-
toughness properties.5 This requirement* reflects
a concern that fracture could originate from local
brittle zones in the vessel and propagate in a
dynamic manner to the 1/4 t depth.

The 1/4 t flaw, together with safety factors on
pressure and temperature loading, provide safety
margins against brittle fracture comparable to
the margins provided for prevention of ductile
failure in Article XIII-1000 of Section III

'Draft White Paper on Reactor Vessel Integrity
Requirements for Level A and B Conditions, prepared
by the Section XI Task Group on Reactor Vessel
Integrity Requirements lor the AS ME Section XI
Working Group on Operating Plant Criteria. January
1991.
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Fig. 1. Regulatory requirements limit the permissible irradiation embrittlement of reactor vessel
materials such that adequate fracture-prevention margins are maintained under both operating and
potential accident loading conditions.

of the AS ME Boiler and Pressure Vessel Code.*
A further significant advantage of the above flaw
geometry and safety factor combination is that it
also assures a leak-before-break capability for
the irradiated reactor vessel.10

Adjustment of the P-T curve in response to irra-
diation embrittlement of the reactor vessel mate-
rial has the effect of restricting the permissible
reactor P-T operating envelope, as illustrated in
Fig. 2. The upper bound to the P-T envelope is
defined by the vessel material P-T curve, modi-
fied by the operating characteristics of the low
temperature overpressure protection (LTOP)
system required by Section 5.2.2 of the LJSNRC
Standard Review Plan.11 The lower bound of the
P-T envelope is set by the pressure required at a
given temperature to prevent cavitation of the
main coolant pumps.

"Draft White Paper on Reactor Vessel Integrity
Requirements for Level A and B Conditions, prepared
by the Secuon XI Task Group on Reactor Vessel
Integrity Requirements for the ASME Section XI
Working Group on Operating Mam Criteria. January
1991.
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Fig. 2. Adjustment of the reactor P-T curve in
response to irradiation embrittlement of the
vessel material severely restricts the permitted
reactor operating envelope.

It is evident from Fig. 2 that a high irradiation
induced ARTNDTcan restrict the permissible
reactor P-T operating envelope to the point
where reactor heatup (outside flaw critical) and
cooldown (inside flaw cnticai) become difficult
operations. This is particularly true for reactors



with a fixed setpoint LTOP system. This
difficulty has sparked interest in refinement of
the technology used to define the LTOP serpoint.
The objective for this refinement is to
demonstrate retention of required fracture-
prevention margins while avoiding excessive
restriction of the permissible operating P-T
envelope.

2.2 Pressurized Thermal Shock

The center branch of Fig. 1. summarizes regula-
tory requirements for demonstration of an
acceptably low failure probability when the
reactor vessel is exposed to pressurized thermal
shock (PTS) loading. A probabilistic PTS analy-
sis is required when irradiation damage has
caused the adjusted RTNDT for the vessel mate-
rial to reach screening limits. These limits
(RTPTS) have been set at 270°F for plates, forg-
ings, and axial weld material and 300°F for
circumferential weld material.7

PTS-loading results from activation of the safety
injection (SI) cooling water system in response
to the detection of a loss-of-coolant accident
(LOCA). Cooling water for the SI system will
typically be stored at relatively low temperature.
Injection of this water into the reactor vessel
downcomer annulus subjects the inner surface of
the reactor vessel to a severe thermal shock.

The LOCA can be caused by a condition which
may be corrected after the SI system has been ac-
tivated. An example would be a stuck-open pres-
surizer relief valve which later reseats. Under
these circumstances the reactor system pressure
may recover to the system pressure relief valve
setting. Regulatory requirements for a prob-
abilistic PTS analysis are set to assure an accept-
ably low probability of vessel failure under the
combined effect of low temperature and high
stress associated with the PTS loading condition.

Acceptable methodology for performing a plant-
specific probabilistic PTS analysis is defined in
NRC Regulatory Guide 1.154.l2 A through-wall
crack penetration frequency of 5 x 10"6 per year
of reactor operation is indicated as a maximum
acceptable value.l2 It is important to recognize
however that this figure derives from a
Regulatory Guide and not from a requirements
document. Acceptable reactor vessel PTS failure

rates for specific plants may differ from the Reg.
Guide 1.154 value.

Examples of acceptable methods for performing
the probabilistic reactor vessel failure analysis
required by Reg. Guide 1.154 are given in Refs.
13 and 14. Principal features of the fracture me-
chanics elements of the analysis procedure are
illustrated in Fig. 3.

Analysis of the neutron flux attenuation through
the reactor vessel wall defines the radial fluence
profile. A transient heat transfer analysis defines
the transient temperature profile in the vessel
wail for selected time increments throughout the
PTS transient. Figure 3 illustrates the transient
temperature profile and associated combined
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Fig. 3. Intersection of the applied Ki curve
(stress and flaw geometry dependent) with the
material fracture-toughness curves (temperature,
fluence, and material dependent) defines the
crack initiation and arresi behavior at a point in
time during a PTS transient.



stress distribution at one point in time during the
PTS transient.

