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Opening Address
IAEA/CSNI Specialists’ Meeting on
"Fracture Mechanics Verification by Large-Scale Testing"

Oak Ridge, Tennessee, USA, 26 - 29 October 1992

L. lanko
Scientific Secretary, IWG-LMNPP
Division of Nuclear Power
International Atomic Energy Agency
Vienna

On behalf of the International Atomic Energy Agency, I would like to welcome you
to this Specialists’ Meeting jointly sponsored by the OECD/NEA and the IAEA.

We are meeting at a time of profound political and social changes in the world.
Recent developments internationaily portend the beginning of a new era of greater openness
and growing public engagement in environmental matters and energy policy. This opening
up of the energy decision making process offers unprecedented opportunities to rebuild public
confidence in nuclear power as safe, well regulated and beneficial to human health and the
environmental well-being of present and succeeding generations. This is a challenge which
the nuclear community must - and can - meet.

Let me first express the Agency's gratitude to the Government of the USA for hosting
this meeting, and for providing the opportunity to participants from all over the world to
exchange information and experience. 1 would also like to state my appreciation to the
OECD/CSNI for its traditional co-operation with the IAEA which has been demonstrated in
the organization of this meeting.

The task you have before you this week - to enhance understanding of nuclear power
plants ageing and lifemanagement - is both important and timely.

In order to continue and further develop the nuclear power utilization, it is essential
to ensure safe and reliable operation of existing plants and at the same time lay foundations
for excellent safety, reliability and economy of plants of the future. In view of the long lead
times siting problems and the high costs in bringing new plants into service, securing the
continued operation of existing plants after taking care of their age related degradation and
obsolescence may be very important for meeting electrical power demands.

All components of nuclear power plants are subject to some form of ageing
degradation; however, the rates of degradation and therefore component lifetimes vary
considerably. Component deterioration due to ageing may significantly prejudice plant
reliability and capacity factors unless failures are anticipated and prevente:: by timely
maintenance, repair or replacement of components. If a life management progrimme is not
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implemented 10 preserve ongoing reliability, then component failures may develop, whigh
may impair one or more of the multiple levels of protection, provided by the defmce in
depth concept, as well as resulting in unavailability. This could result in a reduction in
component safety margins, below the limits provided, and thus to the impairment of ufety
systems. On the other hand many components operate at a significant margin below design
limit criteria, which are themselves significantly below safety limits. The ageing phenomena
must be closely monitored if high performance in terms of reliability and availability,
accompanied with low operating and maintenance costs, are 10 be achieved. It has to be
ensured that the continued operation of, particularly, older plants does not pose an undue risk
to public health and safety owing to obsolescence of equipment or in the safety standards and
requirements to which they were built.

There is a common requirement for information in many areas, such as methods of
economic assessment, and the data necessary to predict ime-dependent degradation. Some
problems, such as the ageing of pressure boundary components, have been studied for several
decades. The difficulties in studying the subject are aggravated by the inability to
realistically simulate the ageing environment in the laboratory. In addition, the process of
ageing is slow in comparison to the time span in which, one would desire to observe and
obtain data. Above menuoned realities have beer taken into account for preparation of future
IAEA programme in this area.

The Agency's Nuclear Power Programme in the field of Plant Life Management
promotes technical information exchange between Member States with major development ,
programmes, offers assistance to Member States with an interest in exploratory or research
programmes, and publishes reports available 1o all Member States interested in the current
status of deviopment. For countries with nuclear programmes, Agency activities are co-
ordinated by the standing committee called the International Working Group.

In conclusion, it should be stressed that NPP life management is clearly a very
important area of concern recognized by the IAEA and its Member States.

The main objective of this meeting is to provide a forum for exchange of information
among the participating experts from Member States through their interactions both at this
meeting and later through the publication of the proceedings which will reach a much wider
audience. I believe that the information exchange in the coming days will make an important
contribution to reaching our common goal of achieving a high level of nuclear performance
and safety. The results of this meeting shouid help to clarify the main issues for future
work, both for you and for us in the IAEA. 1 also hope that you will find some time to
enjoy this beautiful country and learn from its rich culture.
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1 Objective of the CSNI fracture assessment group

For the safety assessment of primary circuit components the predictive capability of
fracture mechanics methods play an important role. Within the scientific community
active collaboration is going on in various fieids of fracture mechanics. On behalf of
the Principal Working Group No. 3 of CSNI the Fracture Assessment Group (FAG)
has been given the task to review the capabilities of present fracture assessment
methods in view of their application to nuciear pressure vessels. The different
subtasks chosen to perform the work are shown in Table 1.

2 Project FALSIRE "

To meet the outlined objectives the CSNI/FAG planned an intemational project 1o
assess various fracture methodologies through interpretative analysis of selected
large-scale fracture experiments. The selected large-scale experiments are all
experiments which are directed to th~ structural response to combine mechanical and
thermal loadings. These combineo  .ding conditions - many times being refered to in
the expression * thermal shock" or ~ pressurized thermal shock” - may arise in nuclear
reactor pressure vessels as a conseqguence of the safety systems designed to cope
with loss of coolant accidents. Furthermore these combined loading conditions may
also occur in different components as a consequence of the application of accident
management procedures. The relevance to nuciear safety was the main reason to
select these experiments to evaiuate present fracture prediction capabilities in these
cases. Choosing this as a main topic of a round robin analysis the FAG took
advantage that there was strong interest at the time into this topic and the number of
experiments where not too large. It was also the intention to avoid any duplication of
effort in the fracture mechanics area going on in different other intemational groups.

