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ABSTRACT

A summary of the recently completed Phase I of the
Project for Fracture Analysis of Large-Scale International
Reference Experiments (Project FALSIRE) is presented.
Project FALSIRE was created by the Fracture Assessment
Group (FAG) of Principal Working Group No. 3 of the
Organization for Economic Cooperation and
Development/Nuclear Energy Agency’s Committee on the
Safety of Nuclear Installations (CSNI). The CSNI/FAG
was formed to evaluate fracture prediction capabilities
currently used in safety assessments of nuclear vessel
components. Members are from laboratories and research
organizations in Western Europe, Japan, and the United
States of America (U.S.A.). To meet its obligations, the
CSNI/FAG planned Project FALSIRE to assess various
fracture methodologies through interpretive analyses of
selected large-scale fracture experiments. The six
experiments used in Project FALSIRE (performed in the
Federal Republic of Germany, Japan, the United Kingdom,
and the U.S.A.) were designed to examine various aspects
of crack growth in reactor pressure vessel (RPV) steels
under pressurized-thermal-shock (PTS) loading conditions.
The CSNI/FAG established a common format for
comprehensive statements of these experiments, including
supporting information and available analysis results.
These statements formed the basis for evaluations that were
performed by an international group of analysts using a

iii

variety of structural and fracture mechanics techniques. A
3-d workshop was held in Boston, Massachusetts (U.S.A),
during May 1990, at which 37 participants representing 19
organizations presented a total of 39 analyses of the
experiments. The analysis techniques employed by the
participants included engineering and finite-element
methods, which were combined with Jr fracture
methodology and the French local approach. For each
experiment, analysis results provided estimates of variables
such as crack growth, crack-mouth-opening displacement,
temperature, stress, strain, and applied J and K values. A
comparative assessment and discussion of the analysis
results are presented; also, the current status of the entire
results data base is summarized. Generally, these results
highlight the importance of adequately modeling structural
behavior of specimens before performing fracture
mechanics evaluations. Applications of the various fracture
methodologies were found to be partially successful in
some cases but not in others. Based on these assessments,
some conclusions concerning predictive capabilities of
selected ductile fracture methodologies, as applied to RPVs
subjected to PTS loading, are given, and recommendations
for future development of fracture methodologies are
made. Finally, proposals for future work in the context of a
Phase II of Project FALSIRE are included.
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EXECUTIVE SUMMARY

This report summarizes the recently completed Phase I of
the Project for Fracture Analysis of Large-Scale
International Reference Experiments (Project FALSIRE).
Project FALSIRE was created by the Fracture Assessment
Group (FAG) of Principal Working Group No. 3 (PWG/3)
of the Organization for Economic Cooperation and
Development/Nuclear Energy Agency’s Committee on the
Safety of Nuclear Installations (CSNI). Motivation for the
project was derived from recognition by the CSNI-PWG/3
that inconsistencies were being revealed in predictive
capabilities of a variety of fracture assessment methods,
especially in ductile fracture applications. As a
consequence, the CSNI/FAG was formed to evaluate
fracture prediction capabilities currently used in safety
assessments of nuclear components. Members are from
laboratories and research organizations in Western Europe,
Japan, and the United States (U.S.A.). On behalf of the
CSNIFAG, the U.S. Nuclear Regulatory Commission’s
Heavy-Section Steel Technology Program at the Oak
Ridge National Laboratory (ORNL) and the Gesellschaft
fiir Anlagen - und Reaktorsicherheit (GRS), K6In, Federal
Republic of Germany (FRG), had responsibility for
organization arrangements related to Project FALSIRE.
The group is chaired by H. Schulz from GRS, Kéln, FRG.

To meet its objectives, the CSNI/FAG planned an
international project to assess various fracture
methodologies through interpretive analyses of selected
large-scale fracture experiments. A survey of large-scale
experiments and related analyses was given at the first
meeting of the group in May 1988 at Stuttgart (FRG).
Priority was given to thermal-shock experiments to include
combinations of mechanical and thermal loads. Reference
experiments were selected by the CSNI/FAG at their
second meeting in August 1989 at Monterey, California
(U.S.A)), for detailed analysis and interpretation. Before
the 1989 Monterey meeting, the CSNI/FAG established a
common format for comprehensive statements of these
experiments, including supporting information and
available analysis results. These statements formed the
basis for evaluations of the experiments that were
performed by an international group of analysts using a
variety of structural and fracture mechanics techniques. A
3-d workshop was held in Boston, Massachusetts (U.S.A.),
during May 1990, at which all participating analysts
examined these evaluations in detail.

The experiments used in Project FALSIRE were designed
to examine various aspects of crack growth in reactor
pressure vessel steels under pressurized-thermal-shock
(PTS) loading conditions. These conditions were achieved
in three of the experiments by internally pressurizing a
heated cylindrical vessel containing a sharp crack and
thermally shocking it with a coolant on the inner (NKS-3
and -4, from Materialpriifungsanstalt, Stuttgart, FRG) or

XV

outer (PTSE-2, from ORNL, U.S.A.) surface. In a series of
spinning cylinder (SC) experiments (from Atomic Energy
Authority Technology, U.K.), a thick cylinder with a deep
crack on the inner surface was rotated about its axis in a
specially constructed rig (SC-I) and was thermally shocked
with a water spray (SC-II). A Japanese (Step B, from Japan
Power and Engineering Inspection Corporation, Japan) test
used a large surface-cracked plate subjected to combined
mechanical loading of tension and bending, coordinated
with a thermal shock of the cracked surface to model PTS
loading conditions. Data from the experiments provided in
the CSNI/FAG problem statements included pretest
material characterization, geometric parameters, loading
histories, instrumentation and measured data [e.g.,
temperature and strains, crack-mouth-opening
displacements (CMODs), and crack-extension histories].

Based on the CSNI/FAG problem statements, 37
participants representing 19 organizations performed a total
of 39 analyses of the experiments. The analysis techniques
employed by the participants included engineering methods
[R6, General Electric/Electric Power Research Institute
estimation scheme, deformation plasticity failure
assessment diagram] and finite-element methods; these
techniques were combined with applications of JR
methodology and the French local approach. The
finite-element applications included both two- and
three-dimensional (2- and 3-D) models, as well as
deformation plasticity and incremental
thermo-elastic-plastic constitutive formulations.
Crack-growth models based on nodal release techniques
were used to generate both application- and
generation-mode solutions for several of the experiments.
For each of the experiments, analysis results provided
estimates of variables including crack growth, CMOD,
temperatures, strains, stresses, and applied J and K values.
Conditions of crack stability and instability were identified
in the experiments. Where possible, computed values were
compared with measured data.

Based on results from the Project FALSIRE Workshop,
several observations can be made concerning predictive
capabilities of current fracture assessment methodologies
as reflected in the large-scale experiments. Generally, these
experiments were designed to examine fracture
methodologies under prototypical combinations of
geometry, constraint, and loading conditions. However,
because complexities of the experiments do not permit a
clear separation of the effects of the many variables
involved, it has proved difficult to interpret the analyses of
those transients for which expected results were not
achieved. Modeling requirements for the experiments
incorporate history-dependent mechanical, thermal, and
body force loadings; temperature-dependent material and
fracture toughness properties; specially designed materials;
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residual stress states; and 3-D effects. Interactions of both
cleavage and ductile modes of fracture must be modeled
for certain transients. For these reasons, it could be
anticipated that comparisons of analysis predictions with
available structural data from the experiments would yield
results that vary significantly. Many observations from the
comparative assessment of the analysis results have not yet
been explained, but Chap. 4 and Appendix B of this report
contain a data base of analysis results available for further
studies on separate effects. The analysis results highlight
the importance of obtaining high-quality material
properties and structural response data (CMOD, strains,
etc.) from the experiments and accurately calculating
structural behavior of the specimen before performing
fracture mechanics evaluations. In particular, variables
must be carefully selected and reliably measured to provide
a minimum set of data for validating these structural
models. This requirement was not uniformly achieved in
all of the large-scale experiments examined in the Project
FALSIRE Workshop.

In applications of Jr methodology based on small
specimen data, all analyses correctly distinguished between
stable crack growth and ductile instability condittons for
each experiment. These analyses include both estimation
schemes and detailed finite-element analyses. However, as
a technique to predict crack extension, JR methodology was
partially successful in some cases (NKS experiments) but
not in others (PTSE-2, SC experiments). Fracture
assessments based on compact-tension (CT) specimens
overestimated stable crack growth in the cases of NKS-4,
SC-T and -II, and Step B PTS because the crack resistance
in large-scale test specimens is bigger than predicted by
small conventional specimens (e.g., CT-25). SC-I and -II
fracture results show that crack growth can be described
quite well with the J-integral and the Jr curves of the
large-scale test specimen. Therefore, future work has to be
concentrated on extension of the JR methodology by a
parameter that controls the geometry dependence of the
crack resistance. In PTSE-2, the first phase of stable crack
extension is underestimated because the crack loading also
represented in CMOD is underestimated. Furthermore,
differences between pretest characterization data and
posttest in situ data for material and fracture toughness
properties gave rise to questions concerning whether Jr
curves from CT specimens were representative of the
flawed region of the vessel. None of these
temperature-dependent Jr curves were consistent with all
phases of ductile tearing observed in PTSE-2. It should be
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pointed out that the PTSE-2 transient included load-history
(i.e., warm-prestressing) effects that were not incorporated
into the Jr methodology.

The substantial differences between fracture toughness
curves generated from the SCs and from CT specimens
focused attention on other factors, which include the
possibility that crack-tip behavior in the SC is not
characterized by a single correlation parameter. Alternative
criteria under consideration include two-parameter models
in which K or J is augmented by the next higher-order term
T or Q in the series expansion of the stresses around the
crack tip. Other measures considered in dealing with the
transfer of small specimen data to large structures include
the stress triaxiality parameter q, which is proportional to
the ratio of hydrostatic to effective stress. The temperature
dependence of the crack resistance measured with CT
specimens shows a decrease with increasing temperature
for PTSE-2, NKS-3, and Step B PTS but shows an increase
for NKS-4 material. Also, the French local approach has
been applied as an alternative to JR methodology for
performing fracture toughness evaluations but only in the
case of NKS-3. For the SCs, clarification of the initial
stress state in front of the crack tip (due to cyclic fatiguing)
may be an important consideration.

Organizations involved in Phase I of the FALSIRE Project
desire to proceed with this type of work regarding the
evaluation of fracture mechanics analysis methods for
combined mechanical thermal loading conditions in

Phase II. Stirnulated by the somewhat unfavorable results
of the analyses for PTSE-2, the main objective of Phase II
should be to investigate cracks of a limited depth,
preferably showing two stages of crack extension. An
example would be limited stable crack extension followed
by limited unstable crack extension. Furthermore, special
attention should be given to the behavior of shorter cracks.
Investigation of crack extension in connection with cladded
surfaces is of special interest.

Experimental research programs are being performed in
this subject area in France, the FRG, Japan, the U.X., and
in the Russian Republic. Contacts with the different
organizations involved in these tests have been established.
Reference documents that could be used to document the
information available are under preparation. Two or three
tests that would fulfill the outlined goals will be selected in
the coming months. A call for participation in Phase Il is
foreseen in the second half of 1993.



1. INTRODUCTION

This report summarizes the recently completed Phase I of
the Project for Fracture Analysis of Large-Scale
International Reference Experiments (Project FALSIRE).
Project FALSIRE was created by the Fracture Assessment
Group (FAG) of Principal Working Group No. 3 (PWG/3)
of the Organization for Economic Cooperation and
Development (OECD)/Nuclear Energy Agency’s (NEA’s)
Committee on the Safety of Nuclear Installations (CSNI).
Motivation for the project was derived from recognition by
the CSNI-PWG/3 that inconsistencies were being revealed
in predictive capabilities of a variety of fracture assessment
methods, especially in ductile fracture applications. As a
consequence, the CSNI/FAG was formed to evaluate
fracture prediction capabilities currently used in safety
assessments of nuclear components. Members are from
laboratories and research organizations in Western Europe,
Japan, and the United States of America (U.S.A.). On
behalf of the CSNI/FAG, the U.S. Nuclear Regulatory
Commission’s (NRC’s) Heavy-Section Steel Technology
(HSST) Program at the Oak Ridge National Laboratory
(ORNL) and the Gesellschaft fiir Anlagen—und
Reaktorsicherheit (GRS), Koln, Federal Republic of
Germany (FRG) had responsibility for organization
arrangements related to Project FALSIRE. The group is
chaired by H. Schulz from GRS, Kéln, FRG.

To meet its objectives, the CSNI/FAG planned an
international project to assess various fracture
methodologies through interpretive analyses of selected

large-scale fracture experiments. A number of large-scale
fracture tests have been performed in recent years in
several countries, and an even larger number of
organizations have become cognizant of them and
employed test results in attempts to verify analytical
methods. A survey of large-scale experiments and related
analyses was given at the first meeting of the group in May
1988 at Stuttgart (FRG). Priority was given to
thermal-shock experiments to include combinations of
mechanical and thermal loads. The reference experiments
that were selected by the CSNI/FAG at their second
meeting in August 1989 at Monterey, California (U.S.A.),
for detailed analysis and interpretation are given in

Table 1.1. Detailed descriptions of the conditions and
results for each of the large-scale experiments studied in
Project FALSIRE are given in Chap. 2 of this report.

Before the 1989 Monterey meeting, the CSNI/FAG
established a common format for comprehensive
statements of these experiments, including supporting
information and available analysis results (see

Appendix A). These statements formed the basis for
evaluations that were performed by an international group
of analysts using a variety of structural and fracture
mechanics techniques (see Chap. 3). A 3-d workshop was
held in Boston, Massachusetts (U.S.A.), during May 1990,
at which all participating analysts examined these
evaluations in detail. Organizations that participated in the
workshop are listed in Table 1.2.