Local temperatures and irradiation fluence levels
are used in conjunction with materials-composi-
tion-dependent irradiation damage correlations15
and the vessel material initial RTNDT to define
the adjusted RTNDT for selected points through
the wall thickness. Adjusted RTNDT values are
then used, together with the corresponding local
temperatures and baseline materials fracture
toughness data16 to define the crack initiation
and arrest toughness of the vessel material as a
function of radial position (a/W) within the
vessel wall.

Standard expressions for crack-tip stress-inten-
sity factors are used in conjunction with the ves-
sel wall stress profile 10 calculate a vessel wall
stress-intensity factor profile for a range of po-
tential surface flaw depths (a/W). Intersections of
the applied stress-intensity factor curve with the
material fracture toughness curves determine if a
flaw of a given depth will initiate at this point
during the transient, and how far it will propa-
gate following initiation.

The analysis description given above was for a
single point in time during a PTS transient.
Results from times covering the duration of the
PTS transient are combined to define the crack
initiation, propagation, and arrest history. A typi-
cal crack-propagation history may show a num-
ber of initiation and arrest events during the
transient.

In a probabilistic PTS analysis, the procedure
outlined above is repeated many times. The
analyses are performed by special purpose com-
puter programs such as the OCA-P17 and VISA-
II1 8 programs. Key input parameters such as
initial flaw depth, material composition, and
fracture toughness are selected in a random man-
ner from predefined ranges. Results from these
analyses are combined to give the number of
through-wall crack propagations predicted in a
given number of trials. This is the "conditional
probability of failure" for the vessel when ex-
posed to a specific PTS transient. A separate
analysis of the plant systems defines the prob-
ability of occurrence of the PTS transient. These
probabilities are then combined to give the
reactor vessel failure probability. This number is

compared with the plant-specific acceptance
failure rate, set by NRC, to determine if the
vessel can continue in operation.

Demonstration of an acceptably low failure prob-
ability under PTS accident loading constitutes
one of the most severe constraints to the contin-
ued operation of aging reactor vessels.
Refinement of PTS fracture-margin assessment
methods is therefore one of the highest priority
objectives for current fracture technology re-
search. A major segment of the ongoing HSST
program is devoted to PTS related research.

2.3 Low-Upper-Shelf Energy

Requirements for the maintenance of a minimum
upper-shelf Charpy energy (USE) in the pressure
vessel material did not exist in 10 CFR 50 prior
to 1971. The subsequent addition of regulatory
requirements for the maintenance of a minimum
specified USE throughout the operating life of
the vessel reflects a recognition of the role of
ductile tearing in two failures in non-nuclear
structures.19'2^ The 68-J (50-ft-lb) value selected
for the minimum acceptable irradiation-adjusted
USE was shown to provide leak before break
capabilities in the ductile tearing domain.21

Merkle,22 in his comprehensive review of the
Iow-upper-shelf toughness safety margin issue,
suggests that energy containment analyses may
also have contributed to selection of the 68-J
minimum USE regulatory limit.

The requirement for the reactor vessel material to
maintain a minimum USE not less than the 68-J
(50-ft-lb) regulatory limit is reflected in the
right-hand branch of Fig. 1. The regulatory
requirement4 states that this condition must be
maintained "unless it is demonstrated in a
manner approved by the Director, Office of
Nuclear Power Regulation, that lower values of
upper-shelf energy will provide margins of safety
against fracture equivalent to those required by
Appendix G of the ASME Code." The ASME
Section XI Working Group on Flaw Evaluation
is developing criteria and analysis techniques for
the evaluation of fracture-prevention margins for
vessels in which the USE has fallen below the
68-J (50-ft-lb) regulatory limit. At the time of
writing however these criteria have not yet re-
ceived final approval for incorporation into the
Code.



3. Fracture Issues and Research

Fracture-margin assessments all incorporate the
same basic elements of crack geometry, stress
analysis, material fracture toughness, and safety
factors. The relationship between those elements
is illustrated in Fig. 4. Fracture mechanics tech-
nology is used to calculate an applied stress-
intensity factor and a material fracture toughness
appropriate for the component and loading con-
dition being analyzed. Introduction of a safety
factor drawn from the regulatory requirements
completes the input required for a fracture-
margin assessment.