The CSNI/FAG established a common format for comprehensive statements of
related experiments, including supporting information and available analysis resuits.
The format of the common stalements has been proven 1o be very helpfull in
organizing such work, it is summarized in Appendix 1. Based on the information
available the CSNI/FAG selected reference experiments for detailed analysis and
interpretation, these are summarized in Table 2. Organizatons which paricipated in
the project FALSIRE are given in Table 3. The experiments utilized in Project
FALSIRE were designed to examine various aspects of crack growth in RPV steels
under pressurized-thermal-shock (PTS) loading conditions. These conditions were
achieved in three of the experiments by intemally pressurizing a heated vessel
containing a sharp crack and thermally shocking it with a coolant on the inner (NKS-3
and 4) or outer (PTSE-2) surface. In the series of spinning cylinder 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 utilized a large surface-cracked
plate subjected to combine mechanical loads 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
matenal characterization, geometric parameters, loading histories, instrumentation,
and measured results from temperatures, strains, crack-mouth opening displacements

UFALSIRE Fracture Analyses of Large Scale International Raterence ©xpenments
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{CMODs), and crack-growth histories. A surnmary of the material toughness, loading
conditions. crack geometry and crack growth for each experiment is given in Table 2.

Based on the CSNIFAG probiem statements, 37 participants representing 26
organizations performed a total of 39 analyses of the experiments. 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 J, methodology and the French Local Approach. The
finite element applications include 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 utilized tc generate the
application-mode and generation-mode solutions for several of the experiments. A
summary of the analysis methods applied to each experiment is given in Table 4. 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.

All the information to the test itself, the performed analysis and comparison of the
analysis data as well as conclusions are given in a final report which is accepted by
CSNI and will be published soon. Detailed presentations of the results are subject of
the following sessions and therefore are not commented in this presentation. Beside
the results of the exercise itself {see Table 5) there are a number of valuable
accompanying effects which could be summarized as follows:

- A common format to collect comprehensive information on large-scale
experiments has been established which could also be used for other purposes.

- The information collected are a good startingpoint for a documentation of large-
scale experiments related to combined thermal mechanical loading.

- The work has been very beneficial for the indivioval organisations in judging on
their own computer codes, their individual capabilities to handie these codes and
the quality assurance to be applied for such kind of ar alysis.

The work to be performed in the future and in a phase Il of the FALSIRE Project is
subject of another presentation of this meeting.

3 Documentation of large-scale experiments related to
combined thermal mechanical loading

Large-scale expenments adressing the structural response to thermal shock-type
loadings have been performed in many countries. Most of these programs have
already been finished or will be finished soon. The compilation of information related
to these large-scale tests as well as relevant information on analyses performed to the
tests is within the objective of the CSNI/FAG. As aiready pointed out the FALSIRE
Project fills up a solid ground floor on which a database could be established to
compile the,information available on thermal shock tests. The work is going on and
requires furthe: cooperation by all the interational partners. The NKS-3 experiment of
the MPA Stuttgart is presented as an example how this kind of documentation could
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be performed in a comprehensive way so that each user can easlily assess the
cability of certain boundary condiions and results to the problem he is presently
ing for. The example is summarized in Figures 1 and 2. This type of
shows the test cylinder geome!ry, the crack geometry, the loading and a material
characterization. Concerning the fracture assessment Figure 3 shows the calculated
stress intensity at the crack tip as a function of crack tip temperature and the mea-
sured fracture toughness (K,.) as a function of temperature as well as ASME-curves
based on the NDT-temperature of the materal. Furthermore a line is drawn to charac-
terize measured J,. values and the crack resistance (J) at certain steps of crack
growth (e.g. 1 mm) as a function of temperature. This kind of fracture assessment in a
comprehensive way is presented in Figures 4 1o 8 for the thermal shock experiments
NKS-1, 4, 5, 6 and PTSE-1,2, all with axisym _ric thermal loading. Furthermore a part-
ly circumferential crack inserted into the HDR (HeiBdampfreaktor, Kahl) -RPV was
loaded by a thermal shock experiment with a guided injection into an artifical cooling
canal (see. Fig. 10, comparison of measured and calculated CMOD see Fig. 11).The
fracture assessment confirmes the experimental results of no crack growth and that
the test stopped close to crack initiation (see. Fig. 12).

8
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4 Reactor pressure vessel response to the thermal shock
loading conditions

The safety concept of light-water reactors (LWR) is based on the so called "design ba-
sis accidents”. As par of the design basis accidents loss of coolant of the primary as
well as the secondary circuit is postulated, assuming different leak sizes and locations
and boundary conditions. The goal of the safety analysis for design basis accidents
with primary or secondary blowdown is

- 1o demonstrate sufficient cooling of the reactor core assuming the minimum injec-
tion capability according to safety criteria and

- 1o demonstrate the integrity of the reactor pressure vessel (RPV) assuming the in-
jection capability which causes the maximum load, using end-of-life (EOL) materi-
al conditions and postulated cracks of a limited size.

The basic requirements for the integrity assessment of reactor pressure vessels are

- the evaluation of loads as a function of time and temperature

- the evaluation of material conditions as a function of temperature, time and envi-
ronment with special emphasis on irradiation

- evaluation of state of defects with respect to the applied NDT- methods and the
influence of time, loads and environment.

The main load cases to be analysed in the integrity assessment of reactor pressure

vessels are:

- hygdro test

- pressure-temperature limits
{cold overpressurization system aspect)



- ECCS injection in case of primary or secondary blow-down
- rapid cooldown in case of secondary blowdown without ECCS injection.

important parameters in the definition of conservative loads are the primary loop
design (2-,3-4- 6-loops), the blowdown transients, injection geometry, -lemperature
and rate, water level and temperature in the RPV as function of time and the width of
the cold water path (tongue) along the vessel wall.