Table 1.1 Large-scale fracture experiments analyzed in CSNI/FAG

Project FALSIRE
Experiment Organization Testing
country
NKS-3 Materialprufiingsanstalt (MPA), FRG
Universitit Stuttgart
NKS-4 MPA, Universitit Stuttgart FRG
PTSE-2A ORNL US.A.
PTSE-2B ORNL US.A.
SC-1 Atomic Energy Authority (AEA), UK.
Risley
SC-II AEA, Risley UK.
Step B PTS Japan Power and Engineering Japan

Inspection Corporation (JAPEIC)
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Table 1.2 Organizations participating in the Project FALSIRE Workshop, Boston, May 1990

Organization Country

AEA UK.
AZ/Electric Power Research Institute (EPRI) US.A.
Babcock and Wilcox (B&W) Nuclear Services U.S.A.
Battelle Columbus Division US.A.
Central Research Institute of Electric Japan

Power Industry (CRIEPI)
Centre D’Etudes Nucleaires de Saclay France
Combustion Engineering (CE) US.A.
Electricite de France (EDF) France
Fraunhofer Institut fur Werkstoffmechanik (IWM) FRG
GRS FRG
JAPEIC Japan
Korea Institute of Nuclear Safety Korea
MPA, Universitit Stuttgart FRG
Mitsubishi Heavy Industries (MHI) Japan
National Committee for Nuclear and Italy

Alternative Energies (ENEA-DISP)
Nuclear Electric UK.
OECD/NEA France
Nuclear Installations Inspectorate UK.
NRC US.A.
ORNL US.A.
Paul Scherrer Institut Switzerland
Southwest Research Institute (SWRI) U.S.A.
Technical Research Centre of Finland (VTT) Finland
University of Maryland . US.A.
University of Tennessee U.S.A.
University of Tokyo Japan

Participants: U.S.A. 17, FRG 5, France 4, U.X. 3, Japan 3,

Finland 2, Switzerland 1, Korea 1, Italy 1; Total 37

The experiments used in Project FALSIRE were designed
to examine various aspects of crack growth in reactor
pressure vessel (RPV) steels under pressurized-thermal-
shock (PTS) loading conditions. These conditions were
achieved in three of the experiments by internally
pressurizing a heated cylindrical vessel containing a sharp
crack and thermally shocking it with a coolant on the inner
(NKS-3 and -4) or outer [PTSE Experiment (PTSE)-2]
surface. In the series of spinning cylinder (SC)
experiments, a thick cylinder with a deep crack on the inner
surface was thermally shocked with a water spray while
simultaneously spinning the cylinder about its axis in a
specially constructed rig. The Japanese Step B test used a
large surface-cracked plate subjected to combined
mechanical loading of tension and bending, coordinated
with a thermal shock of the cracked surface to model PTS

loading conditions. Data from the experiments provided in
the CSNI/FAG problem statements included pretest
material characterization, geometric parameters, loading
histories, instrumentation and measured data [e.g.,
temperature and strains, crack-mouth opening
displacements (CMODs), and crack-growth histories]. A
summary of the objectives and of the material toughness,
loading conditions, crack geometry, and crack growth for
each experiment are listed in Tables 1.3 and 1.4,
respectively. The analyses have concentrated on the phases
of ductile crack growth having a range of ~1 to 6% of the
initial crack depth in the NKS, SC, and Step B tests. In case
of PTSE-2A, the first phase of ductile crack growth was
~35% of the initial depth; in PTSE-2B, the corresponding
crack growth was 9% of the initial depth.
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Table 1.3 Summary of test objectives of large-scale experiments used in Project FALSIRE

Experiment

(place) Objective

NKS-3 Determine potential for crack initiation and stable

(MPA, FRG) growth under PTS loading conditions; validate
analysis techniques based on J-integral

NKS-4 Determine potential for crack initiation and stable

(MPA, FRG) extension of surface crack in low-toughness material
under PTS loading conditions; validate analyses
techniques

PTSE-2A/B Investigate transitional crack behavior in a steel

(ORNL/U.S.A) with low tearing resistance under PTS loading
conditions and the effects of warm prestressing on
crack initiation

SC-1 Investigate stable ductile crack growth in contained

(AEA,UK) yield for a thick-section low-alloy steel; provide
experimental data for construction of J-resistance
curve

SC-I Investigate stable crack growth in a thick section

(AEA,UK) plane strain specimen under severe thermal shock
loading conditions

Step B PTS Determine potential for crack initiation and stable

(JAPEIC, Japan)

growth in a thick-section plate under PTS loading
conditions; validate analysis techniques
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Table 1.4 Summary of Project FALSIRE reference experiments

Experiment Material® Loadin Crack Crack
(place) toughness g geometry growth
NKS-3 AV = 957, Thermal-shock Circumferential Ductile 3.6 mm
(MPA, FRG) TnpT = 60°C axial tension, (a/t =0.3) (average)
internal Aa/a=0.06
pressure
(constant)
NKS-4 AV = 607, Thermal-shock Partly Ductile 1.5 mm
(MPA, FRG) Tnpt = 120°C axial tension, circumferential (center)
internal (a/t=0.15) Aa/a=0.05
pressure
(constant)
PTSE 2A\B AV’ = 601, , Thermal-shock, Axial Ductile 11.1\3.7 mm
(ORNL, US.A) TnpT = 49°C internal (a/t = 0.1\0.29) Brittle 16.8\32.7 mm
= 75°C* pressure Unstable -\68.8 mm
(transient) Aa/a = 0.35\0.09
(first phase of A\B)
SC-1 AV =907 Rotation of Axial Ductile 2.8 mm
(AEA,UK) specimen (a/t =0.54) (average)
Aa/a=0.03
SC-1I AV = 1107 Thermal shock Axial Ductile 0.0-0.75 mm
(AEA, UK) (a/t=0.52) Aa/a =0.01 (max)
Step B PTS AV’ = 1007, Thermal-shock Surface crack Ductile 0.3-1.0 mm
(JAPEIC, Tnpr = 139°C tension and (a/t=0.14) Aa/a = 0.04 (max)
Japan) bending
:A‘JS = Charpy V-notch (CVN) upper-shelf energy; Tnpr = nil-ductility transition temperature.
Pretest.
“Posttest.



Based on the CSNI/FAG problem statements, 37
participants representing 19 organizations performed a total
of 39 analyses of the experiments. A breakdown of the
number of analyses contributed by the participating
institutions and of the analysis methods applied to each
experiment is given in Table 1.5. The analysis techniques

employed by the participants included engineering methods

(R6, GE/EPRI estimation scheme, DPFAD) and _
finite-element methods. These techniques were combined
with applications of JrR methodology and the French local
approach. The finite-element applications included both
two- and three-dimensional models, as well as deformation
plasticity and incremental thermo-elastic-plastic
constitutive formulations. Crack-growth models based on
nodal release techniques were used to generate both
application- and generation-mode solutions for several of
the experiments. Additional details concerning the
structural and fracture mechanics analysis techniques
employed by the participants are provided in Chap. 3.

For each of the experiments, analysis results provided
estimates of variables including crack growth, CMOD,
temperatures, strains, stresses, and applied J and K values.
Conditions of crack stability and instability were identified
in the experiments. Where possible, computed values were
compared with measured data. A comparative assessment
and discussion of the analysis results is presented in
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Chap. 4. (Additional results from the data base are
summarized in Appendix B.) Based on this assessment,
some conclusions concerning the predictive capabilities of
current state-of-the-art fracture methodologies as applied to
pressure vessels are given in Chap. 5. Recommendations
for future development of fracture methodologies to
improve these predictive capabilities are addressed also.
Furthermore, proposals for future work in the context of a
Phase IT of Project FALSIRE are provided in Chap. 6.

The present status of the project was presented at the MPA
Seminar in Stuttgart in October 19901 and at the Eleventh
International Conference on Structural Mechanics in
Reactor Technology (SMiRT) in Tokyo in August 1991.2
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Table 1.5 Summary of Project FALSIRE analysis techniques®

NKS-3 NKS-4 PTSE-2 SC-I SC-i STEP B PTS
(10 analyses) (6 analyses) (8 analyses) (6 analyses) (8 analyses) (1 analysis)

FE, JR FE, JR FE, JR FE,JR FE, JR FE, IR
FE;JR, LA FE, JR FE, JR FE, JR FE, JR

FE, JR FE,JR FE, JR FE, JR FE, ES

FE;JR, LA FE, JR FE, JR ES FE, ES

FE, JR ES, /T FE, JR ES ES

FE, JR ES, R6/1 FE, JR ES, WF ES, R6/1

FE, JR ES, /T ES

FE, JR ES ES

ES, /T

ES, R6/1
°FE = finite-element method

ES = estimation scheme

Al = analytic solution with numerical integration

A2 = handbook analysis of statically indeterminate model

JR = R-curve approach

J/IT = }tearing modulus approach

LA = local approach

R6/1 = R6 method/option 1
WF = weight function method



2. Description of Reference Experiments

The objectives of the tests were to evaluate fracture
analysis methods, as well as to demonstrate special effects,
such as warm prestressing. Generally, the materials tested
are not commercial pressure vessel steels but were
subjected to special heat treatment to simulate
embrittlement. The experimental results were accepted
from the analyzing organizations without qualifying the
data. A consistent set of data was not available for all
reference experiments. The materials, loadings, and the
specimen/crack geometry have been designed to obtain the
desired results in the presence of financial and technical
limitations. The test transients were not intended to
simulate real transients in nuclear plants, but the problems
modeled by the reference experiments should contribute to
understanding the loading of postulated cracks in RPVs in
the case of overcooling accidents.

2.1 NKS PTS Experiments

2.1.1 NKS-3

The NKS-3 PTS experiment! was performed with a
thick-walled hollow cylinder (thickness, 200 mm; inner
diameter, 400 mm) containing a 360° circumferential flaw
on the inner surface having an average depth of ~62.8 mm
(Fig. 2.1). The test piece was first loaded with an axial
tensile load of 100 MN and by internal pressure using
water (30 MPa, 330°C) in the cylinder volume,
Thermal-shock cooling of the inner cylinder surface was
performed by means of two high-pressure pumps spraying
cold water (20°C) through evenly distributed nozzles
toward the inner cylinder surface over the whole test length
of the cylinder (Fig. 2.2). These loading conditions
produced a stress field on the circumferential plane of the
test vessel that approximates the stress field on a
longitudinal plane of an RPV.

The instrumentation of the test piece with strain gages,
thermocouples, and clip gages is illustrated in the
instrumentation plan in Figs. 2.3 and 2.4. The temperatures
in the wall thickness were recorded by thermocouples
mounted in drill holes of varying depths from the outer
surface. Additional temperature measurement points were
located on the inner and outer surfaces of the specimen
together with strain gages. The notch opening was recorded
by means of crack-opening displacement (COD) sensors.
The location of the measurement points permitted a check
on the rotational symmetry of the specimen loading and its
variation along the specimen length. The latter was also
intended to be as low as possible.

The test vessel was fabricated from 22 Ni Mo Cr 37 steel.
Temperature-dependent mechanical properties for the test

vessel material are given in Table 2.1 and the thermal
properties in Table 2.2. Figure 2.5 depicts the
Charpy-V-notch (CVN) impact energy vs temperature and
indicates an upper-shelf toughness of ~95 J (RTNDT
~60°C) in the temperature range of the experiment.
Fracture-toughness data for the test material are given in
Figs. 2.6 and 2.7. The Jr curves in Fig. 2.7 were generated
from compact-tension (CT) specimens having thicknesses
of 25 (CT-25) and 50 mm (CT-50) at temperatures of 160
and 220°C.

Internal pressure, axial load, and through-wall temperature
distribution in the NKS-3 experiment are given in

Figs. 2.8-2.10 as functions of time relative to initiation of
the thermal shock. At the beginning of the thermal shock,
the average wall temperature was 332°C. Results from
measurements of stable crack extension on the fracture
surface of the NKS-3 specimen are shown in Fig. 2.11.
Fractographic crack-depth measurement indicates an
average measured crack extension of ~3.6 mm around the
circumference of the flaw. Additional details concerning
the NKS-3 experiment are given in Ref. 1.

2.1.2 NKS-4

The PTS experiment NKS-4 (Ref. 2) examined
crack-growth behavior of two symmetrically opposed
semielliptical surface cracks in a low-toughness material.
Figure 2.12 shows the geometry of the test cylinder and the
two circumferential cracks located on the inner surface.
Each crack has a ratio of length to depth of 6:1 and a
maximum depth of ~30 mm. The cracks were produced by
means of spark erosion and fatiguing procedures.

The test rig and loading procedures used to test the NKS-4
specimen were essentially the same as those described in
the previous section for NKS-3 (Fig. 2.13). The
instrumentation of the test piece with strain gages,
thermocouples, and clip gages is given in the diagram of
Fig. 2.14.

Temperature-dependent material data for the NKS-4
specimen are given in Table 2.3 and in Fig. 2.15. The CVN
energy vs temperature data in Fig. 2.16 indicates an
upper-shelf toughness of ~60 J and an NDT temperature of
~120°C for the NKS-4 test specimen. Fracture-toughness
data for the NKS-4 material are summarized in Fig. 2.17.
Detailed test results from CT tests at 160°C are given in
Table 2.4 and in Fig. 2.17(a).

The NKS-4 experiment was performed using two
thermal-shock transients, the first of which produced a
reduced thermal loading caused by mechanical problems
with the cooling water flow. The two transients, identified
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Fig. 2.1. Test cylinder and crack geometry used in NKS-3 experiment (MPA-Stuttgart, FRG).
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Table 2.1 Temperature-dependent material data for

NKS-3 specimen Table 2.2 Thermal material data for NKS-3 specimen
Temperature E-modulus Go.2 Ou Thermal conductivity, A = 40 W/mK
8 (MPa) (MPa) (MPa) Specific heat conductivity, cp = 0.55 kl/kg K
20 210,000 563 723 Thermal expansion coefficient, o = 14.4 x 107 1/K
160 200,000 519 672 Heat convection coefficient (inner surface, time dependent)
260 190,300 536 699 Time, s 0-300 300.-1800.
320 184,400 523 702 h, W/m’K 1500.-3000. 3000.
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Fig. 2.5. Charpy V-notch impact energy vs temperature for NKS-3 material.
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Table 2.3 Temperature-dependent material data for NKS-4 specimen: Material 22 Ni Mo Cr 37

Temperature E-Modulus G0.2 Cu As y/
(°C) (MPa) (MPa) (MPa) (%) (%)

20 210,000 506 798 16 44

120 204,000 503 770 14.2 41
160 189,000 473 742 13 375

280 178,000 492 813 13.8 31
320 173,000 452 793 16.6 375

Note: Upper-shelf toughness: 60 J
Upper-shelf temperature: 220°C
NDT-temperature: 120°C, inner region of cylinder; 140°C, outer region of cylinder

ORNL-DWG 93-2241 ETD
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Fig. 2.15. Temperature-dependent true stress-true strain curves for NKS-4 specimen.
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Fig. 2.16. Charpy V-notch impact energy vs temperature for NKS-4 material.

in this discussion as NKS-4/1 and NKS-4/2, are
summarized in Table 2.5 and in Figs. 2.18-2.21. The target
values for constant internal pressure and axial load for the
transients were 30 MPa and 50 N, respectively. The time

_histories of these loadings achieved during the two
transients are depicted in Fig. 2.18 for internal pressure and
in Fig. 2.19 for axial load. The temperature profiles
measured across the wall thickness as a function of time
are given in Fig. 2.20 for the two transients. The heat
transfer coefficients vs time were determined for the two
transients in Ref. 2 and are shown in Fig. 2.21. The latter
results clearly indicate that the flow velocities of the
cooling water along the inner surface of the test specimen
produced different heat transfer coefficients for the two
transients.

The amount of stable crack extension measured in
fractographic studies of the test specimen is given in

Fig. 2.22 for the two transients. These results indicate that
crack growth for crack A was ~50% greater than that for
crack B. In Ref. 2, these differences are attributed to
inhomogeneities in material properties. The NKS-4/1
transient produced a maximum crack extension of ~1.5 mm
for crack A in the radial direction. The NKS-4/2 transient
resulted in a maximum radial growth of 3.1 mm for crack
A. Additional discussion of results for the NKS-4
experiment are given in Ref. 2.

18

2.2 PTSE-2

2.2.1 PTSE-2A

The details of the PTSE-2 test vessel and the initial flaw
geometry>4 are given in Fig. 2.23 and in Table 2.6. An
HSST intermediate test vessel was prepared with a plug of
specially heat-treated test steel welded into the vessel. The
1-m-long sharp flaw was implanted in the outside surface
of the plug by cracking a shallow electron-beam weld
under the influence of hydrogen charging. For the test, the
vessel was extensively instrumented (e.g., Figs. 2.24 and
2.25) to give direct measurements of CMOD, temperature
profiles through the vessel wall, and internal pressure
during the transient.