Basic elements of the fracture technology applied
to reactor pressure vessels have been developed
and validated over the past 25 years. ASTM and
AS ME have developed national consensus stan-
dards for generation of fracture mechanics data
and its application in fracture-margin analysis.
Large-scale validation tests have demonstrated
the validity of the basic fracture mechanics con-
cepts in predicting crack initiation and projiaga-
tion under conditions of pressure loading,4-3'24

thermal-shock loading,2^ and simulated PTS
loading.26

Given the advanced state of development of
pressure vessel fracture technology, what is the
source of the current issues? There are in fact a
number of sources.27 Large-scale tests, while

confirming the basic fracture technology con-
cepts, have revealed discrepancies between pre-
dicted and measured crack extensions when
ductile tearing is involved.26-28 These tests have
called into question the adequacy of a single-
parameter characterization of fracture toughness
for certain important fracture-margin assessment
applications. Experience with application of the
technology to operating reactors has raised ques-
tions relative to the rationale incorporated into
some of the regulatory requirements. Research
into the fracture properties of stainless steel
cladding and circumferential welds in pressure
vessels has identified additional issues.

The NRC-sponsored Heavy-Section Steel
Technology program at ORNL is giving priority
attention to research aimed at resolving recently
identified fracture technology issues. The issues
selected for this attention are those which have
the potential to influence significantly the frac-
ture-margin assessment process. A summary of
current HSST program research topics and their
relationship to regulatory requirements for frac-
ture-margin preservation is given in Fig. 5. The
following paragraphs provide a brief review of
(a) some important elements of this ongoing
research and (b) its potential regulatory signifi-
cance. Because of space limitation the topics
covered are limited to those shown in the shaded
boxes in Fig. 5.
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• Regulatory requirements
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Fie. 4. Structural analysis, regulator}' requirements, fracture mechanics technology, and matenals
fracture-touchness data are combined in a fracture-margin assessment analysis.
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Fig. 5. Summary of current HSST program pressure vessel fracture technology research.

3.1 KIcvs KIR for Calculating LTOP
Setpoints

The ASME Section XI Working Group (WG) on
Operating Plant Criteria has performed a study of
the bases for the current LTOP setpoint require-
ments.* The WG has concluded that advances in

"Draft White Paper on Reactor Vessel Integrity
Requirements tor Level A and B Condiuons. prepared
by ihe Secuon XI Task Group on Reactor Vessel
Iruecmy Requirements for the ASME Section XI
Working Group on Operating Plant Criteria. January
1991.

fracture technology since the bases for the cur-
rent requirements 1° were formulated are such as
to justify their revision. The WG is in process of
formulating proposals for an alternate procedure
to be used as the basis for LTOP setpoint criteria.
A key element of the WG proposal is that the Kjc
fracture-toughness curve be used in place of the
K[R curve to demonstrate the adequacy of the
revised LTOP setpoint criteria. The rationale for
this proposed change is that the postweld heat
treatment used on nuclear pressure vessels effec-
tively precludes the presence of "brittle nuggets"
in the finished reactor vessel. It was a concern



for the possible presence of brittle nuggets which
led to the original selection of a fracture-tough-
ness curve (KIR) which would represent a lower
bound to the dynamic fracture toughness of the
material.

HSST program research is investigating effects
which could degrade the fracture toughness of
prototypical reactor vessel material below the
static initiation (Kic) value. Phenomena under
investigation are pop-ins, local brittle zones, and
crack reinitiation.

A pop-in is defined as a small sharp drop in a
fracture test load vs loadline-displacement curve,
followed by recovery of a positive slope up to
the point of cleavage fracture. The pop-in is
attributed to a small brittle zone adjacent to the
crack front, surrounded by tougher material. The
frequency of pop-ins in high-copper welds has
been found to increase following irradiation to a
prototypical reactor vessel fluence level.29 The
ASTM (E 1290)30 definition of a significant
pop-in requires the crack extension induced by
the pop-in to exceed 2% of the initial crack size.

McCabe et al.31 have evaluated the Kjc scatter
band and lower-bound toughness for irradiated
specimens both with and without pop-ins.
Results from their evaluation are reproduced in
Fig. 6. They show that in general the pop-in re-
sults lay within the Kjc scatter band for speci-
mens which failed without pop-ins. At most, the
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Fig. 6. A lower-bound fracture-toughness curve
reflecting pop-in test data differs very little from
one derived from Kjc data.

inclusion of the pop-in data marginally lowers
the lower bound of the Kjc data.

A concern that the fracture toughness associated
with an arrested cleavage crack could be lower
than that obtained from test specimens with fa-
tigue-sharpened cracks was first identified by
Rosenfield.32 The potential impact of this obser-
vation on the lower-bound Kjc curve for reactor
grade steels has been investigated at the
University of Maryland (UM) as a pan of the
HSST program. The UM tests used A 508
Class 5 material in the "as-quenched" condition.
Mechanical properties of the test material there-
fore simulated those of irradiated pressure vessel
material. Both fatigue-sharpened and arrested-
crack specimens were tested. The tests showed
no significant difference in fracture touehness
between the two groups of specimens.33 the in-
ference is that data from fatigue, precracked
specimens provide an adequate basis for defining
the LTOP curve if there are no local brittle zones
present in the material.