For the evaluation of material conditions distinctions have to be made between
properiies of base, weld and cladding material. Furthermore the directionality of the
material properties have to be investigated. Major emphasis is given to the properties
of the irradiated material. For a detailed analysis of the reactor pressure vessel under
thermal shock loacing conditions the dependency of the material properties from the
temperature in the whole range has to be known quite well.

For the crack to he investigated (based either on design assumption or on indications
of the performed NDT) the important parameters are size, shape, orientation and
certainly the question of near surface or surface crack.

As an example of detailed RPV-analyses an axisymmetric and a 3d-FE-model as well
as sector models with (partly) circumferential cracks, which are loaded by boundary
conditions calculated in the global model, are shown in Figs. 13 and 14. The
deformation of a vessel loaded by PTS with axisymmetric cooling assumption is
presented in Fig. 15. In case of asymmetric/strip like cooling the deformation is shown
in Figs. 16 and 17. The stress intensity of circumferential cracks with different
assumptions conceming the loading is compared with the fracture toughness of the
investigated weld material at begin-of-life (BOL) and for the case of an assumed
highly irradiated condition at the end-of-life (EOL) in the same comprehensive way as
discussed in chapter 3 (see Figs. 18 to 20).

Looking 1o all the variables important as indicated above it is very clear that there are
¢ number of parameters and boundary conditions to be addressed as potentially
important areas in large scale tests. In the practical safety case we have normally to
judge @ short near surface or surface crack surrounded by ma‘erial showing
considerable variations in properties in the thickness, axial and radial direction.
Loading conditions may vary between highly nonuniform up tc axisymmetric starting
with steep radial temperature gradients at the surface a! the beginning of the
transient, with developing overtime temperature differences over small or large
portions of the wall thickness in the axial and circumferential direction. Therefore the
investigations of practical RPV transients are three dimensional problems from
thermohydraulic, structural and fracture mechanics point of view.

5 Summary and future needs

From experimental and analytical modelling of the fracture process we have leam!
woridwide a lot of details and have reached a certain state of the ant i0 assess
structural behaviour of specimens and components as well as fracture behaviour of
cracks under thermal and mechanical loading. The database and the comparative
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evaluations developed in FALSIRE-Phase | have shown the capabilities of the applied
analysis methods and the necessity to improve fracture assessment methods

conceming

- the transferability of small specimen fracture properties to large specimens and
components (constraint problem)

- the crack behaviour in the transition region of fracture toughness
- non homogenous material (cladded and welded vesseis) and

- different stages of crack extension (ductile/brittie).

Therefore a Phase |l of FALEIRE Project is planned starting in first half of 1993.

The state of the art concerning assessment of RPV-integrity due 1o transient thermal
and pressure loading show the necessity of three dimensional thermohydraulic,
structural and fracture analyses and the comparison with simplified models and
methods 1o quantify the safety margins.



Activities of CSNI/Fracture Assessment Group (FAG)

* compilation of large scale tests
e round robin analyses of selected tests
e review of state-of-the-art

e recommendations to methods
applied in the safety review
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CSNI: Fracture Analyses of Large-Scale International Reference Experiments (FALSIRE)

experiment
{place)

NKS-3
(MPA, FRG)

NKS-4
(MPA, FRG)

PTSE 2A/8
(ORNL,USA)

Spin Cyl. |
(AEA,UK)

Spin Cyl.
(AEA,UK)

PTS (B)

material toughness

A =95 J, T, =60 °C

AVS=65 J, T, =120 *C

AVS=60 J, T, =75 °C

AVS=90 J

AVSm110 J

AVS=100 J, T, =139 °C

UAPEIC Japen)

ioading

thermal shock,
axial tension,
internal pressure
{constant)

thermal sho~k,
axial tansion,
internal pressure
(constant)

thermal shock,
internal pressure
{transient)

rotation of
the specimen
thermal shock

thermeal shock
fension

bending

crack geometry

circumferential
(a/t=03)

partly
circumferential
{a/t=015)

axial
(a/t = 01029)

axial 5
{a/t=08)

axiel
(a/t =052)

partly
circumferential
(a/t =014

crack growth

ductile 3.8 mm
{average)

ductile 1.5 mm
{center)

ductile 11.Y37 mm
brittle 16.8/32.7 mm
unstable -/68 8 mm

ductile 2.8 mm
(average)

ductile O - 0.75 mm,

ductile 0.3 - 1.0 mm
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CSNI/FAG: Workshop on Fracture Analyses of Large-Scale International
Reference Experiments (FALSIRE), Boston, May 1990

Tests Number of Analyses Institutions

NKS-3 n MPA, CENS (2x), Uni. Maryl., EDF, GRS, ABB-CE,
Batelle, CEGB, Novetech, WM

NKS-4 6 MPA, CENS, Uni. Maryl., ABB-CE, Novetech, IWM

PTSE-2 8 ORNL, GRS, ABB-CE, SWRI, PSI, CRIEP,
Novetech, ENEA

SC-i 6 AEA, ORNL, SWRI, VTT, Novetech, CRIEPI

SC-il 7 AEA, ORNL, B&W, VTT, Novetech, CRIEPI, IWM

PTS (B) 1 MHI

Participants: USA 17, FRG 5, France 4, UK 3, Japan 3, Finnland 2, Switzerland 1, Korea 1,
italy 1
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Summary of Project FALSIRE analysis techniques®