In the experiment, the flawed vessel was enclosed in an
outer test vessel (OTV), as is shown schematically in

Fig. 2.26. The OTV is electrically heated to bring the
flawed test vessel to the desired uniform initial temperature
of ~290°C. A thermal transient is initiated by suddenly
injecting a chilled methanol-water mixture through an
annulus between the test vessel and the other vessel. The
annulus between the vessel surfaces was designed to permit
coolant velocities that would produce the appropriate
convection heat transfer from the test vessel for a period of
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Table 2.4 Summary of Jr curve test of CT specimen from NKS-4 material at 160°C

Material type

Test temperature
Percent side groove
Specimen thickness
Initial crack length
Final crack length
Flow stress
Young’s modulus

J Ic

KJc
J(@J/T=28.8)
Exponent N
Coefficient C
T (average)

ch

ch

Slope M

Intercept B

T (ASTM)

Validity (Jy)
Validity (R-curve)
J maximum allowed

Aa maximum allowed

Test specimen data

22 Ni Mo Cr 37
160°C

20%

24.91 mm
29.35 mm

31.2 mm

615 MPa
200,000 MPa

Power lawdata J=C (Aa)N

34.4 kJ/m®
87 MPa-Vm
75.9 kJ/m>
0.3574

63.5 kJ/m>
14

Initial /W = 0.585
Final a/W = 0.622
(Estimated value)
(Estimated value)

Ki (B = 72.4 MPa-Vm)

Least-squares linear line (ASTM) J =M (Aa) + B

34.2 kJ/m?
86.6 MPa-Vm
29,576.1 kJ/m®
33.3 kJ/m?

16

Valid
Invalid—2

0 kJ/m>

2.08 mm

K (B = 724 MPaVm)

(Jmax = Bpet + flow stress/20)
(Aa max = 0.1 + Bo)

Table 2;5 Initial conditions and loading parameters for the two transients in the

NKS-4 experiment
NKS-4/1 NKS-4/2
Initial conditions

Internal pressure 30 MPa 21.5 MPa
Internal temperature of 295/365°C 307/380°C

the structure

(inner/outer)
Axial force 50 MN 55 MN

Loading during the test

Internal pressure Fig. 2.18(a) Fig. 2.18(b)
Axial force Fig. 2.19(a) Fig. 2.19(d)
Water temperature 20°C* 20°C

(water cooling by
an internal spray
system)

“Because of problems with valves, the cooling water flow was severely restricted; therefore, the test was

stopped after 12 min.
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Fig. 2.20. Measured temperature profiles across wall thickness as function of time in NKS-4 experiments:

(@) NKS-4/1; (b) NKS-4/2.

~10 min. Pressurization of the test vessel is controlled
independently by a system capable of pressures up to
~100 MPa. A detailed description of the ORNL PTS test
facility, including the main coolant and pressurization
systems, as well as the computer-controlled data
acquisition systems, is given in Refs. 3 and 4.

In PTSE-2, the insert (test) material was taken from a 2 1/4
Cr-1 Mo plate, meeting SA-387 grade 22 specifications.
The two pieces used for the insert and for properties
characterization were subjected to the same heat treatment
following welding of the insert into the vessel. The heat
treatment was intended to provide the tensile and toughness
characteristics desired for the experiment. The tensile
strengths were undesirably low, but other properties,
although somewnhat uncertain, were satisfactory. True
stress-strain tensile data are shown in Fig. 2.27 for the low
upper-shelf (LUS) test material (A) and the tough carrier
vessel material (B). [Concerning Fig. 2.27, note that the
LUS material (A) set-5 data were from the properties
characterization piece and were used in pretest analyses;
however, the set-7 data were obtained from actual vessel

23

insert material after completion of PTSE-2.] Tensile and
physical properties for the test vessel are given in Tables
2.7 and 2.8. Additional data characterizing the fracture
properties of the PTSE-2 material are given in Tables 2.9
and 2.10 and in Figs. 2.28 and 2.29. Side-grooved
specimens from the vessel insert and from the pretest
characterization piece (PTC1) were tested at 175 and
250°C to obtain full Jr curves (Fig. 2.29). These
unloading-compliance characterization tests were analyzed
using procedures described in American Society for
Testing and Materials (ASTM) E1152, and the power-law
curve fit parameters are given in Table 2.10.

Pretest crack arrest (K1a) and crack initiation fracture
toughness (Kic and K1) data are shown in Fig. 2.28. The
KIa data were obtained from tests of 33- and 51-mm-thick
specimens. Kic and Ky data are from tests of 25-mm-thick
specimens. The upper- and lower-Kia curves shown in
Fig. 2.28(a) were determined by least-squares fits to the
raw data and to B-adjusted data,’ respectively. The curves
representing Kic at high transitional temperatures were
presumed, in the absence of reliable data, to be positioned
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Table 2.6 Geometric parameters of
PTSE-2 vessel

Parameter

Value

Inside radius, mm

Wall thickness (w), mm
Flaw length, mm

Flaw length a, mm

a’'W

343.0
147.6
1000.0
145
0.098

~30°K lower in temperature than the respective Kia curves.
It transpired that a Kic curve determined by the
low-temperature Kjc points and by the remaining 3 and
rate-adjusted Ky data? in the transition region was suitably
related to the upper Kia curve. This fitted Kic curve and a
lower Kjc curve, displaced upward by 30°K from the
former [Fig. 2.28(b)], were adopted for planning PTSE-2.

The experiment was planned to consist of two transients, of
which the first would induce warm prestressing (Ki > 0)
followed by reloading (K1 < 0) until the crack propagated
by cleavage and arrested. The second transient was planned
to produce a deep cleavage crack jump with an arrest
occurring only after conditions conducive to subsequent
unstable tearing were attained. The second transient was
also necessary to provide a measurement of K¢ that was
not strongly affected by warm prestressing so that the
effects of warm prestressing in the first transient could be
evaluated. The experimentally determined temperature
profile and pressure data for transient A, as well as some
material characterization of the test section, are shown in
Fig. 2.30 (see also Fig. 2.31 and Table 2.11).

The time dependence of the heat transfer coefficient for
transient A is given in Fig. 2.32. The thermal shock in the
PTSE-2A transient started ~112 s after the initiation of the
data scan. Subsequently and sequentially, the flaw
experienced ductile tearing while Ky was increasing;
tearing ceased, presumably when K] first decreased; tearing
resumed at about the time Kj increased again; cleavage
crack propagation and arrest occurred; and, finally, ductile
tearing resumed after crack arrest until pressure was
reduced. The succession of events identifiable from
recorded transient data i1s summarized in Table 2.12. The
most probable times of events were determined by detailed
evaluation of all relevant data.

CMOD behavior for the entire PTSE-2A transient is

typified by the plot shown in Fig. 2.33. More detail for the
period of initial tearing that preceded the initial maximum
K is represented by two typical CMOD measurements vs

26

time, shown in Fig. 2.34. The first maximum Ky was
reached at point A, when CMOD reached a maximum.
Examination of the fracture surface showed that ductile
tearing enlarged the flaw depthwise with no significant
axial tearing.

The second episode of ductile tearing transpired when
CMOD again increased (from point B to C in Figs. 2.33
and 2.35). The crack propagated by cleavage, causing the
rapid change in CMOD from C to C’. The final ductile
tearing in PTSE-2A occurred while pressure and CMOD
were increasing (from point C’ to D in Figs. 2.33 and 2.35).

2.2.2 PTSE-2B

The arrested crack from transient A was the initial crack
geometry for transient B. Data describing the thermal and
mechanical loading conditions in transient B are provided
in Fig. 2.36 (see also Fig. 2.31 and Table 2.11). The
thermal shock in PTSE-2B started at ~155 s after initiation
of the data scan. Here, K1 increased monotonically until
about the time of the rapid cleavage crack propagation. The
extended crack that had developed during the PTSE-2A
first tore depthwise and then converted to cleavage. The
propagating cleavage crack arrested and then propagated
by ductile tearing until the vessel ruptured. The events in
this transient are summarized in Table 2.12. The CMOD
behavior typical of the time before cleavage is shown by
the CMOD at the center of the flaw in Fig. 2.37. The time
of the start of the cleavage event is reasonably well defined
by all of the active CMOD and strain gages.

The PTSE-2 experiment produced two fast crack jumps.
The final crack propagation led to rapid ductile tearing that
penetrated the vessel wall. Prominent features of the flaw
are identified in Fig. 2.38 and in Tables 2.13 and 2.14. The
entire fracture surface (A side) is shown in Fig. 2.39. The
average depth of the flaw at several stages is given in
Table 2.14. The experimental records of CMOD vs time in
conjunction with finite-element calculations of
displacements for a range of crack depths and times were
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Fig. 2.27. Stress-strain curves used in analyses of the PTSE-2 experiment.

29

Description



Description

Table 2.7 Tensile properties for PTSE-2 vessel

Material A? Material A? .y ob
(set 5) (set 7) Material B
Elastic modulus E, MPa 2.111 x 10° 1.98 x 10° 2.023 x 10°
Poisson’s ratio v 0.3 03 0.3
RT yield stress oy, MPa 255 375 430
RT ultimate stress G,, MPa 518 ? ?

“LUS test material.
bCarrier vessel material.
‘Room temperature.

Table 2.8 Physical properties for PTSE-2 vessel

Heat convection coefficient (Fig. 2.32)

Thermal conductivity k=41.54 W-m K™
Specific heat c=502.4 Jkg-1.K™
Density p=7833 kg-m™
Coefficient of thermal expansion o=144x10° K}

Table 2.9 Fracture properties for PTSE-2 material

Property Value

NDT temperature, °C 49
Onset of Charpy upper shelf 150

(100% shear fracture appearance), °C
Charpy upper-shelf energy, J ~50-75°
Charpy transition temperature, °C

At 50% shear fracture appearance 90

At 0.89-mm lateral expansion 98

aRange for all depths in plate. The average at 1/4 depth is ~68 J.
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Fig. 2.29. Comparison of J-integral (Jm) resistance curves at three t

CRACK EXTENSION tmm}

near plate surface of characterization block PTC5.
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Fig. 2.30. Loading data for PTSE-2A (transient A) and material data of test section.
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Fig. 2.31. Temperature and pressure vs time data recorded for PTSE-2 transients: (¢) PTSE-2A and (b) PTSE-2B.
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Table 2.11 Experimental pressure vs time values
for PTSE-2A and -2B at selected time steps®

PTSE-2A PTSE-2B
Time Pressure Time Pressure

(s) (MPa) (s) (MPa)
110 60.0 157.2 2.7
120 60.5 159.6 2.9
130 61.2 161.9 3.0
140 61.8 164.3 3.0
150 62.2 167.9 3.1
160 62.6 171.5 3.1
170 63.0 178.7 3.2
180 63.2 185.8 34
185 62.8 193.0 32
200 46.5 200.2 2.9
220 315 214.5 2.5
240 21.5 228.8 2.5
260 14.8 243.2 2.6
280 10.4 271.8 24
310 10.8 300.5 3.1
340 11.1 329.2 55
345 16.7 350.7 93
350 26.5 365.0 11.2
355 36.5 386.5 16.3
- 360 45.8 400.8 20.1
365 525 451.0 349
370 494 501.2 50.0
: 551.3 62.9
572.8 66.9
575.7 67.3
576.0 65.1
576.7 62.3

“Time t =112 s and 155 s at start of thermal transient for PTSE-2A and -2B, respectively.

the basis for identifying fracture events. The time of vessel cylindrical specimen maintained at a uniform temperature

rupture is marked by a sharp drop in pressure and by abrupt of 290°C.

changes in CMOD and strain gage outputs. Times of all

events are given relative to the time of initiation of the The general arrangement of the SC apparatus® is shown in

computer-controlled data scans. Fig. 2.40, where the central feature is an 8-ton cylindrical
test specimen (1.3 m long, 1.4-m OD, 200-mm wall

. thickness as shown in Fig. 2.41) suspended by a flexible

23 SC Experlments shaft from a single pivoted bearing so that it is free to
rotate about the vertical axis.

2.3.1 SC-I - . .

The driving power is provided by a 375-kW dc motor that

is capable of a maximum design speed of 3500 rpm at the

rotor. A damping device (not shown) is attached to the

bearing pivot to stabilize the rotor against aerodynamically

induced precessional motion. Eight 3-kW heaters mounted

vertically within the cylinder enclosure provide the

The first SC experiment®7 was an investigation of stable
ductile crack growth in contained yield for a thick-section
low-alloy steel structure. Crack growth was generated by
progressively increasing the rotational speed of a
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Fig. 2.32. Time-dependent values of h (heat convection coefficient) and Tg (bulk coolant temperature) established
from pretest thermo-hydraulic measurement and heat transfer analyses for PTSE-2A. Final ORNL pretest analyses
included variants of h 10% above and below normal.

Table 2.12 Events identified by transient data in PTSE-2A and -2B

. a
Event Tl(lst;e Evidence of event
PTSE-2A
Initiation of thermal shock ~112 Outside surface temperature
Initial tearing 112-184.6 Analysis and CMOD
First maximum K 184.6 Calculated Ky; CMOD, pressure
Minimum Kj 341.8 Calculated Ky; CMOD, pressure
Precleavage tearing 341.8-361.4 Analysis and CMOD
Initial cleavage propagation 361.4 CMOD
Crack arrest 361.4° CMOD
Axial crack propagation 3614 Strain and CMOD gages beyond
ends of initial flaw
Postcleavage tearing 361.4-365.6 Analysis and CMOD
Final maximum K; 365.6 Calculated Kj, CMOD, pressure
PTSE-2B

Initiation of thermal shock ~155 Outside surface temperature
Precleavage tearing 155-575.8 Analysis and CMOD
Cleavage propagation 575.82 CMOD
Crack arrest 575.82° CMOD
Postcleavage tearing 576.2-576.7 Analysis and CMOD
Rupture of vessel wall 576.7 Pressure, CMOD, strain

“Time after start of scanning by the data acquisition system.
Time intervals <10 ms cannot be resolved by the data acquisition system.
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Fig. 2.33. CMOD vs time at center of flaw for PTSE-2A transient.
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Fig. 2.34. CMOD vs time during early phase of PTSE-2A measured at center of flaw (z =0) and 100 mm below
.center (z =-100 mm) by gages YE84 and YES3, respectively (see Fig. 2.24). The YES84 output was naturally biased by
Incorporation of dummy gage in bridge circuit. The YES3 output has been adjusted by subtracting output of dummy

gage (YES56).
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Fig. 2.35. CMOD vs time for final phase of PTSE-2A. The effects of precleavage tearing, cleavage crack
propagation, and postcleavage tearing are shown. The output of gage YE84 has been shifted by 0.2 mm to facilitate
comparision of changes in CMOD at two proximal points while crack was growing.

necessary heat to raise the specimen to the required test array of thermocouples to measure the cylinder

temperature of 290°C. A stationary water spray system temperature variations.

within the cylinder provides the mechanism for thermally

shocking the rotating inner surface (used in SC-II). A fatigue crack was generated at the bottom of the
machined slot by subjecting the cylinder to cyclic diametral

Most of the instrumentation was mounted directly on the loading in the plane of the slot using a 500-ton hydraulic

rotating specimen, and signals were extracted via a actuator. The specimen was maintained at ~90°C, and

100-way slip ring unit mounted directly above the gearbox. some 80,000 cycles were applied using a maximum load of