The interim conclusion from this research is that
it appears a case can be made for the use of a
fracture-toughness curve higher than the KIR
curve for defining reactor LTOP setpoints. The
selected curve however may not be as high as the
Kic curve. Continuing research seeks to identify
the microstructural features responsible for local
brittle zone pop-in behavior and simulate them in
a series of fracture-toughness tests. The objective
for these tests is to provide a quantitative basis
for selecting a fracture-toughness curve to
replace the KIR curve in the evaluation of LTOP
setpoint requirements.

3.2 Constraint Effects

Fracture toughness is treated as a material prop-
erty in pressure vessel fracture-margin analysis.
In fact, fracture toughness becomes a parameter
which can be reliably reproduced by multiple
testing organizations only when specific crack-
tip constraint conditions are present in the test
specimen. Standard ASTM fracture-toushness
testing methods, such as those given in ASTM-
E399,34 define the required test"specimen geom-
etry such that the required degree of crack-tip
constraint is achieved.



Constraint issues in fracture-margin analysis
arise because the crack-tip constraint for a crack
in a pressure vessel wall under prototypical load-
ing conditions is significantly different from that
existing in the standard test specimens. The dif-
ferences are such as to both increase and
decrease the crack-tip constraint, depending on
the crack geometry and loading condition under
investigation. These differences are of particular
concern in a PTS analysis, where analysis of
crack initiation from shallow flaws is important.

PTS analysis experience13*14 has shown that
crack initiation occurs at an adjusted RTNDT
value associated with the lower transition region
of the fracture-toughness curve. Figure 7, repro-
duced from Ref. 35, shows the test specimen
sizes used to define the lower transition portion
of the Krc curve. Specimen sizes range from a
low of 4T to a high of 12T. The crack depth "a"
for these specimens is in the range 100 mm < a <
300 mm, and the sum of the crack depth and the
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Fig. 7. Fracrure-toughness test data for A 533 B,
chss 1 steel, showing the large test specimen
size required to generate valid data in the lower
transition region of the Kfc curve (from Ref. 35).

remaining ligament (W) is in the range 200 mm
< W < 610 mm.34 In a PTS analysis, the majority
of crack initiations are found to occur from sur-
face cracks having depths in the range 4 mm <
a < 20 mm. These cracks are embedded in vessel
walls which have a total thickness in the direc-
tion of crack propagation of 305 mm (12 in.) or
less. It would appear, therefore, that the level of
constraint at the tips of shallow cracks in a vessel
wall will be less than the constraint present in the
fracture-toughness test specimens. This differ-
ence would be expected to increase the material
fracture toughness associated with crack initia-
tion from shallow flaws.

The HSST program has completed the first phase
of a program of shallow-flaw fracture-toughness
testing. The aim of this program is to generate
fracture-toughness data reflecting the relaxation
of crack-tip constraint inherent to the shallow-
flaw geometry. Data from this program are rele-
vant to the flaws of concern in a Fi S analysis.

Both the absolute flaw depth "a" and the relative
flaw depth "a/W" have been proposed as correla-
tion parameters for shallow-flaw fracture-tough-
ness data.36'37 In order to ensure transferability
of results from this program to reactor vessel
fracture-margin analyses, the HSST program
elected to use prototypical flaw depths in the
shallow-flaw test specimens. This decision, in
turn, dictated the use of large test specimens. A
SEN beam specimen with a 100-mm square
cross section was selected after development
testing on beams with widths ranging from 50
mm to 150 mm. Samples of the development test
beams are shown in Fig. 8.

Results obtained from the shallow-flaw fracture-
toughness testing program to date38 are shown in
Fig. 9. The lower bound to the uniaxial shallow-
flaw fracture-toughness data is seen to be
roughly twice that of the deep-flaw data in the
lower transition region of the curve.

The potential impact of enhanced toughness for
shallow flaws on a PTS analysis has been inves-
tigated using a preliminary interpretation of the
available shallow-flaw fracture-toughness data.39

A summary of results from that analysis is given
in Fig. 10. The histogram of predicted crack
initiations is shown in Fig. 10(a) while the
associated critical crack-depth curves are shown



Fig. 8. 102-mm-deep (4-in.) test beams are used in the shallow-flaw fracrure-toughness testing program
to permit testing of prototypical flaw depths.
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Fig. 9. Preliminary results from the .shallow-flaw fracture-toughness testing program indicate a signm-
cant increase in toughness for shallow tlaws for uniaxial loading conditions.

in Fig. IGib). Note that the inclusion of the esti-
mated shallow-Haw toughness from uniaxiai
tber.dinL7) tests has the effect of preventing crack
initiation from surface flaws with dentn.s iess
than I? mm i0.5 in... Tins substantially reduces
the numcer of predicted crack initiations. It is
important to recognize however that the increase

m crack-tip constraint resulting from biaxial
loading may reduce the .shallow-flaw etfect on
fracture roughness.