NKS-3 NKS-4 PTSE-2 SC-1 SC-11 STEP B PTS

(10 analyses) (6 analyses) (8 analyses) {6 analyses) (8 analyses) {1 analysis)

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

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

FE. JR FE; JR FE: JR FE; JR FE: ES

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

FE; JR ES; I 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 Integrat

on

A2 = Handbook Analysis of Statically Indeterminate Model

JR = R.Curve Approach

T = }/Tearing Modulus Approach
Approach

LA = Local
R&/1 = R6 Method/Option 1

WF = Weight Function Method
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Fracture Analyses of Large-Scale Internatioral Reference Experiments ( CSNI / FALSIRE )

Preliminary conclusions

- improved instrumentation for structure mechanical parameters
of future experiments

- temperature dependence of material data necessary for thermal shock
analyses

- differences in approximation of stress strain data,thermal expansion
coefficient reference temperature and other boundary conditions
effect scatterbands in the FE-analysis results

- strong difference between 3D-FE-results and axisymmetric
approximation,no important effect of model size (degrees of freedom)
on the same level

- crack resistance of some investigated matenals show significant
dependence on temperature (PTSE-2) and specimen geometry (SC-I/ll

- refering to the transferability of specimen results to @ component:
consideration of stress triaxility parameters (q,T) in the frame
of the J-integral-concept or local approach is necessary
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Thermal and mechanical  Material characterization
loading of the test section
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Figure 2
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Thermal! shock experiment NKS-3 (MPA-Stuttgart)@
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mdwm.oool.mgc circumf. crack: 80mm desp, NDT=80°C
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Thermal experiment NKS-4.1/2 (MPA-stuugm)@
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Thermal shock experiment NKS-5 (MPA-Stuttgart
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NKS-5 : axisym./3d-analyses (MPA),axisym.cool.,dT=212°C
pert.circumf.crack:27x162mm,compound spec., NDT-mat.1 = 76°C
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Thermal ck experiment NKS-8 (MPA-Stuttgan)é
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NKS-8 : axisym. analysis (MPA), axisym. cooling, dT=282
ciroumf crack:37mm deep,compound specimen,NDT-mat.1 = 270°C
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HDR-Thermal shock experiment THEL Il
at the RPV, guided injection

Figure 10
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RPV-1: Cold water injection at low pressure
with axisymmetric cooling

Figure 15
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Axisymmetric model with
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Parameters of the analyses:
TC = 20°C - cooling temperature without mixing

T = 130°C - cooling temperature with mixing
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RPV-1: Low pressure injection with
variation of cooling temperature

Figure 18
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Figure 19
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Spinning Cylinder Exprriments SC-1 and SC-i! : A review of resulls
#na =nalysus provided to the FALSIRE Project.

by

E. Morland* and A. H. Sherry*

A series of six large-scale experiments have been carried out at AEA Technology
using the Spinning Cylinder test facility. Results from two of those experiments
(SC-1 and SC-Il) have been provided 1o Project FALSIRE and are reviewed in this

paper.

The Spinning Cylinder tests were carried out using hollow cylinders of 1.4m outer
diameter, 0.2m wall thickness and 1.3m length, containing full-length axial defects
and fabricated from a modified AS08 Class 3 steel. The first Spinning Cylinder test
(SC-1) was an investigation of stable ductile growth induced via mechanical
(primary) loading and under conditions of contained ylelding. Mechanical loading
was provided in the hoop direction by rotating the cylinder about its major axis
within an enclosed oven. The second test (SC-11) investigated stable ductile growth
under severe thermal shock (secondary) ioading again under conditions of contained
yielding. In this case thermal shock was produced by spraying cold water on the
inside surface of the heated cylinder whilst it was rotating.

For each experiment, results are presented in terms of a number of variables, eg.
crack growth, temperature, stress, strain and applied K and J. In addition, an
overview of the analyses of the FALSIRE Phase-1 report is also presented with
respect 10 tests SC-I and SC-II.

* AEA Technology, Reactor Services, Risley, Warrington Cheshire, WA3 BAT,
UNITED KINGDOM
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driving force for crack extension was overwk zimingly ' thermal loading.
Addiﬁmnldenikinmspeadhmhcmmmwdwby ¥

2.1 SC-1

The first spinning cylinder experiment was an investigation of stable ductile tearing
under contained yield conditions for a thick-section low alloy steel structure. The test
was isothermal, being carried out at 290°C and crack growth was by
progressively increasing the rotational speed of the test cylinder. With respect to the
full length axial defect contained within the cylinder, this consisted of a machined notch
with a sharpened tip produced via fatigue pre-cracking. The fatigue crack was
generated by subjecting the cylinder to cyclic diametral loading in the plane of the notch
using a S00-ton actuator. In order to avoid the ibility of brittle fracture, the test
cylinder was maintained at around 90°C fatigue cracking. Some 80,000
cycles were applied using a maximum load of 420 tons. This resulted in a reasonably
uniform fatigue crack of mean depth 10mm over the central 1.0m of the defect length.

The instrumentation arrangements for monitoring stable crack extension in SC-1 are
shown in Fig 3. These consisted of three sets of alternating current potential drop
(ACPD) probes situated 25mm above the bottom of the machined slot at different axial
locations. The connections for the constant AC driving current (0.4A at 1kHz), were
on opposite sides of the slot so that the current between them passed around the crack
up. Additional instrumentation on SC-I comprised five back-face strain gauges, three
pairs of clip gauges to monitor slot opening adjacent to the ACPD stations (thereby
providing a back-up indication of crack exiension), digital and analogue tachometers to
measure speed and an array of thermocouples to measure any cylinder temperature
variations.