The arrangement of the crack-measuring instrument for the 420 tons to generate a reasonably uniform fatigue crack to

SC-I test is shown in Fig. 2.42. Three sets of alternating a mean depth of 10 mm over the central meter of the slot.

current potential drop (ACPD) probes were situated 25 mm

above the bottom of the machined slot in different axial Pretest material properties were determined from a

locations. The connections for the constant ac driving prolongation of the test cylinder used in the first

current (0.4 A at 1 kHz) were on opposite sides of the slot experiment. Values of 0.2% proof stress (60.2), ultimate

so that the current between them passed around the crack
tip. Additional instrumentation comprised five back-face
strain gages, three pairs of clip gages to monitor changes in
the slot gap closely adjacent to the ACPD stations, and an

tensile strength (Gu), percentage elongation, and reduction
of area from six tensile tests are presented in Table 2.15.
(The proof stress 6.2 corresponds to a permanent strain of
0.002 as determined from a stress-strain curve.) Additional
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Fig. 2.37. Typiéal CMOD behavior during PTSE-2B transient. CMOD gage YE84 is at center of the flaw.
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Fig. 2.38. Photograph of central segment of PTSE-2 fracture surfaces. Depths (y) are described in Table 2.13.
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Table 2.13 Fracture features shown in Fig. 2.38

Area b(l))uer‘:g:;y Description

A V1 Cracked electron-beam weld, smooth
dark gray

B V2 Precleavage ductile tear in PTSE-2A,
dark gray, rough

C V3 Cleavage fracture in PTSE-2A, light
gray

D Va4 Postcleavage ductile tear in PTSE-2A,
brown or gray band

E s Precleavage ductile tear in PTSE-2B,
medium gray

F V6 Cleavage fracture in PTSE-2B,
light gray

G Y6 Narrow band of ductile tearing,
medium gray

H y7 Same as F

I A Postcleavage ductile tear in PTSE-2B

J Yo Light-gray shear lip in ruptured

portion; unbroken ligament, very
light gray, near both ends of flaw

Table 2.14 Dimensions of fracture features

of the PTSE-2 flaw
a

Feature Depth

(mm)
EB weld crack (y;) 14.5
Initial ductile tear (y,) 22.5
First cleavage crack (y3) 39.3

Intermediate tear

First phase (y4) 424
Second phase (ys) 46.1
Second cleavage crack (y;) 78.8

“Average total depth of feature over the central part (~400 mm
long) of the flaw.
This linear feature is distinct for 500 mm in both directions from
the beltline and is generally an area of ductile tearing from 0.5 to
1.5 mm wide.
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Fig. 2.39. Photograph of fracture surface A from PTSE-2. The fracture surface was reassembled after being cut
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Fig. 2.40. Experimental facility at AEA-Risley that applies centrifugal loads through high-speed spinning and
thermal-shock loads through spraying of inner surface of thick-wall test cylinders.
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Fig. 2.41. Test cylinder and crack geometry for SC experiments (AEA-Risley, UK).

engineering stress-strain data are given in Fig. 2.43. The
loading and material characterization data for SC-I are
summarized in Fig. 2.44.

A total of six 35-mm compact specimens were tested at
290°C, and values of crack length, crack growth, and
corresponding values of J are presented in Table 2.16.
Individual unloading compliance Jr curves have been
characterized using a power curve fit of the form
J=A(Aa)B | (2.1)
where valﬁes of the regression coefficients A and B are

given in Table 2.17. A ““‘composite’’ Jr curve for the
material as a whole has also been included.

The plan for the SC-I test was to proceed directly to a
target speed at which a useful minimum crack extension
would be anticipated without incurring the risk of
catastrophic failure and then to proceed beyond that point
as circumstances allowed. In the actual experiment, three
speed increments beyond the planned target speed of

2285 rpm were required to reach the intended crack growth
(3 to 5 mm) at an eventual terminal speed of 2600 rpm.

Initiation of crack growth in the experiment was related to
a pronounced change in the rate of increase of the ACPD
signal at about 2250 rpm [Fig. 2.45(a)]. An unexpected
feature of the ACPD behavior was the absence of the
characteristic minimum in the region of crack initiation as
normally observed in tests with CT specimens. The reason
for the divergence from CT behavior is partly explicable in
terms of the absence of pronounced end effects, but further
work is required to establish whether a more fundamental
source of difference can be identified. An axial block
containing the slot was subsequently cut from the cylinder

43

and broken open to reveal the actual extent of crack
growth. The growth at the ACPD stations varied from

2.4 to 3.1 mm, with a mean of 2.75 mm. The crack profile
is shown in Fig. 2.45(b). Data from three ACPD stations
were used to develop the angular velocity vs crack growth
curves shown in Fig. 2.46(a). Figure 2.46(b) depicts
measured CODs (Fig. 2.42) vs angular velocity at gages 2
and 6. These results were made available after evaluation
of the analysis results of the Project FALSIRE workshop
and, consequently, are not included in comparative
assessments described in Chap. 4 of this report.

2.3.2 SC-II

The second SC experiment was an investigation of stable
crack extension in contained yield for a thick-section
low-alloy steel structure subjected to a severe thermal
shock. The crack-tip temperature was always consistent
with upper-shelf fracture behavior. The configuration of
the cylindrical specimen used in the second test is shown in
Fig. 2.41. The instrumentation layout for the experiment is
shown in Fig. 2.47.

Tensile specimens taken from different positions across the
cylinder wall thickness were tested at temperatures
spanning the complete (anticipated) temperature range of
thermal transient (i.e., 20 to 350°C). Individual exponential
expressions of the form

o =o EXP(BT) , (2.2)
where © is either Gy or 602, and T is the temperature, were
fitted to the data via linear regression analysis. Circum-

ferential and axial test results were included in the
analyses, resulting in the expressions in Table 2.18. Values
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Fig. 2.42. Instrumentation layout for first spinning cylinder experiment (SC-I).
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Table 2.15 Tensile data at 290°

Description

C for SC-I test material

0.2% Proof Ultimate b Reduction
Specimen Prolon- . . g stress stress Elongation
Identification gation Orientation 00.2 Cu (%) Of(. ;r;a 4
(MPa) (MPa) v

HU1 Top C 540 728 18 51
HU3 Top R 548 709 17 49
HUS Top L 540 703 18 66
HwW1 Bottom C 529 702 i6 52
HW3 Bottom R 533 703 13 35
HW3 Bottom L 543 711 17 59

°C = circumferential

R = radial

L = longitudinal

None of the specimens failed within the middle third of the gage length,

ORNL-DWG 93-2256 ETD
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~ Fig.2.43. Representative stress-strain data for first spinning cylinder test specimen (SC-I).
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Table 2.16 SC-1]J vs Aa values from unloading compliance tests with
physical measurements of final crack extensions (T = 290°C)

J
Crack growth 2 Crack growth J
(mm) (MJ/m) (mm) (MImD)
Specimen HV1 (top ring) Specimen HV2 (top ring)
0.0 0.012 0.0 0.012
0.02 0.047 0.03 0.047
0.08 0.071 0.09 0.071
0.11 0.099 0.16 0.099
027 0.13 023 0.131
043 0.161 04 0.164
0.66 0.192 0.72 0.196
0.99 0.227 1.24 0.227
1.9 0.256 20 0.266
2.64 0.292 2.82(2.44) 0.306
3.62(3.34) 0.327
Specimen HV3 (top ring) Specimen HV4 (top ring)

0.0 0.012 0.55° 0.183
0.07 0.047

0.1 0.068

0.15 0.087

0.23 ' 0.108

03 0.134

0.46 0.161

0.7 0.19

122 0.216

1.73 0.243

2.78 (2.79) 0.277

Specimen HX1 (bottom ring) Specimen HX?2 (bottom ring)

0.0 0.012 0.0 0.012
0.05 0.047 -0.01 0.046
0.08 0.072 0.04 0.069
0.15 0.099 0.09 0.098
0.24 0.131 0.23 0.129
047 0.162 0.44 0.161
0.77 0.196 0.68 0.195
1.12 0.227 1.43 0.225
222 0.258 2.21 0.264
2.88 0.288 2.89 0.302
452 (4.32) 0.323 3.92 (3.74) 0316

“Measured final crack growth.
Note: () = measured value.
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Fig. 2.44. Loading and material data for first spinning cylinder test (SC-I).

Table 2.17 Regression coefficients for power-law curve fit to J vs Aa data
for SC-I test materials® (T = 290°C)

Coefficients
Specimen
A B rad
HV1 0.213 0.339 0.985
HV2 0.215 0.326 0.996
HV3 0.201 0.356 0.970
HX1 0.207 0.306 0.991
HX2 0.209 0314 -0.990
Composite 0.208 0.329 0.976

curve

= A(AajB, where units of J and Aa are MJ/m? and mm.
Square of regression correlation coefficient (r).
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Fig. 2.45. (a) Identification of initiation from alternating current potential drop (ACPD) data (SC-I); () crack
profile in first spinning cylinder test.

48



Description

ORNL-DWG 93-2259 ETD

3000 ]
Speed
(rpm)
2500 1
2000 -
{ o
1 2 2] i
3 .
1 @
1500 +4—t-t~t-4—4—4—} e i 1 S SRRV SPY NP
0 1 2 3 4 5
Crack growth (mm)
1 ; E i ; ;
" | ——— COD Gauge 2 7
- |- - - -CODGauge § .
e 08T T
E
z I .
&
£ 06T 4
% - -
© L -
§ 04 T
'g_ 3 of
8 I ]
[$]
0.2 T £
L (b) |
0 1 } } } }
0 500 1000 1500 2000 2500 3000

Speed, rpm

Fig. 2.46. (a) Angular velocity vs crack extension data from three ACPD measurement stations utilized to develop
crack time curve for the analysis of SC-I; (b) corrected crack vs speed for the first spinning cylinder test (SC-I).
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Fig. 2.47. Instrumentation layout for second spinning cylinder experiment (SC-II).

Table 2.18 Tensile data for SC-II test material®

Young’s modulus E, GPa
0.2% proof stress Gp.2, MPa
Ultimate stress G,;, MPa
Poisson’s ratio, v

212.35-0.0063 T
560.3 exp (~3.356 X 107* T)
708.5 exp (—1.889 x 107 T)
0275

“Temperature T has units of °C.
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of engineering stress strain and true stress-strain data from
these tensile tests are presented in Table 2.19. Physical
properties characterizing the behavior of the test material
under thermal-shock conditions are given in Table 2.20.

A total of eight 35-mm-thick compact fracture toughness
specimens were tested at temperatures of 150 and 290°C.
Values of crack length (ao) and ductile crack extension
(Aa) were estimated both from unloading compliance
measurements made during the test and from fracture
surface measurements. As Table 2.21 shows, good
agreement (to within 16%) was obtained between
unloading compliance predictions and measured values of
final crack extension (Aag).

For each test, the data have been characterized using a
power curve to fit the form given by Eq. (2.1), where
values of the regression coefficients A and B are given in
Table 2.22. Composite Jr curves for the different test rings
are included (Fig. 2.48).

In the SC-II test, the cylinder was stabilized at a mean
temperature of 312°C. The cylinder was then rotated to
530 rpm to provide for uniform cooling of the inner
surface. The inner surface of the rotating cylinder was
spray cooled with water at a temperature of 15°C and a
flow rate of 269 gal/min to produce an effective heat
transfer coefficient in excess of 20 kW/m2-°C and thermal
gradient in the wall (Fig. 2.49).

Temperature data from the test are depicted graphically in
Fig. 2.50(a), in which the measured temperatures are
compared with the results of a one-dimensional
finite-difference analysis using a heat transfer coefficient of
22,750 W/m2-°C. Ductile crack extension was variable
along the length of the crack, achieving a maximum of
~0.75 mm at the midplane [Fig. 2.50(b)]. Time histories of
COD and hoop strain at gage locations identified in

Fig. 2.47 are shown in Fig. 2.50(c) and (d), respectively.
The results in Fig. 2.50(c) and (d) were made available
after evaluation of the analysis results of the Project
FALSIRE workshop and, consequently, are not included in
comparative assessments described in Chap. 4 of this
report. The loading conditions and the fracture results for
tests I and II are summarized in Table 2.23.

2.4 Step B PTSE

The Japanese series of tests39 were planned to investigate
crack behavior under PTS conditions, using a flat plate
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specimen with a thickness equal to that of an actual vessel.
The tests are designed to produce an evolution of stress
through the thickness of the specimen that is comparable to
that in the wall of an RPV. The PTS loading conditions are
applied to the plate specimen shown in Fig. 2.51 as
follows: internal pressure is simulated by mechanical
tensile load; thermal bending stress induced by thermal
moment is simulated by mechanical bending foad; and
local thermal stress is simulated by thermal shock of the
cracked surface. The Step B test was designed to study
crack extension at upper-shelf temperatures and
applications of elastic-plastic fracture mechanics -
methodologies to these conditions.

The dimensions and details of the test specimen are shown
in Fig. 2.51. An initial semielliptical surface crack was
prepared by electric discharge machining and cyclic
bending load. The crack depth and length are 23.1 and
118.4 mm, respectively (see Fig. 2.51). The test material
for the Step B test was a modified A 533 grade B class 1
steel having the mechanical and physical properties given
in Tables 2.24 and 2.25 (Young’s modulus, coefficient of
thermal expansion, and stress-strain data) and in

Figs. 2.52-2.54 (temperature dependence of Charpy energy
and fracture toughness as well as crack resistance curves of
20% side-grooved CT-25 specimens). For the material, the
upper-shelf Charpy energy and the RTNDT are ~100 J and
139°C, respectively. Fracture toughness data for the test
material were generated from 25.4-mm-thick compact
specimens for the range of temperatures encountered in the
test. Results of these tests in terms of Kjc and JR curves are
presented in Figs. 2.53 and 2.54, respectively.