A further difference between trie constraint con-
ditions present at the tin ot' a crack in a pressure
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results in a decrease in the number of predicted crack initiations.

vessel and one in a compact test specimen is the
far-field stress acting in a direction parallel to the
crack front. Figure 11, from Ref. 40, shows the
components of a typical far-field stress distribu-
tion in a reactor pressure vessel wall during a
PTS transient event. Note that all of the stresses
are biaxial, having both in-plane and out-of-
plane components.

Orientation of the far-field PTS stresses relative
to a shallow longitudinal crack in a pressure
vessel is shown in Fig. 12. Out-of-plane stresses
of the order of 50 ksi act parallel to the crack
front. There is no counterpart of theie far-field
out-of-plane stresses in the conventional
fracture-toughness test using compact test speci-
mens.

Out-of-piane stresses are of concern because of
the increase in hydrostatic stress they cause in
the crack-tip plastic zone. An increase in the
hydrostatic to deviatoric stress ratio results in (a)
an increase in the maximum principal stresses in
the crack-tip plastic zone, and (b) a decrease in
the material ductility.41-42 A number of
researchers have identified the influence of
stress-state-dependent ductility in defining the
material fracture toughness in the transition
region.41-43 A concern exists therefore that the
out-of-plane PTS stresses shown in Fig. 12 could
have an adverse impact on the material fracture
toughness.

276 MPa (40 ksl)

THERMAL STRESS
(BIAXIAL 1:1)

PRESSURE STRESS
(BIAXIAL 2:1)

+ RESIDUAL STRESS
(BIAXIAL)

351 MPa (51 ksl)

TOTAL STRESS
(BIAXIAL)

Fig. 11. Components of the far-field stress distri-
bution existing in a reactor vessel wall during a
PTS transient.
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Fig. 12. The vessel wall biaxial far-field stresses during a PTS transient arc aligned with one of the
principal stresses acting parallel to the front of a longitudinal crack.

It should be noted that any effect of out-of-plane
stresses on fracture toughness will have both
positive and negative effects on a PTS analysis.
Towards the outer surface of the vessel, the out-
of-plane stresses are compressive. Unlike the in-
plane stresses, the out-of-plane stresses will
remain compressive even when the crack has
penetrated through much of the wall thickness.
Out-of-plane stresses would therefore be
expected to increase the crack arrest potential by
decreasing maximum principal stresses in the
crack-tip plastic zone and increasing the material
fracture ductility. Near the inner surface the
reverse is true. The large tensile out-of-plane
stresses would be expected to decrease the frac-
ture toughness relative to plane-strain values.
Out-of-plane stresses would, therefore, be
expected to reduce the shallow-flaw fracture-
toughness advantage discussed previously.

Experience with the initiation of shallow flaws in
thermal-shock experiments44 tends to support the
above view of the impact of tensile out-of-plane
stresses on fracture toughness. The thermal-
shock tests employed flaws with a very long
crack front and would, therefore, have been ex-
pected to generate lower-bound fracture-tough-
ness values. Results from those tests, shown in
Fig. 13. indicate an increase in fracture tough-
ness relative to the deep-flaw plane strain values.
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Fig. 13. Kic data obtained from large-scale ther-
mal-shock-tests do not show the level of lower-
bound fracture-toughness enhancement which
would have been predicted from the shallow-
flaw test data, indicating a possible effect of out-
of-plane biaxial stresses.

but not to the extent that would have been
anticipated from the shallow-flaw effect. The
biaxial stress field generated by the thermal



shock loading appears to have reduced the
fracture toughness well below the shallow-flaw
values.

Technology for the assessment of out-of-plane
stress effects on crack initiation and arrest frac-
ture toughness is still in the early stages of devel-
opment. No consensus assessment of the poten-
tial magnitude of the effect is yet available. An
ORNL analysis45 of a large (457-mm-wide, 152-
mm-thick) surface-cracked-tensile specimen
tested by the Southwest Research Institute (SRI)
in 1972 suggests that the effect may be signifi-
cant, at least in the direction of loss-of-con-
straint. The test specimen had a part-through 56-
mm-deep flaw with a surface length of 204 mm.
Kc at failure for this test specimen was 17%
higher than Kic. This increase was attributed to a
transverse contraction of the specimen which
produced a strain of -0.0139% parallel to the
crack front. The inference of a significant poten-
tial effect of out-of-plane stresses (and strains)
comes from the fact that the out-of-plane strains
associated with the stress distribution shown in
Figs. 11 and 12 would be approximately one
order of magnitude larger (and of opposite sign)
than those recorded in the SRI test.

The HSST program has under development a
number of models for the prediction of out-of-
plane stress/strain effects on fracture toughness.
The models incorporate both stress based and
stress-state-dependent fracture ductility based
failure criteria. Results to date from these models
have not indicated a significant effect of either
positive or negative out-of-plane strain on frac-
ture toughness.46 Development of the models,
however, has not yet proceeded to the point
where they have been calibrated to match avail-
able fracture-toughness and transverse-strain data
in the plane stress to plane strain domain. The
model predictions may change when this stage of
development has been completed.