22 SC-II

The second spinning cylinder experiment was an investigation of stable ductile tearing
under contained yield conditions for a thick-section low alloy steel structure subjected
to a severe thermal shock. The test was designed in such a way as 1o ensure fully
ductile upper shelf conditions at the crack tip, throughout the course of the expenment.
With respect to the full length axial defect contained within the cylinder, as for SC-1 this
consisted of a machined notch with a sharpened tip produced via fatigue pre-cracking.
Once again the fatigue crack was generated by subjocﬁn0§ the cylinder to cyclic diametral
loading, the test cylinder being maintained at around 80°C throughout fatigue cracking.
Some 15,000 cycles were applied using 2 maximum load of 420 tons. This resulted in
a reasonably uniform fatigue crack of mean depth Smm over the central 1.0m of the
defect length. In order to prevent egress of water into the crack tip (and thus prejudice
upper shelf conditions), the entire machine slot was packed with insulating wool and
covered with a pleated steel shim.

As with SC-1, instrumentation for SC-1I comprised ACPD, back-face strain gauges,
clip gauges and thermocouples, although, in line with the different nature of the thermal
shock loading of SC-II, the number and location of these various instruments was
different to that employed in SC-1. The instrumentation layout for SC-1I is shown in
Fig 4.

3. MATERIAL PROPERTIES
Comprehensive characterisation of the physical and mechanical pgogcnies of cylinder

materials was carried out in respect of the test cylinders for both SC-1 and SC-I, these
having been manufactured from separate large-scale forgings.
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3.1 S8C-1

After casting into a partially pre-formed geometry, the ingot used to produce test
cylinder 1 wgas centrally pierced and then forged. lj‘ollowng:g'denchnwpt of a stepped
end-piece (used for heat treatment studies), the residual forging cmsed a centrally
located test cylinder (SC-I) encompassed top and botiom by both test
prolongations and manufacturer's “buffer” rings, Fig. 5. AEA prolongations were
parted %‘cm the test cylinder and buffer rings forging, heat treatment and
identification of a 0° datum line corre ing 10 the ultimate position of the full-le
axial defect. Both top and bottom prolongations were subsequently bandsawn into
equi-sized segments. Details of the chemical composition of the forging and its heat
treatment are given in Table 1.

All specimens used in the pre-test characterisation programme were extracted from the
0° segment of either the top or bottom AEA prolongations and from positions which
were at least 50mm from cut surfaces. Tensile specimens were located on, or near to,
the 0° datum line and extracted in either the circumnferential (C), radial (R) or axial
(Longitudinal (L)) orientations. A total of six tensile tests were performed, one
specimen of each orientation being tested from each of the two AEA prolongations.

Resulting values of 0.2% proof stress (0q2), ultimate sensile strength (0,), percentage
elongation and reduction of area are presented in Table 2. Additional true stress-strain
data are given in Fig 6.

Fracture toughness specimens were extracted so that all specimen crack tips lay exactly
on the the 0° datum line, at a radial position and direction of crack advance in direct
correspondence to the defect in the cylinder (ie. all C-R orientation). A total of six 20%
sidegrooved 35mm thick compact specimens were tested, four from the top
prolongation and two from the bottom proiongation. The tests were performed using
combined multi-specimen/unloading compliance test techniques. Values of crack
length, crack growth and corresponding values of J are given in Table 3. Individual
unloading compliance Jr curves were characterized using power fits of the form

J=A (Aa)B (1

values of the regression coefficients A and B are given in Table 4. A "composite” Jg

curve for the material as a whole was also provided to the FALSIRE project and is
included in Table 4.

3.2 S8C-1

After casting into a partially pre-formed geometry, the ingot used to produce test
cylinder II and test cylinder III (not reported here) was centrally pierced and then
forged. The forging consisted of the two test cylinders separa centrally by a test ring
and encompassed top and bottom by test rings and buffer rings. A diagram of the

lete forging is shown in Fig 7. Test rings were parted from the cylinders after
forging and heat treatment. Prior to any inachining operations a 0° datum line was
established corresponding to the defect position in the cylinder(s). Just as for $C-1,
test rings were subsequently bandsawn into four equi-sized segments. Details of the
chemical composition of the forging and its heat treatment are given in Table 5.

All smali-scale specimens examined in the characterization programme were extracted
from the 0° segment of either the top, middle or bottom test rings and from positions
which were at least SOmm from cut surfaces. Tensile specimens were located on, or
near 10, the 0° datum line and were extracted from up to three different positions across
the wall thickness. Specimens were extracted in either the circumferential (C) or axial
(A) orientations depending upon the test ring. A total of twenty-six tests were
performed. Specimens extracted from near the inner cylinder wall surface (/8 position)
(where temperature drops during thermal shock would be largest) were tested at three
temperatures spanning the complete range of the thermal transient, ie. 20°C, 150°C and
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350°C. Specimens from other positions within the wall thickness were only tested at
350°C. Individual exponential expressions of the form

o = o EXP(BT) @

where is o either 0.2% proof stress or altimate tensile strength and T is the temperature,
were fitted to the data via linear regression analysis. No effect of specimen orientation
on properties was observed and both circumferential and axial test results were included
in the analyses, resulting in the expressions given in Table 6. Values of engineering
stress/strain and true stress/strain these tensile tests are given in Table 7. Physical
properties characwﬁzin%mc behaviour of the test material under thermal shock
conditions are given in Table 8.