In the Step B test, the insulated specimen was initially
heated to a uniform temperature of 322°C, and a tensile
load of 17.87 MN was applied and kept constant during the
test. Then the specimen surface with the initial crack was
thermally shocked using a coolant at 91°C, and a four-point
bending load was applied to the specimen simultaneously.
The time history of the mechanical loads and the evolution
of the temperature distribution through the plate thickness,
as well as some test material characteristics, are given in
Fig. 2.55 (see also measured temperatures in Fig. 2.56 and
heat convection coefficient in Fig. 2.57). Measured time
histories of surface strains near the initial crack and of the
deflection at the center of the beam are shown in Figs. 2.58
and 2.59, respectively. Ductile stable crack extension
measured at the deepest point of the initial crack is

~0.9 mm, which is indicated in Fig. 2.60.
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Table 2.19 Engineering and true stress-strain values for test rings of SC-II forging

JU21/JU3 (20°C) JU22/JU4 (20°C)
True True
. Stress True . Stress True
Strain . stress Strain . stress
(MPa) strain (MPa) (MPa) strain (MPa)
Ju21 Ju22
0.0002 67.0 0.0003 67.0 0.0002 50.9 0.0002 50.9
0.0006 129.4 0.0006 129.5 0.0005 115.3 0.0005 115.3
0.0009 191.1 0.0009 191.3 0.0008 177.3 0.0008 177.4
0.0012 252.0 0.0012 252.3 0.0011 237.8 0.0011 238.1
0.0015 3117 0.0015 3122 0.0014 297.9 0.0014 298.3
0.0018 371.8 0.0018 372.5 0.0017 358.8 0.0017 3594
JU3 JU4

0.0024 503.1 0.0024 504.3 0.0021 455.3 0.0021 456.3
0.0033 546.0 0.0033 547.8 0.0030 548.3 0.0030 550.0
0.0041 551.4 0.0041 553.6 0.0038 5529 0.0038 555.0
0.0049 557.1 0.0049 559.8 0.0045 558.7 0.0046 5614
0.0070 586.8 0.0070 590.9 0.0082 598.8 0.0082 603.7
0.0138 615.7 0.0137 624.1 0.0150 620.5 0.0149 629.8
0.0202 637.4 0.0200 650.3 0.0217 642.2 0.0215 656.2
0.0261 657.8 0.0258 675.0 0.0281 662.0 0.0277 681.4
0.0325 675.3 0.0320 697.3 0.0349 6749 0.0343 698.5
0.0389 687.2 0.0382 714.0 0.0417 686.9 0.0408 715.5
0.0453 698.0 0.0443 729.6 0.0480 699.2 0.0469 732.8
0.9521 707.7 0.0508 744.6 0.0552 706.9 0.0537 746.0
0.0584 715.6 0.0658 757.5 0.0624 713.3 0.0605 757.8
0.0652 720.1 0.0632 767.0 0.0696 715.6 0.0672 7654
0.0728 724.4 0.0703 777.1 0.0771 719.7 0.0743 775.3
0.0800 724.6 0.0769 782.5 0.0847 719.1 0.0813 780.0
0.0871 728.3 0.0835 791.7 0.0926 719.7 0.0886 786.4

0.0947 728.7 0.0905 797.7
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Table 2.19 (continued)

Description

JU5 (150°C)* JU24/JU6 (150°C)
True True
. Stress True . Stress True
Strain (MPa) strain (“1\’4’;’;25) Strain (MPa) strain (;fﬁ‘if;
JUs JU24
0.0024 456.4 0.0024 457.5 0.0003 59.4 0.0003 59.4
0.0033 503.1 0.0033 504.8 0.0006 115.6 0.0006 115.7
0.0041 514.6 0.0041 516.7 0.0009 173.5 0.0009 173.6
0.0049 523.1 0.0049 525.6 0.0012 231.7 0.0012 232.0
0.0082 552.9 0.0081 557.4 0.0015 286.0 0.0015 286.5
0.0142 581.7 0.0141 590.0 0.0018 338.9 0.0018 339.5
0.0205 602.3 0.0203 614.7
0.0265 618.8 0.0262 635.2 JU6
0.0325 639.3 0.0320 660.1
0.0389 650.5 0.0382 675.8 0.0024 466.5 0.0024 467.6
0.0453 662.7 0.0443 692.7 0.0033 504.2 0.0033 505.0
0.0516 670.7 0.0504 705.3 0.0041 617.7 0.0041 519.8
0.0584 675.0 0.0568 714.5 0.0049 526.6 0.0049 529.2
0.0652 680.4 0.0632 724.8 0.0101 558.0 0.0101 563.6
0.0720 684.6 0.0695 733.9 0.0167 576.7 0.0166 586.3
0.0791 688.7 0.0762 743.3 0.0229 603.1 0.0227 617.0
0.0859 689.7 0.0824 748.9 0.0291 619.9 0.0287 638.9
- 0.0935 694.0 0.0894 758.9 0.0357 632.4 0.0351 655.0
0.1007 688.7 0.0959 758.1 0.0423 646.2 0.0415 673.6
0.0485 656.1 0.0474 687.9
0.0551 665.8 0.0537 702.5
0.0621 674.2 0.0603 716.1
~ 0.0692 678.4 0.0669 7253
0.0766 681.1 0.0738 7333
0.0836 685.3 0.0803 742.6
0.0910 687.5 0.0871 750.1
0.0989 686.7 0.0943 754.6
0.1051 690.3 0.0999 762.8
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Table 2.19 (continued)

JU25/JU7 (350°C) JU14 (350°C)*
Strain Stress Tru.e ;It‘ll'.:ses Strain Stress Tru.e sr::‘:":s‘;
(MPa) strain (MPa) | (MPa) strain (MPa)
JU2s JU14
0.0029 470.2 0.0029 471.6
0.0000 8.1 0.0000 8.1 0.0037 498.9 0.0037 500.8
0.0003 59.2 0.0003 59.3 0.0045 617.7 0.0045 520.0
0.0006 113.1 0.0006 113.1 0.0102 548.7 0.0101 554.3
0.0009 169.2 0.0009 169.4 0.0157 574.7 0.0156 583.8
0.0012 226.5 0.0012 236.8 0.0221 597.7 0.0219 611.2
0.0015 283.1 0.0015 283.5 0.0289 614.3 0.0285 632.1
0.0018 338.1 0.0018 338.7 0.0353 634.2 0.0347 656.5
0.0416 643.0 0.0408 669.5
Ju7 0.0484 651.2 0.0473 682.7
0.0556 655.3 0.0541 691.7
0.0024 431.5 0.0024 432.6 0.0627 660.7 0.0609 702.2
0.0033 480.0 0.0033 482.4 0.0703 663.5 0.0679 710.1
0.0041 507.3 0.0041 509.4 0.0779 667.5 0.0750 719.5
0.0049 524.2 0.0049 526.8 0.0858 669.5 0.0823 726.9
0.0130 559.9 0.0129 567.1 0.0947 668.9 0.0900 731.9
0.0193 588.4 0.0191 599.8
0.0265 608.8 0.0262 624.9
0.0357 627.2 0.0350 649.5
0.0444 642.1 0.0435 670.6
0.0532 653.9 0.0518 688.7
0.0731 660.3 0.0705 708.5
0.0930 665.8 0.0889 727.8

“Small specimen data omitted—alignment errors.

Notes: 1. Data up to strains of 0.2% taken from small specimens; data from 0.02% to 10.0% taken from large specimens.

2. Elastic data from JU24/JU6 exhibit a discontinuity. This will lead to some errors in E values determined from this data.

Table 2.20 Physical properties for SC-II test material

Heat convection coefficient h, W/m’K

Thermal conductivity A, W/m-K
Specific heat capacity c,, ki’kg K

Density p, kg/m’

Coefficient of thermal expansion o, 1/K

22,750 (during time relevant to crack growth)
38.6-22x 107 T+ 1.67x 107 T

41x10°T+0432
7757 at 290°C

Instantaneous: (11.46 + 0.0105T) x 1078

Mean (20-T): (11.59 +5.161 x 10°°T) x 107°
where T is temperature in °C
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Table 2.21 J vs Aa values from unloading compliance tests
with physical measurements of final crack extension

(SC-I)

Aa
(mm)

J
(MJ/m>)

Aa
(mm)

J
(MJ/m?)

Specimen JT1 (bottom 290°C)

0.03

0.09

0.19

0.34

0.55 Pmax)
0.86

1.49

2.10

2.98°

3.67

5.44%

6.34° (6.23)

0.100
0.135
0.173
0.216
0.264
0314
0.364
0.409
0437
0.473
0.493
0518

Specimen JT4 (middle 150°C)

0.01
0.01
0.03
0.09
0.16
0.16
0.23
0.28
0.37
0.54
0.73
0.95
1.19
1.58
1.98
2.57
3.16
3.61
4.09 (4.04)

0.019
0.032
0.049
0.068
0.085
0.113
0.136
0.162
0.193
0.228
0.258
0.294
0.329
0.363
0.395
0.425
0.450
0.473
0.501

55

Specimen JT3 (bottom 290°C)

0.00

0.08

0.11

0.24

0.33

0.57 (Prax)
0.74

121

1.35°
2.54°

3.73

427

4.66

592 (5.72)

0.040
0.069
0.102
0.138
0.176
0.216
0.257
0.291
0.330
0.373
0.406
0436
0.467
0.487

Specimen JT5 (middle 150°C)

0.03
0.03
0.03
0.09
0.13
0.21
0.32
0.46
0.69
0.96
124
1.52
1.95
223
2.66
321
3.81(3.27)

0.019
0.032
0.049
0.068
0.099
0.134
0.173
0.212

0.249

0.287
0.321
0.362
0.394

0428

0.459
0.491
0.511
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Table 2.21 (continued)

Aa J Aa J
(mm) (MJ/m?) (mm) (MJ/m>)
Specimen JT7 (middle 290°C) Specimen JT8 (middle 290°C)
0.08 0.090 0.01 0.050
0.12 0.126 * 0.02 0.071
0.26 0.168 0.03 0.092
0.40 0.213 ; 0.11 0.114
0.65 0.265 0.24 0.151
0.90 (Ppax) 0.317 0.35 0.191
1.73° 0.371 0.49 0.233
2.71° 0414 0.79 (Pmax) 0.275
322 0.459 1.11 0.313
3.85 0.493 1.60 0.351
452 0.524 5 222 0.391
b (5.79) 0.568 2.76 0.429
3.48 0.463
433 0.496
5.64" (5.58) 0.521
Specimen JT10 (top 290°C) Specimen JT11 (top 290°C)
0.04 0.023 i 0.02 0.041
0.04 0.040 0.03 0.060
0.02 0.058 | 0.06 0.082
0.05 0.080 0.11 0.105
0.06 0.105 0.29 0.131
0.10 0.130 0.37 0.161
0.22 0.157 0.56 0.195
0.33 0.188 0.84 0.231
0.58 (Prax) 0.225 1.07 0.270
0.85° 0.264 ! 1.31 (Pma) 0.313
1.75° 0.302 é 2.58° 0.350
236 0.335 3.60° 0.374
3.36° 0.360 ¥ 5.15° 0.403
4.65° 0.384 5.93 0.434
5.51° 0.404 ( 6.70° (6.23) 0.461
6.31¢ 0.553 :
6.88" (6.71) 0.534

Notes: ()9 pt. average measured values.
“Plastic instability.
Last unloading line not recorded.
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Table 2.22 Regression coefficients in the expression J = A(Aa)B

(SC-In*
) Temperature ] Individual coefficients Composite coefficients
Specimen ©C) Ring ; N
A B r A B r
JT1 290 Bottom 0.317 0.320 0.991
3 290 Bottom 0.265 0.376 0.968
T4 150 Middle 0.286 0.429 0.985
JT5 150 Middle 0.291 0.458 0.996
T7 290 Middle 0.300 0.375 0.981
JT8 290 Middle 0.289 0.392 0.988
JT10 290 Top 0.259 0.323 0.984
JT11 290 Top 0.248 0.385 0.969

“Notes: 1. J has units MJ/m?, and Aa has units mm.
2. Power curves performed using data within the limits 0.2 mm < Aa <4.5 mm only.
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curves for the SC experiments. Fig. 2.49. Loading data for the SC-II experiment.
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Fig. 2.50. (a) Comparison of measured and computed temperature histories for the second spinning cylinder test

(upper thermocouple array, SC-II); (b) crack profile in the second spinning cylinder test (SC-II); (c) COD vs time for
SC-II; and (d) hoop strains vs time for SC-II.
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Table 2.23 Summary of ductile tearing in SC-I and -II under mechanical and/or
thermal shock loading conditions

Initial Mechanical Thermal
flaw loading loading Coolant Maximum
Test temperature crack
No. Maximum Initial ©C) growth
(a/t) velocity temperature (mm)
(rpm) °C)
SC-1 0.58 2600 290 No thermal ~3
shock
SC-1I 0.52 530 312 15 ~0.75

ORNL-DWG 93-2264 ETD

Pin Hole

118.4

23.1
170

750

Fig. 2.51. Specimen and crack geometry for the Step B test (JAPEIC, Japan).
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Table 2.24 Young’s modulus and coefficient of
thermal expansion for Step B test material”

Temperature  Young’s Modulus Coefficient 0‘.‘
©C) (MPa) thermal exparlsslon
1°Cyx 10
30 205900 1.106
75 204000 1.178
100 203000 1.210
150 200000 1.280
200 197100 1.351
250 194200 1.420
300 190300 1.484

“Poisson’s ratio v = 0.3.

Table 2.25 True stress vs true strain data for Step B test material

Temperature Plastic Stress Temperature Plastic
“C) strain (MPa) 0 strain
30 0.0 677 200 0.0 598
0.0025 780 0.0025 736
0.005 809 0.005 760
0.001 843 0.01 792
0.02 885 0.02 836
0.04 929 0.04 897
0.06 981 0.06 939
0.10 1035 0.10 990
75 0.0 647 250 0.0 598
0.0025 760 0.0025 736
0.005 789 0.005 780
0.01 814 0.01 814
0.02 863 0.02 858
0.04 932 0.04 912
0.06 971 0.06 951
0.10 1013 0.10 990
100 0.0 628 300 0.0 579
0.0025 755 0.0025 726
0.005 780 0.005 765
0.01 809 0.01 814
0.02 858 0.02 873
0.04 922 0.04 929
0.06 961 0.06 964
0.10 1000 0.10 990
150 0.0 598
0.0025 740
0.005 770
0.01 794
0.02 843
0.04 902
0.06 941
0.10 983
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Fig. 2.52. Charpy impact energy vs temperature curve for the Step B material.
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Fig. 2.53. K1c vs temperature curve for the Step B material.

62



ORNL-DWG 83-2267 ETD
1600 = a
.I / 200°C
§30 ,'/ /-l Je=11CNmm
ol /] |
E 509 ! !
£
- 400 I -I
| | .
200 l H
/
et
Aa {mm)
1000 + -
./ / 280°C
- / / Jiz =€8 N'mm
€53 l' /
| /
= 600 H ;
: | |
Z
= 4c0 i~ l I
| |
/ . ¢ 7
200 H - 4§
/
e
Aa (mm)
1eC0
830
’,';‘ 530;
:
- 220
200
o]

ia (mm)

Fig. 2.54. Jr vs Aa for the Step B material.

63

Description



Description

Fig. 2.55. Thermal/mechanical loading and material characteristics for Step B test material characteristics.
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Fig. 2.56. Time history of temperature at discrete points in the Step B test specimen.
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3 Description of Applied Analysis Methods

3.1 Structural Mechanics Analysis
Methods

The summary of analysis techniques for Project FALSIRE
provided in Table 1.4 indicates that the predominant
structural analysis tool was the finite-element method.
Some additional details concerning applications of
finite-element techniques to each of the reference
experiments by the participating analysts are given in
Table 3.1. The data in Table 3.1 identify the finite-element
program used in each analysis, the number of dimensions
and size (i.e., number of equations) of the finite-element
model, the constitutive relation, material model and
stress-strain approximation, and the solution scheme
(integration rule and equilibrium iteration method)
employed in the analysis of the model.

A typical analysis in Table 3.1 used an elastic-plastic or
thermo-elastic-plastic constitutive model, combined with
one of several possible equilibrium iteration schemes, to
achieve convergence of the nonlinear solution. (Two
solutions of the SC-II experiment, submitted by analysts 11
and 16, were based on linear thermo-elastic constitutive
models.) A bilinear or multilinear representation of the
material stress-strain curve was employed, depending on
the capabilities of the finite-element program applied to the
problem. Table 3.1 indicates that, for a given reference
experiment and dimensional representation of the geometry
fi.e., two dimensional (2D) or three dimensional (3D)], the
mesh refinement varied considerably among the different
solutions, as measured by the number of equations defining
the finite-element model.