A further scoping evaluation of the effects of
out-of-plane stresses on fracture toughness was
recently completed.40 This analysis was under-
taken to provide early input to a programmatic
decision on large-scale, biaxial fracture-tough-
ness tests. The model used a stress-state depen-
dent fracture ductility model proposed by
Weiss,41 together with" plane stress and plane
strain fracture-toughness data generated by

Landes and McCabe,47 to estimate the effects of
prototypical PTS out-of-plane stresses on frac-
ture toughness. Results from this model indicated
a significant potential effect on fracture tough-
ness. This result, coupled with the result reported
in Ref. 45, led to an HSST program decision to
proceed with a limited series of large-scale
biaxial fracture-toughness tests. Results from
these tests will permit calibration and validation
of the emerging out-of-plane biaxial fracture
models in the beyond-plane-strain domain. This
development in turn will permit additional
refinement to be injected into reactor vessel PTS
fracture-margin analyses.

3.3 Crack Arrest

Early emphasis on crack-arrest research in the
HSST program was on developing a data base
which would permit extensio . of the Kia curve in
Appendix A of ASME Section XI beyond the
current 220 MPa»Vm (200 ksiVinT) limit.
Large-scale "wide-plate" crack-arrest tests were
conducted48"51 which generated the required
high temperature Kia data. Results52 obtained
from an initial PTS analyses using the extended
Kja c rve wtre disappointing. The extended Kia
curve had litde impact on the predicted reactor
vessel failure rate. This was because the cracks
arrested after penetrating deep into the reactor
vessel wall, where they subsequently became
unstable due to the onset of ductile tearing.

It should be noted that evaluations completed to
date on the effect of an extended Kia curve on
PTS analysis have been made assuming flaws
with infinite surface length. Consideration of
finite-length surface flaws may show an in-
creased benefit from the extended Kia curve.

More recent crack-arrest studies have focussed
on the effect of vessel wall inertia on the crack-
tip stress-intensity factor time history during a
crack-propagation event. The equilibrium con-
figuration of a reactor vessel immediately
following PTS-induced cracking is shown in
Fig. 14. Note that the crack-tip stress-intensity
factor will reach the static equilibrium value,
used to determine the crack arrest depth, only
after the vessel wall has completed its radial
deformation. The time required for the vessel
wall to reach the configuration shown in Fig. 14
is very long when compared with the crack



Fig. 14. PTS loading causes inward deflection of
a vessel wall if a deep longitudinal crack is pre-
sent.

propagation time. It follows therefore that the
crack propagation will proceed in a series of
initiation and arrest events prior to the vessel
achieving a static equilibrium cracked configura-
tion.

Recent papers have presented crack-arrest analy-
ses reflecting some aspects of the dynamic crack
propagation process.^3"55 Results presented in
these papers indicate an initial arrest at a crack
depth substantially less than the depth obtained
from a static equilibrium analysis. They do not
however address the issue of the stability of the
arrested crack.

The HSST program has recently completed an
initial series of pressure vessel dynamic crack
propagation analyses, with the specific objective
of assessing the dynamic and static stability of
the arrested crack." The analyses were performed
using a 180° ADINA elastic-dynamic finite-ele-
ment model of the reacior vessel wall, with an
application-mode crack-propagation capability.

Stress-intensity factor time-history results ob-
tained from the dynamic crack-propagation

*J. Keeny-Walker and B. R. Bass. "Issues in Dynamic
Fracture'Analysis of Reactor Pressure Vessels." USNRC
Report NUREG/CR-5793 (ORNL/TM-11969), to be
published in 1992.

model are given in Fig. 15. The crack initiated
under simulated PTS loading when the crack tip
Kj reached a value of 110 MPa*\/m (100
ksi VinT) and arrested when it had penetrated to a
depth or 8.51 cm (3.35 in.). Thereafter the crack-
tip stress-intensity factor continued to climb due
to the dynamic overshoot effect. Straining rates
from the dynamic analysis were used in conjunc-
tion with dynamic fracture-toughness data from
Ref. 56 to estimate a -2a crack reinitiation
toughness Kid. The crack tip Ki was found to
reach the estimated -2a Kid value approximately
20 ms following the initial arrest. Thereafter, the
crack was predicted to reinitiate and propagate to
a total depth of 10.9 cm (4.3 in.) before
achieving a stable (cleavage fracture) arrest.

A comparison of the crack-arrest depths pre-
dicted by the dynamic analysis model with the
crack-arrest depth predicted by the static equi-
librium model incorporated into the OCA-P PTS
analysis program17 is given in Fig. 16. It should
be noted that these results are for a typical PTS
transient and serve only to illustrate the relative
performance of the various crack-arrest models.
With crack reinitiation the dynamic analysis pre-
dicts a 46% wall penetration compared with the
static equilibrium model's prediction of 50%
penetration. It was evident from the curves of
Fig. 15 however that had the reinitiation tough-
ness (Kid) been only marginally higher, reinitia-
tion would not have occurred. The dynamic
analysis model would then have predicted a 36%
wall penetration. The proposed fixed boundary
model of Refs. 53-55 significantly underpredicts
both dynamic analysis results.