Frocture toughness specimens were exiracted so that all specimen crack tips lay exactly
on!heﬂwO’datumBm.axandialposiﬁonanddiruﬁonofcmkadvmin&rw
correspondence to the defect in the cylinder (ie. all C-R orientation). A total of eight
20% sidegrooved 35mm thick compact specimens were tested, two from the top, two
from the bottom and four from the middle test rings. Values of crack length (ao) and
ductile crack extension (Aa) were estimated both unloading comp:iance
measurements made during tests and from post-test fracture surface measurements.
Results are presented in Table 9. For each test the data were characterized using a
power curve fit of the form of equation 1. Resulting values of the coefficients A and B
are given in Table 10. Composite Jg curves for the different test rings are included.

4. TEST RESULTS
4.1 SC-1

The plan for test SC-I was 1o proceed directly to a target speed at which a useful
minimum amount of crack growth would be anticipated without incurring the risk of
tearing instability, and then to proceed beyond that point as circumstances allowed. In
the actual experiment, three speed increments beyond the target speed of 2285rpm,
were r?u'ued to reach the intended amount of stable tearing (3 to Smm), resulting in an
eventual maximum (terminal) speed of 2600 rpm.

Initiation of stable tearing in the experiment was related to a pronounced change in the
rate of increase of ACPD at about (see Fig 8). Final crack extension at each
ACPD station was defined from physical measurements of stable tearing made on the
actual fracture surface of the cylinder, extracted after the test. The growth at the ACPD
stations varied from 2.4mm to 3.1mm, with a mean of 2.75mm. The crack profile,
based on post-test destructive examination of the entire full-length defect, is shown in
Fig 9. On the basis of the rmdicwd initiation points and measured final crack
extensions at each ACPD location, angular velocity versus crack growth curves were
developed as shown in Fig 10.

4.2 SC-N

Prior to commencement of SC-I1, 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 upon ication of the water spray. The inner surface of the cylinder
was then spray with water of temperature 15°C and at a flow rate of 269 gallons
per minute, thus producing an effective heat transfer coefficient in excess of

20kW/m2°C and a large thermal gradient across the cylinder wall thickness.

Temperature data from the test are depicted graphically in Fig 11. The figure compares
measured temperatures with those predicted from a one-dimensional finite difference
analysis using a heat transfer coefficient of 22.75 kW/m2°C. The extent of ductile crack
extension attained during the test was variable along the length of the defect but
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achieved a maximum growth leveldummhmmlyz.&nmuudimofmm
400mmfrommendofﬂxec¥mlindu. crack profile, based on posi-test destructive
examination of th» entire full-length defect, is shown in Fig 12

S. FALSIRE ANALYSES OF SC.I AND SC.1I

‘Within this section the analysis techniques used within Phase 1 of the FALSIRE
programme for assessment of SC-1 and SC-11 are described, as are their results. In the
interests of consistency, the terminology used to describe analysis methods and the
numerical designation of individual analysts has been kept consistent with those used in
Reference [1).

5.1  Description of Analytical Methods

With respect to tests SC-1 and SC-11 a total of seven separate analyses were performed
within the FALSIRE programme. As Table 11 indicates, the primary structural
analysis tool used was the finite element (FE) method. Additional details of the finite
element methods used are given in Table 12, which identifies the finite element
programme, the model dimension (2 or 3-D), the size of the mesh as defined by the
number of equations (degrees of freedom), the constitutive relation, material model and
stress-strain approximation, and the solution scheme (integration rule and iteration
method) employed in the analysis of the model. Unfortunately, much of the information
regarding the FE methods used in the analysis of Spinning Cylinder Tests SC-1 and
Sé-[l, is unavailable (N/A).

From inspection of Table 12 it is apparent that the sizes of the various finite element
models varied to a large extent. For example, in the analysis of SC-II analysis number
8, using the ADINA FE code, a mesh with =3 800 degrees of freedom was used. By
comparison, analysis number 16, using the ABAQUS FE code, used a mesh with only
890 degrees of freedom. One other variable of note is the stress-strain relation used as
input data to the various analyses. In some cases, particularly analyses that utilised the
AEIN A FE code, a bilinear stress-strain relation was employed. In others a multilinear
stress-strain relation was used.

All of the FE analyses employed a J-resistance curve methodology for modelling stable
ductile crack growth. J was typically calculated within the FE from a path-area
integral or domain integral expression containing terms appropriate for the applied
loading conditions (ie, mechanical loads, thermal gradients, centrifugal loads, etc.).
Most analysts computed the J-parameter as a function of applied load for one or more
fixed crack depths. Analysts number 8 employed a node-release technique to perform
analysis of the ductile tearing process.

Several participating analysts performed structural analyses of the Reference
Experiments using engincering estimation schemes (ES). These approaches, of specific
interest to the analyses of the Spinning Cylinder Tests are summansed in Table 13, The
fracture analysis methodologies employed in the estimation scheme applications were
primarily based on the J-resistance curve approach, with the J parameter determined
from a variety of published sources.

Analyst 11'determined K] values from influence coefficients for a vessel having a wall
thickness 1o inner radius ratio of 0.1; the corresponding ratio for Spinning Cylinder
Test 2 was 0.4, Analyst 12 used K solutions from Reference {2], which were
modified using the Irwin plastic zone correction. The modified K| values were
subsequently converted to equivalent J values using the expression J=K2/E', where
E'=E/( 1-v2) and v is Poisson's ratio. Soiutions provided by analyst 13 were based on
option 1 of the R6 method described in Reference [3.4]. Analyst 14 employed results



from a statically indeterminate solution for a cylindrical shell to evaluate the

by nuthemmofelmxcmdfullyphsucommnu.myalﬁuwdm
analytical solution for the hoop stress distribution in a rotating cylinder to determine J
%:mﬁiﬁmmmmmwummmmm
in Reference [1].