Capabilities of the finite-element programs used in the
Project FALSIRE analyses and identified in Table 3.1 are
available in Refs. 1~7. Detailed discussions of the various
finite-element solution strategies outlined in Table 3.1,
including the constitutive models appropriate for
thermo-elastic-plastic applications and the equilibrium
iteration schemes for achieving convergent solutions, can
be found in many references (e.g., Refs. 8-10).

Several participating analysts in Project FALSIRE elected
to perform structural analyses of the reference experiments
using engineering estimation schemes to determine stress
fields. These approaches are summarized in Table 3.2 for
analyses 11 through 16. In the methodology employed by
analyst 12, the stress distribution through the vessel wall
was calculated using the principles of linear elasticity.
Closed-form solutions for stresses caused by pressure and
thermal-shock loadings were obtained from the published
literature.11-13 These solutions were based on material
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properties at the mean temperature of the transient under
consideration. The total elastic stress distribution was then
constructed by superposing the pressure and thermal stress
solutions. The total stress distribution was fitted bya
fourth-order polynomial for use in calculating stress
intensity factors K1. When the total elastic stress
distribution gave stresses above the flow stress (defined as
one-half the sum of yield and ultimate strengths), the stress
distribution was modified by a simple procedure.!4 The
procedure consisted of the following three elements: (1) the
peak stress in the modified stress distribution was taken as
the flow stress, and the stress gradient do/dx was set to
zero at this location, where x is the distance into the vessel
wall; (2) the stress and do/dx at the location farthest from
the peak stress location was taken to be the same as that in
the linear elastic distribution; and (3) the modified stress
distribution represented the same equivalent force across
the vessel section as that in the linear elastic stress
distribution. The modified stress distribution so obtained
was fitted to a fourth-order polynomial for use in fracture
mechanics analyses.

In Table 3.2 analyst 14 employed a statically indeterminate
method for analyses of reference experiments PTSE-2 and
SC-I. This technique is used to determine the circum-
ferential force (P) and bending moment (M) acting on the
end surface of a cylindrical shell containing a slit. No
reference was provided for the method applied in this
solution.) Analyst 15 derived a stress distribution for the
PTSE-2 experiment corresponding to the temperature data
provided in the problem statement. Polynomial best-fit
formulas describing the temperature distribution through
the wall were devised for each time in the transient using a
least-squares method. These distributions were then used in
an analytical solution! to obtain the linear thermo-elastic
stress field. The hoop stress distribution in the first SC
experiment (SC-I) was determined by analyst 16 from an
analytic solution for a rotating cylinder taken from Ref. 15.
For experiment SC-II, which was subjected primarily to
thermal-shock loading, analyst 11 used an analytic solution
from Ref. 15 for stresses in a cylinder subjected to thermal
gradient loading.

3.2 Fracture Mechanics Analysis
Methods

All of the finite-element analyses summarized in Table 3.1
employed a J-resistance curve methodology for modeling
stable ductile crack extension. This methodology is based
on the existence of equilibrium during crack extension
between the crack driving force J (P,a) and the resistance of
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Table 3.2 Summary of estimation scheme applications to analysis of Project FALSIRE reference experiments

, Analysis Stress analysis Fracture
Experiment No. methodology methodology
NKS-3 12 Superposition of closed form Jr curve;
solutions for stresses caused by J from handbook

pressure and thermal loading (Ref. 31)
(Refs, 11-13)

13 Thermal stresses calculated R6, Option 1

analytically from LOTUS 1,2,3 (Refs. 37 and 38)
NKS-4 12 Superposition of closed form Jr curve;

solutions for stresses caused by J from handbook

pressure and thermal loadin g (Ref. 31)

(Refs. 11-13)

13 Thermal stresses calculated R6, Option 1

analytically from LOTUS 1,2,3 (Refs. 37 and 38)
PTSE-2 12 Superposition of closed form Jr curve;

solutions for stresses caused by J from handbook

pressure and therma] loading (Ref. 31)

(Refs. 11-13)

14 Statically indeterminate Tr curve;
solutions for circumferential J from elastic
force and bending moment and fully plastic
on end surface of cracked solutions
cylindrical shel] (Refs. 32 and 33)

15 Stress distribution from Jr curve;
analytical solution obtained J from influence
from integration of temperature coefficients
distn'bution (Ref. 15) (Refs. 34 and 35)

SC-1 12 Analytic solution for Jr curve;
hoop stress distribution J from handbook
in rotating cylinder (Ref. 31)
(Ref. 15)

14 Statically indeterminate Jr curve;
solution for circumferential J from elastic
force and bending moment and fully plastic
on end surface of cracked solutions
cylindrical shei] (Refs. 32 and 33)

16 Analytic solution for hoop Jr curve;

stress distribution in J from weight

rotating cylinder
(Ref. 15)
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function method

(VTTSIF, Refs. 28 and 29)
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Table 3.2 (continued)

. Analysis Stress analysis Fracture
Experiment No. methodology methodology
SC-1I 12 Superposition of closed form Jr curve;
solutions for stress caused by J from handbook
pressure and thermal loading (Ref. 31)
(Refs. 11-13)
13 Thermal stresses calculated R6, Option 1
analytically from LOTUS 1,2,3 (Refs. 37 and 38)
14 Statically indeterminate Jr curve;
solutions for circumferential J from elastic and
force and bending moment fully plastic solutions
on end surface of cracked (Refs. 33 and 33)
cylindrical shell
11 Analytic solution for Jg curve; J from
stress in a cylinder influence functions
subjected to thermal (Ref. 34)
gradient loading
(Ref. 15)
16 Analytic and finite-element Ir curve; J from

solutions for stress in a
cylinder subjected to
thermal gradient loading

weight function method
(VTTSIF, Refs. 28 and 29)

the material to ductile fracture Jr(Aa) as required by the

relation

J(P,a) =Jr (a — ap) =Jr (Aa) .

The parameter J is a function of the applied load P, the
crack length a, and the geometry of the body. Under
loading conditions for which Eq. (3.1) cannot be satisfied,
the crack is assumed to experience ductile instability. The
basis of elastic-plastic fracture mechanics is the
interpretation of J as a measure of the intensity of the
Hutchinson, Rice, and Rosengren!%:17 singular crack-tip
fields and of the J-resistance curve Jr(Aa) as a unique
property of the material when conditions for J-controlled
crack extension are satisfied. Conditions for J-dominance
and J-controlled crack extension are detailed in numerous

taining terms appropriate for the applied loading conditions

(i.e., mechanical loads, thermal gradient, centrifugal
loading). The J-resistance curve data were provided to the

3.1

participating analysts in the problem statements describing
the reference experiments. These data were generated from

small laboratory specimens for the purpose of character-

izing the large-scale test material. Most analysts computed
the J-parameter as a function of the applied loading
conditions for one or more fixed crack depths. Three
analyses (PTSE-2, No. 8; SC-I, No. 8; and SC-II, No. 8)

employed a node-release technique?! to perform both

generation- and application-mode analyses of the ductile
tearing process. In a generation-mode analysis, the crack
tip is propagated through the model by systematically
releasing crack-plane nodes according to a prescribed
relation between crack depth and applied load (or time)
determined from measured data. An application-mode

texts, including Chap. 5 of Ref. 18.

In the finite-element applications of Table 3.1, the
parameter J is typically calculated from a path-area integral
or domain integral expression (e.g., Refs. 19 and 20) con-
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analysis is performed by propagating the crack tip such that
the equilibrium condition [Eq. (3.1)] is satisfied in each
load (or time) step of the analysis. In analysis 5 (Table 3.1)
of the NKS-3 experiment, crack extension was modeled
using a node shift and fixity release technique.??



For some experiments, a parameter (q) characterizing the
stress triaxiality on the ligament is evaluated and presented
in Appendix B. The parameter is defined as

q= Gxx+Gxx+0'zz

Oeff 3.2)

where Oeff is the von Mises effective stress. This parameter
has the following limit values:

g = 1, if 6xx # 0 and all other components have value 0;
q =2, if Oyy = 07z and all other components have value 0;

q = o, if Oxx = Oyy = 07z and all other components have
value 0.

Plane strain calculations of a CT-25 specimen show
g-values of ~6 on the ligament in front of the crack tip (see
Ref. 23).

Two analyses of the NKS-3 experiment (analyses 2 and 4
in Table 3.1) used a local approach to fracture mechanics.
Analyst 4 investigated crack extension in NKS-3 using a
continuum damage mechanics model developed by
Rousselier.?* The evolution of damage in the structure,
related to the nucleation and growth of cavities, is
characterized in terms of damage parameters that appear in
the material constitutive relations. These parameters are
calculated from near crack-tip stress and strain fields (local
values). When these values are applied to the material
constitutive relation, crack initiation and propagation can
be simulated without the use of numerical techniques such
as crack plane node release (as described in the previous
paragraph). Predictions of crack extension were derived
from this local approach methodology and were compared
with predictions based on calculated J-integral values and
the experimentally determined J-resistance curve for the
test specimen. Analyst 2 presented two solutions for
NKS-3, one of which employed the Rice and Tracey
model?> for cavity growth in a local approach
methodology. For this analysis, cavity growth was
calibrated on notched specimens of NKS-3 material that
were tested at 220°C and are described in Ref. 26. The
calibrated model was then used to determine when crack
initiation occurred in the NKS experiment.

The only finite-element solution in Table 3.1 that did not
incorporate a crack in the model was submitted by

analyst 16 for the SC-II experiment. In this case, the stress
field obtained from the solution for the uncracked cylinder
was used to calculate stress-intensity factors from the
VTTSIF Program,?’-* which is based on the weight
function method.28-2% The K values were thus calculated by
integrating the unflawed cylinder stresses at the crack-face
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location using geometry-dependent weight functions. A
plastic correction3® was then applied to the stress-intensity
factors according to

Keff=KV1+1p/a , (3.3)
where 1p is the radius of plastic zone calculated as
1 (KY
Ip=—""1— .
6m kcy (3.4)

The corrected Kj values were finally transformed to J using
the formula

- K3 (1 - v2

B E ) (3.5)
The fracture analysis methodologies employed in the
estimation scheme applications listed in Table 3.2 were
based primarily on the J-resistance curve approach, with
the J parameter determined from a variety of published
sources. Analyst 12 used K solutions from Ref. 31, which
were then modified using the Irwin plastic zone correction
[Eq. (3.4)]. The modified K values were subsequently
converted to equivalent J values using Eq. (3.5). The
applied tearing modulus was calculated using the
procedure given in Ref. 31. Analyst 14 employed results
from a statically indeterminate solution for a cylindrical
shell to evaluate the J parameter by defining it as the sum
of elastic and fully plastic components. The elastic and
plastic solutions are taken from Refs. 32 and 33,
respectively. Analyst 15 calculated stress-intensity factors
based on superposition methods using analytical stress
solutions for a cylinder subjected to PTS conditions. The
influence coefficients for longitudinal continuous cracks
(2-D) and longitudinal surface cracks (3-D) were taken
from Refs. 34 and 35, respectively. Similarly, analyst 11
determined K values from influence coefficients presented
in Ref. 36 for a vessel having a wall thickness to inner
radius (/R) ratio of 0.1; the corresponding ratio for the

' SC-II cylinder was t/R = 0.4. Analyst 16 also used an

analytic solution for the hoop stress distribution in a
rotating cylinder!> to determine J from the weight function
method incorporated into the VITSIF Program.27-*

Solutions in Table 3.2 provided by analyst 13 were based
on option 1 of the R6 method described in Refs. 37 and 38.
In the R6 methodology, a failure assessment diagram
(FAD) is constructed that represents the failure locus of the
structure. The two extremes of failure mechanisms for a
cracked structure (i.e., brittle fracture and plastic collapse)

*T. P. J. Mikkola and H. Raiko, “Development of an Automated Fracture
Assessment System for Nuclear Structures,” paper submitted for
publication in Pressure Vessels and Piping.
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are represented in the diagram, along with an interpolating
function that represents the interaction between the two
mechanisms. Integrity of the structure is then evaluated on
the basis of whether the assessment points for a loading
condition fall inside or outside the failure locus in the FAD.
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4 Comparative Assessments and Discussion of the Analysis Results

In this chapter, the results of the finite-element (FE) and
the estimation scheme (ES) analyses presented at the
workshop in Boston in May 1990 are discussed. Note that
most of the analyses were done in a short period of time
and with limits on the use of computer time. Therefore,
parametric studies could not be done, and in certain cases,
the FE models are not as refined as desired. There are some
restrictions concerning the input data to certain older FE
program versions (e.g., option of multilinear approximation
of stress-strain data) used in the round robin. For the
different analyses, a set of quantities have been selected for
comparison that approximate the structural behavior of the
test specimens and the fracture behavior of the cracks. A
data base of the results has been established, and the
available plots are given in this chapter and in Appendix B.
The following discussion concentrates on reasons for the
discrepancies among the various analyses of the reference
experiments,

4.1 NKS-3

Figures 4.1-4.3 show the time history of CMOD, axial
strain at the inner surface 184 mm above the crack
ligament (measurement positions DL 1/2, Fig. 2.3), and the
J-integral. Analyses 1-7 used FE methods, and analyses 12
and 13 used ES methods. The difference between the
results from FE methods are quite small. Table 4.1
summarizes some selected characteristics of the FE
analyses. Because of restrictions of the FE-code versions,
the approximations of the stress-strain data are different.
Multilinear temperature-dependent approximations with
plasticity above Gy are used in analysis 4 and above 602 in
analysis 6. The bilinear approximations in analyses 1 and 5
are very similar, as are the calculated results. The FE
models differ in the number of degrees of freedom by a
factor of 10. This number ranges between 886 (analysis 5)
and 8800 (analysis 7). Therefore, the results in this case do
not depend very much on the model size. The J-integral
results of the ES analyses are in the scatterband of the FE
results. In Figs. 4.4-4.8, the von Mises effective stresses on
the ligament of the crack are given for the times 0, 1, 5, 10,
and 20 min after the start of the thermal-shock transient.
The stress distribution is strongly dependent on the
approximation of the stress-strain data. In analysis 2, a very
low yield stress results in lower stresses on the ligament
during the transient. In Figs. 4.9-4.13, a parameter (q)
characterizing the stress triaxiality (Sect. 3.2) in front of the
crack tip has been evaluated over ~15 mm of the ligament.
The q values shown in Figs. 4.9-4.13 are close to plane
strain values. Thus, crack extension can be evaluated with
crack resistance curves of CT-25 specimens, giving values
of ~3 to 4.8 mm (average measured: 3.6 mm, ie., ~6% of
the initial crack depth) because of the scatterband of the
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analyses results. The uncertainty of the calculated crack
extension is ~3% of the initial crack depth. Therefore, these
analysis results show a scatterband that is acceptable in
comparison with the experimental data. The necessary
material properties to calculate the structure mechanics
behavior were available. The Jr methodology based on
small specimens gives suitable results for the analyses.