The dynamic crack-arrest models show promise
of refining the calculation of crack-arrest depths
under PTS loading. The difference in predicted
arrest depths in the example shown would be im-
portant, since the 36% penetration crack would
be stable following arrest, whereas, the 46% and
50% penetration cracks would become unstable
due to the onset of ductile tearing. It is clear,
however, that generation of an adequate dynamic
fracture-toughness data base is essential to the
further development of the dynamic crack-arrest
concept.

3.4 Cladding Effects

Stainless steel cladding is applied to the inner
surface of reactor vessels to protect the vessel
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Fig. 16. Dynamic analysis predicts a crack-arrest depth similar to that predicted by the static equilibrium
model if crack reinitiation ocurrs following an initial arrest.

structural material from corrosive attack by the
borated cooling water. Current PTS analysis
computer programs I7-IS recognized the influence
of the inner surface cladding layer in their heat
transfer and stress-analvsis models, but thev do

not recognize the cladding fracture-toughness
properties. Current practice is to assign fracture-
toughness properties of the base material to both
the base material and the cladding. This practice
can have a significant impact on the outcome of



a PTS analysis. The reason for this impact is the
influence cladding can have in inhibiting crack
initiation and propagation from shallow finite-
length surface flaws.

Typical distributions of predicted cumulative
crack initiations from PTS analyses57 are given
in Fig. 17(a). The curves of Fig. 17(a) show that
over 95% of the predicted crack initiations are
from surface flaws with a depth of less than
20 mm (0.8 in.). In pan this is due to the fact that
thermal shock produces highest stresses in the
inner surface regions of the vessel where the
effects of irradiation embrittlement are most
severe (see Figs. 3 and 12). A further major in-
fluence is the size distribution58-59 and loca-
tion1 2 of the input-flaw population. The close
coupling between the cumulative flaw distribu-
tion function and the resulting cumulative crack
initiation distribution is shown in Fig. 17(b). In
the context of cladding effects however the
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that the majority of cracks initiate from surface
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The distribution of crack initiations (b) follows
closely the input tlaw distribution.

point to note from Fig. 17 is that any influence
of cladding on the initiation and propagation of
surface flaws in the 2.5-mm < a < 20-mm (0.1-
in. < a < 0.8-in.) depth range can have a
significant impact on the outcome of a PTS
analysis.

The potential influence of cladding on the initia-
tion and propagation of shallow finite-length sur-
face flaws was recognized in the ORNL PTS
studies.14 Thermal-shock data on clad cylinders
were however not available at that time. The sur-
face-crack propagation model used in the analy-
sis of Ref. 14 was, therefore, based on thermal-
shock data from a test on an unclad cylinder.60

The flaw used in that test (TSE-7) was a 19-mm-
deep (0.75-in.) semicircular surface flaw. The
flaw initiated at an estimated depth of 13 mm
(0.52 in.) and propagated extensively along the
surface with a relatively modest simultaneous
radial propagation. This result led to the postu-
late in Ref. 14 that finite-length surface flaws
would, under sufficiently severe PTS loading,
propagate along the surface to become effec-
tively infinitely long. The anaiysh was therefore
based on infinitely long constant depth flaws.
This flaw propagation model has since been
incorporated into the PTS analysis computer
programs.17'18

Thermal-shock tests of clad cylinders have since
been completed and reported in Ref. 61. Test
TSE-9 was close to identical with the previously
discussed TSE-7 test, with one major difference.
The test cylinder for TSE-9 was clad on its inner
surface with a 4.5-mm (0.18-in.) layer of Type
304L stainless steel. The effect of this layer was
to limit initiation to one end of the crack and to
limit the subsequent longitudinal propagation of
the crack to 6.0 mm (0.25 in.). The cladding was
clearly a very effective agent for the control of
crack initiation and propagation in this case. The
performance of the clad cylinder is particularly
significant given the fact that (a) the test transient
was defined to be particularly severe so as to
promote surface propagation of the crack and
(b) the depth of the test flaw [19 mm (0.75 in.)]
is close to the limiting value for 95% of all crack
initiations predicted in a typical PTS analysis.

Longitudinal propagation of surface cracks is of
importance in PTS analysis because of its influ-
ence on the maximum crack-tip stress-intensity



factor, upon which subsequent radial crack
propagation predictions are based. The maximum
stress-intensity factor for an infinitely long sur-
face flaw will be greater than that for a
semicircular surface flaw of identical depth.

The HSST program has recently initiated an ex-
panded analytical investigation of the potential
for crack initiation in clad cylinders with finite-
length flaws.62*63 Objectives for the investiga-
tion are (a) to determine if an adequate case
exists to justify a reconsideration of the infinite-
length flaw model for crack initiation in the PTS
analysis programs and (b) to assess the need for
additional thermal shock tests.