§.2 Resuits and Discussion

Figure 13 illustrates the variation of the J-integral with the angular velocity , Q, for
Spinning Cylinder Test 1. mopcncuc\esdenomthemcpenmulvmmnoﬂwnh
€ determined at AEA Technology and as described in Reference {1]. With the
exception of analysis 9, the scatter band of results is small. The stress-strain
approximation of the plane strain FE analyses 8 and 9 are multilinear. The curve of
analysis 9 has a weaker slope than the other analyses, a result which is still under
discussion. Comparison of the ES solutions reveals that analyses 12 and 16 show
differences of up to 50%, with analysis 12 overestimating the level of J for a given
angular velocity. This difference is considered to be due to the ES's used, since the
variation hoop stress with Q was almost identical in each analysis.

Figure 14 illustrates the variation of the J-integral with time through the thermal shock.
The weight function method used for analysis 16 gives a quite conservative result, and
analysis 11, using the K] solutions specific to a vessel with wall thickness to internal
radius of 0.1 (SC-1 = 0.4) shows the lowest values. The remaining analyses are located
in a fairly tight scatter band. As in the analysis of SC-1, the fracture assessment is
strongly dependent on the estimation scheme used.

The reasons for the magnitude of the scarter associated with these analyses are
discussed in some detail in Reference [1]. Modelling requirements for the experiments
incorporate history-dependent mechanical, thermal and body-force loadings,
temperature-dependent material and fracture toughness propernes, specially designed
materials, residual stress states and three-dimensional effects. For these reasons, it
could be anticipated that comparisons of analysis predictions with available structurzl
data from the experiments would yield results that vary significantly.

However, a number of common explanations for son . of the scatter are evident. One
of the major influences on the finite element solutions was the precise materials
property input data used in the analyses. Restrictions of some FE codes to use only
bilinear approximations of the stress-strain behaviour, compared with the use of
multilinear stress-straia curves, was one major source of scatter. Another major source
of scatter was the use of iemperature insensitive material properties data in the analysis
of the thermal shock experiments. Both of these sources of scatter highlight the
importance of obtaining, and using, high-quality material properties data in order 1o
accurately model structural behaviour.
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Table 1 SC-1 Heat Treatment & Chemical Composition

. Heat Treatment
Austenitise 6 hrs @1065°C
Quench Water quench from 1065°C
Temper Thrs @ 590°C +/- 10°C

Chemical Composition : Steelmakers Ladle Analysis
C Si Mn S P G . Mo Ni
022 020 132 0012 0012 008 0.57 0.78
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Table 2

SC~-1 Tensile Data at 250°C for First Spinning Cylinder Test Material

0.2% Ultimate

Proof Stress Reduction
Spec. Prolgn Orient.® | Stress ' | 4, Elongn. of Area
Ident. ' 0.2 (MPa) (9)b (%)

(MPa)
HU1 TOP c 540 728 18 51
HU3 TOP R 548 709 17 49
HUS TOP L 540 703 18 €6
HW1 BOTTOM C 529 702 16 52
HW3 BOTTOM R 533 703 13 35
HWS BOTTOM L 543 711 17 58

‘C = circumferential

R = radial

L = longitudinal

Prone of the specimens failed within the middle third of the gage

length.
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Table 3

8C-X, J ve Aa Values From Unlo.dinj Compliance Tests with Physical
Measurements of Final Crack Extensions (T = 250°C)

Crack Growth J Crack Growth J
(vum) (MJ/m2 {mm) E (MJ/m
Specimen HV1 (Top Ring) Specimen HV2Z (Top Ring)
0 0.012 0 0.012
0.02 0.047 0.03 0.047
0.08 0.07 0.09 0.071
0.11 0.099 0.16 0.09%
0.27 0.13 0.23 0.131
.43 0.161 0.4 0.164
0.66 0.182 0.72 0.1%6
0.988% 0.227 1.24 0.227
1.9 0.256 2 0.266
2.64 0,292 2.82 (2.44) 0.306
3.62 (3.34) 0.327
Specimen HV3 (Top Ring) Specimen HV4 (Tcp Ring)
0 0.012 0.558 0.183
0.07 0.047
0.1 0.0€86
0.15 0.087
0.23 0.108
0.3 0.134
0.46 0.161
0.7 0.1%
1,22 0.216
3.73 0.243
2.78 (2.79) 0.277
Specimen HX1 (Bottom Ring) Specimen HXZ (Bottum Ring)
0 0.012 0 0.012
0.05 0.047 -0.01 0.046
0.08 0.072 0.04 0.06%
0.15 0.099% 0.0% 0.098
0.24 0.131 0.23 0.129
0.47 0.162 0.44 0.161
0.77 0.196 0.€8 0.195
3.12 0.227 1.43 0.225
2.22 0.258 2«21 0.264
2.88 0.288 2.69 0.302
4.52 (4.32) 0.323 3.82 (3.74) 0.316

*Measured final crack growth.