4.2 NKS-4

In this chapter, the analyses of the first transient in NKS-4
are discussed. Comparisons of CMOD, axial strain at
measurement position DL 1/2 (Fig. 2.14), and the J-integral
at the center of the partially circumferential crack vs time
are shown in Figs. 4.14—4.16. Selected characteristics of
the FE analyses are summarized in Table 4.2. Analysis 1
fits the experimental data best. Analysis 2 used a
temperature-independent stress-strain curve with a very
low yield stress and a higher thermal expansion coefficient
that produces higher CMOD. The J values of small
evaluation regions show ~30% lower values than presented
in Fig. 4.16 (very recent results). Analysis 3 is
characterized by an artificially high yield stress and a
reference temperature of 20°C, contrary to the other
analyses; but most important are the differences in the
deformation boundary conditions on the ends of the
cylinder. Missing rotational restraints in analysis 3 are
responsible for the significantly higher J-integral values.
Analysis 7 is an axisymmetric solution of the 3-D problem
with an approximation of the partially circumferential
crack by a 360° fully circumferential crack. Therefore, the
results overestimate the measured data. The J-integral
results of ES analyses 12 and 13 are in the scatterband of
the 3-D FE results. Figures 4.17—4.20 show effective
stresses on the ligament, and Figs. 4.21-4.24 show stress
triaxiality values in front of the deepest point of the crack
that are close to plane strain values. Therefore, the behavior
of the crack center can be assessed by CT-25 Jr curves.
The crack extension calculated from an isothermal Jr curve
(T =240°C; see Fig. 2.17) ranges from 2 to 3.2 mm
(measured: 1.5 mm, i.e., 5% of the initial crack depth). The
influence of thermal gradients on crack resistance is not
known. In Ref. 2 of Chap. 2, it is shown that in front of the
crack tip near the surface with nearly plane stress
conditions (i.e., q = 2), the crack resistance can be
described by a CT specimen with reduced thickness.

In conclusion, the results show that with the available
material properties, the structure and fracture mechanics
behavior of this 3-D problem were analyzed quite well.
The scatter of the results is quite large, but the main
reasons could be identified. Crack-extension assessments
based on JrR methodology at the center of the crack



Comparative

ORNL-DWG 93-2281 ETD

Analysis Results of Reference Experiment NKS-3

, CMOD /mm/ |
LEGEND
O Experiment
A Analysis 1, FE
+ .
1.5 — Analysis 2, FE
i X Analysis 3, FE
- v Anaslysis 4, FE
J B Anaslysis 6, FE
1 % Anslysis 8, FE
| ¢ Analysis 7, FE
0.5
0 T I LR l LIS [ T LR I L L " T TT 'l T ¥

ARRREREERES AL I R S T

20 -6 -10 -5 O 5 10 15 20 25 30 35 40
Time /min/

CSNI/FAG project FALSIRE
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Fig. 4.3. J-integral vs time for NKS-3 experiment.

overestimate the measured value. Consideration of stress
triaxiality on the ligament provides an explanation for the
crack behavior, especially at the surface.

4.3 PTSE-2A

The time histories of CMOD and the J-integral are
presented in Figs. 4.25-4.26, and selected characteristics
are summarized in Table 4.3. The comparisons in Fig. 4.25
show that all analyses underestimate the experimental
results of CMOD. Note that the lack of temperature-
dependent data concerning the stress-strain curve and the
thermal expansion coefficient (o), as well as the use of an
a-value based on a reference temperature of 20°C, could
be important factors in this underestimation of CMOD.
Also, recent evaluations of the PTSE-2 data indicate that
the measured CMOD values show a strong dependence on
axial position in the vessel.

The FE results are strongly dependent on the
approximation of the stress-strain data, the effect of
whether crack extension has been considered, and the
coefficient of thermal expansion. Analysis 10 has ~30%
lower CMOD at t = 185 s than analysis 5 and ~40% higher
J-value. The reason is the different bilinear approximation

&1

of the stress-strain data. The measured onset of yield is
very low (70 MPa) compared with the engineering yield
stress (255 MPa) quoted for the vessel insert. The value
used in the calculations ranges from 200 to 495 MPa,
dependent on whether the small strain or the larger strain
region of the stress-strain curve is approximated well.
Furthermore, an increase of 50% in 602 was measured for
the vessel insert after transients A and B. The artificially
high yield stress used in analysis 10 results in higher
stresses on the ligament (Figs. 4.27—4.30, especially

Fig. 4.30), with a smaller plastic zone and, therefore,
smaller CMOD but higher J-integral. In analysis 5, the
final crack length after the first period of stable crack
extension (5.1 mm after 185 s) was used, which produces
an increase of CMOD at t = 185 s of ~30% compared with
analysis 5. Based on the experiences with other calcula-
tions, a 20% higher coefficient of thermal expansion was
used to demonstrate the effect of a change in reference
temperature from room temperature to 300°C. This change
produces a CMOD increase of 13%. The change in the
approximation of the stress-strain data (pretest set 5) by a
multilinear curve causes a CMOD decrease of ~13%.
Perhaps because of uncertainties concerning the loading
assumptions as indicated by the axial dependence of
CMOD, a 17% underestimation of the measured CMOD
remains at 185 s. The scatterband of the results is also
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Fig. 4.4. Effective stresses on ligament t = 0 s (NKS-3 experiment).
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Fig. 4.8. Effective stresses on ligament t = 1200 s (NKS-3 experiment).
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Fig. 4.11. Stress triaxiality on ligament t = 300 s (NKS-3 experiment).
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Fig. 4.13. Stress triaxiality on ligament t = 1200 s (NKS-3 experiment).
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enlarged because different assumptions concerning the
crack depth have been chosen (initial depth or depth after
first phase of stable crack extension).

Analysis 8 simulated the measured crack extension, but the
higher yield stress makes the mode] more stiff, which
results in lower CMOD values. ES analyses 15 and 157
used influence coefficients based on infinitely long cracks
and on ﬁnite—length 3-D cracks, respectively, Therefore,
when the fracture assessment is done excluding analysis 15
(because the latter assumes infinite crack length) and
analyses 5’ and 8§ (because the Iatter already took crack
extension into account), a crack extension estimate of 1 to
2.5 mm (measured 5.1 mm) is obtained from isothermal
CT-25 specimen JR curves (Fig. 2.29). The underesti-
mation of crack loading and crack €xtension has to be
considered in connection with the underestimation of
CMOD; that is, without good structural mechanics
simulations, 3 good fracture mechanics approximation
¢annot be achieved. The temperature dependence of J R is
strong, and it is not known what the effect of temperature
gradient in the test Cylinder is on the crack resistance.

Oscillations of q (Figs. 4.31-4.34) in front of the crack tip
(eg., analysis 5) can be reduced by a finer mesh on the
ligament (e.g., analyses 7,9, and 10). The necessary
material properties, especially the temperature dependence,
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were not avajlable totally. Therefore, reasons for the large
difference between results of the analyses and the
€xperiment could be provided only partly. However,
parameters that show significant influence on the
results have been identified.

4.4 PTSE-2B

Figures 4.35 and 4.36 show the time dependence of CMOD
and the J-integral, and Table 4.4 shows selected
characteristics of the FE analyses. The FE analyses
underestimate CMOD (as in PTSE-2A), which may be
because of the same reasons just discussed [e.g., lack of
temperature-dependent material data for ¢ (¢) and .
Differences in the stress behavior on the ligament,
especially at the beginning of the transient

(Figs. 4.37-4.39), are caused by the inclusion of residual
stresses from transient A in analyses 5 and 8 but not in
analysis 7. Furthermore, different material property sets
were used, set 7 in analysis 5 and set 5 in analysis 7
(Fig. 2.27). These assumptions lead to differences in
CMOD and J-integral valyes,

Negative J values are calculated at the beginning of the
transient in analyses 5 and 8 because of the compressive
residual stresses in front of the crack tip caused by
transient A. The hoop stresses of analyses 12 and 15 (see
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Fig. 4.17. Effective stresses on ligament ¢ — 0 min (NKS-4 experiment),
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Fig. 4.18. Effective stresses on ligament ¢ =

1 min (NKS-4 €xperiment).
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Fig. 4.19. Effective stresses on ligament t = 5 min (NKS-4 experiment).
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Fig. 4.20. Effective stresses on ligament t = 10 min (NKS-4 experiment).
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Fig. 4.21. Stress triaxiality on ligament t = 0 min (NKS-4 experiment).
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Fig. 4.22. Stress triaxiality on ligament t = 1 min (NKS-4 experiment).
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Fig. 4.23. Stress triaxiality on ligament t = 5 min (NKS-4 experiment).
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Fig. 4.24. Stress triaxiality on ligament t = 10 min (NKS-4 experiment).
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Fig. 4.25. CMOD vs time for PTSE-2A.
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Fig. 4.26. J-integral vs time for PTSE-2A.
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Fig. 4.27. Effective stresses on ligament t =0 s (PTSE-2A experiment).
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Fig. 4.28. Effective stresses on ligament t = 30 s (PTSE-2A experiment).
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Fig. 4.29. Effective stresses on ligament t = 80 s (PTSE-2A experiment).
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Fig. 4.30. Effective stresses on ligament t = 190 s (PTSE-2A experiment).
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Fig. 4.31. Stress triaxiality on ligament t = 0 s (PTSE-2A experiment).
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Fig. 4.32. Stress triaxiality on ligament t = 30 s (PTSE-2A experiment).
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Fig. 4.33. Stress triaxiality on ligament t = 80 s (PTSE-2A experiment).
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Fig. 4.34. Stress triaxiality on ligament t = 190 s (PTSE-2A experiment).
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Fig. 4.35. CMOD vs time for PTSE-2B.
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Fig. 4.36. J-integral vs time for PTSE-2B.
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Fig. 4.37. Effective stresses on ligament t = 45 s (PTSE-2B experiment).
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Fig. 4.38. Effective stresses on ligament t = 145 s (PTSE-2B experiment).
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Fig. 4.39. Effective stresses on ligament t = 345 s (PTSE-2B experiment).

Fig. 4.40) compare well, but the J values have large
differences because of the ES methods applied.

A range of stable crack extension is calculated using
isothermal JR curves and the J-integral scatterband
obtained by excluding analyses 12 and 15 from the set
given in Fig. 4.36. Possibly, analysis 12 fails because of the
deep crack and analysis 15 because of the assumption of
infinite crack length (as compared with analysis 15, which
assumed a finite crack length). The calculated crack
extension ranges from 1.4 to 2.9 mm (measured 3.7 mm,
1.e., 9% of the initial crack depth in PTSE-2B). The
underestimation of the crack extension is not as large as in
PTSE-2A, but another factor that could reduce the crack
extension has not been considered. The stress state in front
of a crack that has already seen a transient (A) could be
altered due to blunting and could lead to an increase in
crack resistance compared to that of a standard specimen.
To summarize, differences between the analysis results and
the experimental data could not be clarified totally, but
additional factors that could influence the quality of
fracture assessment based on Jr methodology have been
identified.

104

4.5 SC-I

In Figs. 4.41 and 4.42, CMOD and J-integral values are
plotted vs the angular velocity that represents the loading
of the test. The stress-strain approximations used in the
plane strain FE analyses 8 and 9 are multilinear. Measured
CMOD or strain values were not available to the analysts.
Some CTOD data were made available only after
evaluation of the analysis results of the Project FALSIRE
Workshop [Fig. 2.46(b)]. In Fig. 4.42, the J-integral results
of the FE and ES analyses show a small scatterband around
the experimental curve extracted from the Jr curve
measured with the SC-I test cylinder. The curve of analysis
9 has a weaker slope, which could not be explained.
Analyses 12 and 16 show differences up to 50% because of
different ES fracture methods used in the analyses. Note
that the hoop stresses (Fig. 4.43) are the same.

In conclusion, only fracture results could be compared with
the experiment. These comparisons show that crack
extension based on Jr methodology can be described quite
well with the crack resistance curve of the large-scale test
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Fig. 4.40. Hoop stresses vs wall thickness for PTSE-2B.
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Fig. 4.41. CMOD vs angular velocity for SC-1.
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Fig. 4.42. J-integral vs angular velocity for SC-L
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Fig. 4.43. Hoop stresses vs wall thickness for SC-1.
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specimen. However, the crack resistance curves depicted in
Fig. 2.48 indicate that the fracture toughness measured
with the small-scale CT specimens is substantially lower
than that obtained for the large-scale SC.

4.6 SC-II

The time dependence of the J-integral is presented in

Fig. 4.44. For the deep crack, the weight function method
used for fracture assessment in analysis 16 gives quite
conservative results, primarily because of stress
calculations resulting from the assumption of free-end
boundary conditions. Analysis 11, which used the Bamford
and Buchalet Ky solution given for a wall thickness to
internal radius (t/R) ratio of 0.1 (but SC-II, /R = 04),
shows the lowest values. Because of the scatterband, the
crack extension calculated from the SC-II specimen

Jr curve (Fig. 2.48) ranges from 0.0 to 1.4 mm (measured
value in the middle of the crack is 0.75 mm, i.e., 0.7% of
the initial crack depth), but the four analyses 8, 12, 13, and
14 range from 0.2 to 0.8 mm.

As in SC-I, the fracture assessment based on the large-scale
test specimen JR curve gives suitable results, but the

Analysis Resuilts of Reference Experiment Spin.

Comparative

crack-tip loading is strongly dependent on the estimation
scheme method used and the boundary conditions assumed
for the model. In particular, free-end boundary conditions,
which best fit the test conditions, produce an axial decrease
of crack-tip loading, as indicated by the 3-D results from
analysis 17 given in Fig. 4.45. Measured COD and hoop
strains were made available only after evaluation of the
analysis results of the Project FALSIRE Workshop

[Fig. 2.50(c) and (d)].

4.7 Step B PTS

Only one FE analysis is available for this test. Therefore,
no comparative assessment is possible, and the results have
not been put into the data base. The calculated and
measured time histories of specimen deformations and
strains near the crack compare well. The fracture
assessment based on the J-integral concept with Jr curves
of CT-25 specimens for three temperatures predicts that the
crack extension at the deepest point of the crack is

~2.5 mm (measured 1.0 mm, i.e., 4% of the initial crack
depth).
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Fig. 4.44. J-integral vs time for SC-II.
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Fig. 4.45. Results of 3-D elastic plastic analysis (analysis 17) for SC-II.
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5 Conclusions and Recommendations

Based on results from the Project FALSIRE Workshop, shown in CMOD vs time plots for experiments NKS-3, -4,
several observations can be made concerning predictive and PTSE-2 A/B in Figs. 4.1, 4.14, 425, and 4.35,
capabilities of current fracture assessment methodologies respectively. The structural mechanics behavior of the test
as reflected in the large-scale experiments described in the specimens could be approximated well in case of the NKS
previous chapters. experiments, but not in PTSE-2 (see Table 5.1). In the SC
tests, structural mechanics results could not be compared
Generally, these experiments were designed to evaluate with experimental measurements. The largest differences
fracture methodologies under prototypical combinations of are seen to occur in the PTSE-2A transient (Fig. 4.25). On
geometry, constraint, and loading conditions. However, the other hand, recent evaluations indicate a strong axial
because complexities of the experiments do not permit a dependence of measured CMOD values, which has to be
clear separation of the effects of the many variables investigated further in connection with the loading
involved, it has proved difficult to interpret the analyses of assumptions. The restrictions in some finite-element codes
those transients for which expected results were not to input stress-strain curves only by bilinear
achieved. approximations produced large scatterbands in the results
(CMOD and J-integral). The measured onset of yield is

Modeling requirements for the experiments incorporate very low (70 MPa) compared with the engineering yield
history-dependent mechanical, thermal, and body force stress (255 MPa) quoted for the vessel insert. The value
loadings; temperature-dependent material and used in the calculations ranges from 200 to 495 MPa,
fracture-toughness properties; specially designed materials; dependent on whether the small strain or the larger strain
residual stress states; and 3-D effects. Interactions of both region of the stress-strain curve is approximated well.
cleavage and ductile modes of fracture must be modeled Furthermore, an increase in 60,2 of 50% from the vessel
for certain transients. For these reasons, it could be insert after transients A and B has been found. All the
anticipated that comparisons of analysis predictions with analyses in Fig. 4.25 assumed material and physical
available structural data from the experiments would yield properties to be independent of temperature because
results that vary significantly. corresponding measured data were not available. These

' factors may have contributed to the large underestimation
The discussion of the analysis results in Chap. 4 has of the measured CMOD in the experiment. These analysis
focused on the discrepancies of the finite-element results results highlight the importance of obtaining high-quality
and on comparisons with the estimation scheme analyses. material properties and structural response data (CMOD,
Many effects from the comparative assessment of the strains, etc.) from the experiments to model structural
analysis results have not yet been explained, but with this behavior of the specimen before performing fracture
report there is a data base available for further studies on mechanics evaluations. In particular, variables must be
separate effects. Examples of these comparisons were carefully selected and reliably measured to provide a

Table 5.1 Comparative assessment of structural behavior in Project FALSIRE reference experiments

Availability of mechanical Measured structural Scatterband of structural
properties data analysis”
. CMODmax . ACMODax Strains
Tb-dependent T-independent (mm) Strains (%)° (%)°

NKS-3 X 1.5 X 17 13
NKS-4 X 0.54 X 8 7
PTSE-2A X 0.9 X 357
PTSE-2B X 1.6 X 21
SC-I X e
SC-11 X e e

“Analysis results with wrong boundary cenditions or crack assumptions ignored.
T = Temperature.
“Relative to measured value.
Underestimation of measured data.
‘Some data of crack-tip opening have been provided after evaluation of the analyses.
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minimum set of data for validating these structural models.
This requirement was not uniformly achieved in all of the
large-scale experiments examined in the Project FALSIRE
Workshop.