The two prototypical but widely different tran-
sients used in this study to date are shown in
Fig. 18. Transient A is characterized by a coolant
temperature drop of 167°C (300°F) in 20 minutes
whereas transient B takes 60 minutes to achieve
a similar temperature drop. The minimum tem-
perature for transient A during the period of po-
tential crack initiation is approximately 56°C
(100°F) lower than that of transient B.
Corresponding pressure transients were included
with the temperature transients, but they are not
discussed further here since thermal stresses have
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Fig. 18. Two widely differing PTS transients
have been used in the study of cladding effects
on the potential for surface crack propagation.

the dominant influence on the initiation and
propagation of shallow-surface cracks.

A range of flaw geometries and clad thicknesses
is being investigated in this study. Results pre-
sented in this paper are from two of the models
in a multi-model parametric study. Model 1 has a
6.4-mm-deep (0.25-in.) flaw in a cylinder with a
2.7-mm (0.11-in.) clad thickness. Model 2 has a
flaw depth of 25.4 mm (1.0 in.) and a clad depth
of 4.1 mm (0.16 in.). Both of the 3-D elastic
finite-element models have a modified semicir-
cular crack front. The modification consists of
adjusting the crack-front profile such that the
transverse dimension (b direction) remains con-
stant through the thickness of the cladding. This
modification has the effect of increasing the
stress-intensity factor at the clad-base material
interface and, thereby, producing a conservative
result. RTNDT was set at 270°F for both models.

Results obtained from the transient heat-transfer
element of the analyses for the clad-base metal
region of the models are summarized in Figs.
I9(a) and (b). Transient A is paired with Model 1
(A-l) and transient B is paired with model 2
(B-2). The A-l pairing is seen to give a rapid
decrease in T-RTNDT down to a value of -30°F
at 26 minutes into the transient. The correspond-
ing -3a fracture-toughness curve at the clad-base
metal interface descends steeply initially but then
flattens out to a minimum value of 34 ksiVinT at

10 20 30 40 SO SO 70

TIME (mln)

90 100

Fig. 19. Minimum fracture toughness of the base
material at the clad-base material interface is
strongly dependent on the characteristics of the
appiied PTS transient.



the 26-minute mark. This is due to the crack-tip
conditions entering the lower-shelf region of the
fracture-toughness curve where the fracture
toughness becomes relatively insensitive to fur-
ther decreases in RTNDT- In contrast, the B-2
pairing is seen to produce crack-tip conditions at
the clad-base metal interface which remain in the
lower transition region of the fracture-toughness
curve. T - R T N D T for the B-2 pairing reaches a
minimum value cf 25°F at 75 minutes into the
transient. The corresponding Kic value is 50
ksivinT Fracture toughness at the clad-base
metal interface is seen to vary significantly
(35:50) over the range of prototypical PTS tran-
sients. This fracture-toughness sensitivity to the
applied PTS transient is one of the major factors
influencing the surface propagation potential of a
crack.

Crack-tip stress-intensity factors at the clad-base
metal interface calculated using pairings A-1 and
B-2 are shown superimposed on the material
fracture-toughness curves in Figs. 20(a) and (b)
respectively. Peak stress-intensity factors at this
location differ in a manner which can be
attributed in large measure to the flaw <jeometry
differences. No crack initiation is predicted for
the A-1 pairing. The B-l pairing produces crack
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Fig. 20. Surface-crack propagation is not pre-
dicted for a significant subset of the PTS-cran-
sient:flaw-geometry combinations when the base
material RTNDT has increased to 270°F.

initiation only when the material fracture tough-
ness falls into the -3a range. The extent of longi-
tudinal crack propagation following initiation in
the B-2 pairing has not been determined at this
time. It is clear from the results of Fig. 20, how-
ever, that longitudinal crack propagation will not
occur for a significant subset of the PTS tran-
sient: flaw geometry combinations considered in
a PTS analysis. Crack initiation at the - 2 a Kic
level would probably have been predicted for
both the A-1 and B-2 pairings had the flaws been
assumed to be infinitely long. It appears there-
fore that results from the completed cladding
study will provide a basis for introducing a re-
fined treatment of surface-flaw initial geometry
into PTS analysis procedures.

4. Conclusions

This paper has presented an overview of regula-
tory requirements for fracture-margin preserva-
tion in aging nuclear reactor pressure vessels,
and the status of ongoing research aimed at refin-
ing the fracture mechanics technology founda-
tion for those requirements. While the fracture
technology investigations address both positive
and negative influences on calculated fracture
margins, the net effect is expected to be positive.
This is particularly true in the evaluation of PTS
transients. The ongoing investigation of fracture-
technology elements not covered in this paper,
such as warm prestressing and crack-arrest be-
havior with finite-length flaws, is expected to
identify additional elements of conservatism in
the current regulatory requirements.
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