In applications of Jr methodology based on small-
specimen data, all analyses correctly distinguished between
stable crack extension and ductile instability conditions for
each experiment. These include both ES and detailed FE
analyses. However, as a technique to predict crack
extension, Jr methodology was partiaily successful in
some cases (NKS experiments) but not in others (PTSE-2
and SC experiments). Fracture assessments based on CT
specimens overestimated stable crack growth in the case of
NKS-4, SC-T and -I1, and Step B PTS because the crack
resistance in the large-scale test specimens is greater than
predicted by small specimens (e.g., CT-25). SC-I and -1
fracture results show that crack extension can be described
quite well with the J-integral and the Jr-curves of the
large-scale test specimen. In PTSE-2A, the first phase of
stable crack extension is underestimated because the crack
loading also represented in CMOD is underestimated.
Furthermore, differences between pretest characterization
data and posttest in situ data for material and fracture-
toughness properties gave rise to questions concerning
whether JR curves from CT specimens were representative
of the flawed region of the vessel. None of these
temperature-dependent Jr curves were consistent with all
phases of ductile tearing observed in PTSE-2. It should be
pointed out that the PTSE-2A transient included
load-history (i.e., warm-prestressing) effects that were not

incorporated into the Jr methodology. A summary of the
fracture results is given in Table 5.2.

The substantial differences between fracture toughness
curves generated from the SCs and from CT specimens
focused attention on other factors. These included the
possibility that crack-tip behavior in the SC is not
characterized by a single parameter fracture mechanics in
terms of J. Alternative criteria under consideration include
two-parameter models in which K or J is augmented by the
next higher order T (Ref. 1) or Q (Ref. 2) in the series
expansion of the stresses around the crack tip. Other
measures considered in dealing with the transfer of small
specimen data to large structures include the stress
triaxiality parameter q, which is proportional to the rate of
hydrostatic to effective stress (Ref. 3). Values of q on a part
of the ligament in front of the crack are presented for some
experiments in Chap. 4 and Appendix B. These results
indicate that q on the ligament is not sensitive enough to
represent changes of stress triaxiality responsible for
geometry effects on crack resistance. The temperature
dependence of the crack resistance measured with

CT specimens shows an increase with increasing
temperature only for NKS-4 material but a decrease in the
cases of PTSE-2 and Step B PTS. Also, the Local
Approach has been applied as an alternative to Jr
methodology for performing fracture-toughness
evaluations in the case of NKS-3. For the SCs, clarification
of the initial stress state in front of the crack tip (caused by
cyclic fatiguing) may be an important consideration.

Table 5.2 Comparative assessment of fracture behavior in Project FALSIRE reference experiments

Availability of crack Measured crack Scatterbanld of £racture
resistance curves growth ana’yses
Aa (mm)
J (N/mm) Aa (mm)

NKS-3 CT-25, T =160/220°C 3.6 (averaged) 410-500 3.048

CT-50, T =220°C
NKS-4 CT-25, T = 160/240/280°C 1.5° 180-220° 2.0-3.2°

CT-25 (10 mm thick), T = 160°C
PTSE-2A CT-25, T = 100/175/250°C 5.1 100-175 1.0-2.5
PTSE-2B CT-25, T = 100/175/250°C 3.7 145-225 1.4-29
SC-1 CT-35, T=290°C 2.8 (averaged) 470-560 3.2-4.2¢

SC-I test specimen
SC-11 CT-35, T = 150/290°C 0.75 200490 0.2-0.8¢

SC-II test specimen

“Analysis results with wrong boundary conditions or crack assumptions ignored.

Deepest point of partly circumferential crack.
‘Middle of axial crack.
“Determined with I} curves of SC test specimen.
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Proposals for Future Work

6 Proposals for Future Work

In Phase I of the FALSIRE Project, a variety of different
large-scale experiments were analyzed by a large number
of research teams from different countries. Five out of the
six experiments analyzed were experiments that showed a
limited amount of stable crack extension, 1 to 6% of the
initial crack depth, all in the ductile regime. Only one
experiment included crack extension in a cleavage and
unstable mode. In four experiments, the initial crack was
rather deep, a/t ranging between 0.3 and 0.54.

For most of the experiments, three or more analyses were
performed by teams that were not connected to the
organization performing the tests. Through the broad
international participation, the number of applied analyses,
and the intensive communication between the different
experts, a good understanding of the treatment of combined
thermal and mechanical loading in fracture mechanics
analysis was achieved. The comparison of different steps
of the analyses, including the influence of input parameters
to the analyses on the results, provided further insight into
applications of the fracture methodology. As a result of this
exercise conclusions can be drawn regarding the extent of
the companion materials investigation programs necessary
for such tests, as well as the extent of the instrumentation
used to measure the structure and fracture mechanics
parameters. Important observations in these areas follow:

* Material investigations in the whole range of
temperatures experienced in the tests are necessary.

* Extended fracture resistance tests to measure the
geometry dependence are necessary.

¢  Pretest calculations are very helpful in determining
the extent and location of instrumentation.

¢ In some cases, the information on the final
unloading paths has not been recorded; this
information is very helpful in determining the state
of residual stresses.
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Further clarification of differences in the results of the
analyses could be achieved if limited additional
investigations were conducted in the following areas:

(1) missing material properties, for example,
constraint-dependent crack resistance curves in case of the
Step B test, NKS-4, and SC-I/-II; and (2) further test
information, for example, the loading conditions in the case
of PTSE-2. However, the information contained in this
report could be used for further analysis based on
individual interest.

Organizations involved in Phase I of the FALSIRE Project
have a desire to proceed with this work regarding the
verification of fracture mechanics analysis methods for
combined mechanical and thermal loading conditions in a
following Phase II. Stimulated by the somewhat
unfavorable results of the analyses of the PTSE-2
experiment, the main objective of Phase II should be to
investigate cracks of limited depth and preferably, showing
two stages of crack extension. An example would be
limited stable crack extension followed by limited unstable
crack extension. Furthermore, special attention should be
given to the behavior of shorter cracks. Investigation of
crack extension in connection with clad surfaces is of
special interest.

Ongoing experimental research programs are being
performed in this area in France, Germany, Japan, the
U.K,, and also in the Russian Republic. Contacts have been
established with the different organizations involved in
these tests. Reference documents that could be used to
document the information available are under preparation.
Two or three tests that would fulfill the outlined goals will
be selected in the coming months. A call for participation
in Phase II is foreseen in the first half of 1993.
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Appendix A

Standard Format for Test and Analysis Documentation
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Appendix A

GENERAL INFORMATION ]

® general project title

* special project title

® aim of the special project
(e.g. crack initiation, stable growth, arrest)

e institution / company
(hname, address, contactperson)

*® dates of the special project
(initiated. completed)

additional information:

references:
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Appendix A

GENERAL TEST INFORMATION 2

® test title

® date and location of the test

* description of the test
(e.g. specimen, loading. environment. material)

® institution / company
(name, address, contactperson)

additional information:

references:

120




Appendix A

GENERAL INFORMATION ON
DOCUMENTATION , DATE:

® description of documentation
(eperiment. pre/postcalculation)

® institution / company
(name. address. contactperson)

® dates of the project
(initiated, completed)

additional information:

references:
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Appendix A

LOADING CONDITIONS

® initial conditions

(e.g. pressure, temperature, environment)

° Iocding during the test
(e.g. pressure, temperature, axial force)

additional information:
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Appendix A

INSTRUMENTATION

® temperature distribution
* férces / pressures

® stresses / strains

® deformation

® crack moujh opening

® crack tip opening angle

® crack growth

additional information:
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Appendix A

GEOMETRICAL
CHARACTERISTICS

e component geometry (figures)
(e.g. radius, thickness)

® flaw characteristics (figure)
(e.g. crack profile, direction)

e fatigue pre—cracking Y/N

® cladding Y/N
(thickness)

additional information:




Appendix A

MATERIAL . 7
IDENTIFICATION

L tesfmm‘erial-Idenﬁficcﬁon (ASTM, etc)

® cladding material-ldentification (ASTM. etc)

¢ chemicdl analysis

® thermal treatment

additional information:
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Appendix A

MATERIAL : 8
MECHANICAL PROPERTIES

® fest fempercfures

* engineering and true stress = strain
tensile data and curves., numerical approximation for
dnalysis (temperafure dependence. multi/bilinear...)

E-Modul [ MPa ]
Rp0.2 [ MPa ]

R, [ MPa ]

A, and Z
Poisson'ratio

Rcmberg-Osgood-coefficients:

additional information:
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Appendix A

MATERIAL
PHYSICAL PROPERTIES

e heat convection coefficient *)

h [ Wm*2 K ]

* thermal conductivity *)

A[WmK]

* specific heat capdciiy %)

c,l ki/kg K ]

. denéity *)
p [ kg/m**3 ]

* coefficient of thermal expansion *)

a[1/K ]

additional information:

*) numerical approximation for analysis
(ﬁme/temperature dependence, multi/bilinear)
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Appendix A

MATERIAL :

10

FRACTURE MECHANICS PROPERTIES

® Charpy energy versus temperature (curve)
¢ Charpy impact energy for upper shelf

e RT-NDT

* K. versus temperature (curve)

* K, versus temperature (curve)

additional information:
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Appendix A

MATERIAL : | 1
FRACTURE MECHANICS PROPERTIES

) Jg cufve *) . specimen / geometry (a/w)

— fatigue pre—cracking Y/N

° JR curve determination method

- Ji fracture initiation value

- Ji determination method

additional information:

*)  with respect to the dependence of JR - curves
on specimen geometry a series
of curves is desirable.
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Appendix A

ANALYSIS : 12
PARAMETERS AND RESULTS

® kind of analysis (pre/postcalculation)
* analysis tools
~ FE-code (pre/postprocessors)

- estimation scheme (e.g.catalogue, R ,..)
6

* analysis method

- femf)erafure distribution analysis

(e.g. nonlinear transient)
= structural analysis (e.g. elastic—plastic)

- fracture mechanics concept

(e.g. J-integral, crack growth model)

additional information:
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Appendix A

ANALYSIS . 13
PARAMETERS AND RESULTS

|® FE~model: Temperature analysis / Structural analysis

dimensions
(e.g. Id. 2d

plane stress..)

elements
(humber.type)

nodes

| degrees of freedoms
— integration scheme (type. order)
- equilibrium iteration method
= material / plasticity model
~ formulation of deformation and strain analysis |

° boundcry conditions

= temperature (e.g. T = const. Q = Q)
= mechanics (e.g.fixities, forces, ...)

- fracture mechanics (e.g. crack pressure)

additional information:
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Appendix A

ANALYSIS . 14
PARAMETERS AND RESULTS

* results (values lists.diagrams,comparision with experiment)

- temperature distribution (time history:radial.axial..)
- deformed geometry

= crack opening (time history)

- stresses / strains (time history, plastic zone)

- J-integral (time history, along crackfront....)

| = J-path dependence

= crack growth

- maximum loads

- failure assessment

additional information:




Appendix A

EXPERIMENT . | 15
DETAILS AND RESULTS

® measured data
(ulues, lists, diagrams, comparison with analysis)
= temperature distribution (time history:rcdial.axial..)
-~ deformation @ime history)
- crack opening (time hisiory)
- stresses / strain Gime hisfory)
~ forces (time hisfor‘y)
- J-integrcl (method, time hisfory)

- crack opening angle

= crack growth (time history)

additional information:
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Appendix A

COMPARISON OF
EXPERIMENT AND ANALYSIS

16

° discrepancies _

- geomefry

- loading

® comments

additional information:

134




Appendix B

Additional Analysis Results from Project FALSIRE
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Analysis Results of Reference Experiment NKS-3
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Fig. B.1. Axial stresses vs wall thickness t = 420 s (NKS-3 experiment).
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Analysis Results of Reference Experiment NKS-4
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Fig. B.2. Axial stresses vs wall thickness t = 300 s (NKS-4 experiment).
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ORNL-DWG 93-2328 ETD
Analysis Results of Reference Experiment PTSE-2A§
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Fig. B.3. Effective stresses on the ligament t = 0, 30, 80, and 190 s (PTSE-2A experiment).
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Fig. B.4. Hoop stresses vs wall thickness for PTSE-2A.
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Analysis Results of Reference Experiment PTSE-2B
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Fig. B.5. Effective stresses on ligament ¢ = 45,145,and 345 5 (PTSE-2B experiment),

Analysis Results of
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Fig. B.6. Stress triaxiality on ligament for PTSE-2B.
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Analysis Results of Reference Experiment Spin. Cyl. I@
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Fig. B.7. Effective stresses on ligament for SC-I.
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Fig. B.8. Stress triaxiality on ligament for SC-1.
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Analysis Results of Reference Ex
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Fig. B.9. CMOD vs time for SC-II.
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Fig. B.10. Effective stresses on ligament (SC-II experiment).
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ORNL-DWG 93-2336 ETD
Analysis Results of Reference Experiment Spin. Cyl. II@

0. /MPa/
LEGEND
800-!‘\ ® A18ES,t=50s
1 B AIBES, 1150
700\ a Ao s, i =a0s
1= X, B A 16 ES, 1 5008
600 "a o LB A8 ES. 1=000s
s00d
400
200 AT
- N ol <
100 - NI - o

0 . T Y T T T T T T T T T T Y Y T Y
o 50 100 150 200
Wall thickness /mm/

CSNI/FAG project FALSIRE

Fig. B.11. Effective stresses vs wall thickness (SC-II experiment).
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Fig. B.12. SC-II, hoop stresses vs wall thickness (SC-11 experiment).
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