Note: () = measured value.
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Table 4

SC-1 Regression Coefficients for Power-Law Curve .l'it to “
J va Aa Data for First Spinning Cylinder Test Materials (T = 290°C)

Céctficicnts

Specimen A B th
HV1 0.213 0,339 0,985
HV2 0.215 0.326 0.956
HV3 0.201 0.356 0.970
HX1 0.207 0.3206 0.9%51
HY2 0.209 0.314 0.990
Composite curve 0.208 0.320 0.976

8 = A(Aa)P, where units of J and Aa are MJ/m® and mm

bSquare of regression correlation coefficient (r)



Table 5 SC-II Heai Treatment & Chemical Composition

Heat Treatment
Austenitise 6 hrs @1065°C
Quench Water quench from 1065°C
Temper Thrs @ 540°C +/- 10°C
Temper Thrs @ 590°C +/- 10°C

Chemical Composition : Steelmakers Ladle Analysis
C Si Mn S P Cr Mo Ni
021 0.28 139 0009 0008 003 053 0.79
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Table 6

SC~II Tensile Data for Second Spinning Cylinder Test Material®

Young's medulus, E (GPa) 212.35 - 0.0063T

0.2% proof stress, og » (MPa) 560.3 exp (-3.356 x 10:: T)

Ultimate stress, o, (MPa) 108.5 exp (~1.889 x 107" T)
0.275

Pcisson's ratio, v

aTemperature T has units of [°C)

52




Table 7 SC-II Engineering and True Stress/Strain Values

JU1/7U3 20C JU22/704 20C
Strain Stress True True Sumin | | Stress True “True
Strain Swess Strain Stress
MPa MPs o MPs MPs
22
TUZL 0002 |so09 0002 509
0003 67 0003 67 0005 1153 00058 1153
0006 129.4 0006 129.5 0008 11773 0008 177.4
0009 191.1 0009 191.3 0011 12378 0011 238.1
0012 252 0012 252.3 0014 2979 0014 2983
0015 311.7 0015 3122 0017 3588 0017 3594
0018 37118 0018 3725 U4
f105) 0021 |4553 0021 456.3
0024 503.1 0024 504.3 0030 |548.3 0030 550.0
0033 546 0033 5478 0038 5529 0038 555.0
0041 551.4 0041 553.6 0046 |558.7 0046 561.3
0049 §57.1 0049 559.8 0082 |598.8 0082 603.7
0070 586 R 0070 $90.9 0150 6205 0149 629 8
0138 615.7 0137 624.1 0217 (6422 0215 656.2
0202 637.4 0200 650.3 0281 16628 0277 681.4
0261 6578 0258 675 0349 6749 0343 698.5
0325 6753 0320 697.3 0417 16869 0408 715.5
0389 687.2 0382 714 0480 |699.2 0469 732.8
0453 698 0443 729.6 0552 |7069 0537 746.0
0521 707.7 0508 744 .6 0624 17133 0605 7578
0584 715.6 0568 7875 0696 (7156 0672 765.4
0652 720.1 0632 767 0111|7197 0743 7753
0728 724.4 0703 777.1 L0R47 7191 0813 780.0
08060 724.6 06769 7825 0926 7197 OBRE 786.4
0871 728.3 0835 791.7
0947 728.7 0905 797.7
JUS 150C . JU24/1U6 150C
Swain Swess True True Strain Stress :"‘ True
Strain Stress train Stress
MPa MPa MPa MPa
U248
0024 |ass.s 0024 4575 0003 59.4 0003 59.4
0033 £03.1 0033 504 B 0006 1156 0006 115.7
0041 514.6 0041 $16.7 0009 1735 0009 173.6
0049 523.1 0049 $25.6 0012 12317 0012 232.0
0082 552.9 0081 §57.4 0015 | 286.0 0015 286.5
0142 581.7 0141 $90.0 0018 | 3389 0018 339.5
0208 602.3 0203 6147 4]
0265 618.8 0262 635.2 0024 | 4665 0024 467.6
03258 639.3 0320 660.3 0033 | 504.2 0033 505.9
0389 650.5 0382 6758 0041 517.7 0043 519.8
0453 662.7 0443 692.7 0049 526.6 0049 529.2
0516 670.7 0504 705.3 010" §58.0 0101 563.6
0584 675.0 0568 714.5 0267 576.7 D166 586.3
0652 680.4 0632 724 8 U229 603.1 0227 617.0
0720 684.6 0695 73319 0291 6199 0287 6379
0791 G887 0762 7433 0357 632.4 351 655.0
0859 689.7 0824 748.% 0423 | 646.2 J418 673.6
0938 694.0 0894 758.9 0485 | 656.1 0474 687.9
1007 6887 0959 7581 0551 6658 0537 702.5
0621 674.2 0603 7161
0692 | 6784 06> 7253
0766 | 681.1 0738 7333
0B36 | 685.3 08072 742.6
0910 | 6875 087, 750.1
0989 | 686.7 0943 754.6
1081 6503 0999 762.8
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Table 7 SC-1I Engineering and True Stress/Strain Values

-
JU2S/1U7 350C JU4 350C
Strain Stress True True Strain Stress Troe True
Strain Stress Strain Stress
MPa MPa MPa MPs
T3
0000 8.1 0000 8.1 0029 470.2 0029 471.6
0003 59.2 0003 593 0037 498 .9 0037 5008
L0006 1131 0606 113.1 0045 $17.7 0045 §20.0
0009 169.2 0009 169 .4 0102 $48.7 0101 §54.3
0012 226.5 0012 226 .8 0157 5747 0156 S83.8
D61S 283.1 D015 2835 02 5979 0219 $11.2
D018 338.1 D018 33R.7 L0289 614.3 0285 632.1
1 0353 634.2 0347 656.6
0024 431.5 0024 432 .6 0416 643 .0 0408 669 8
0033 480.8 0033 482 4 0484 651.2 0473 682.7
0041 5073 0041 509.4 0556 6553 0541 691.7
0049 5242 0049 5268 0627 660.7 0609 702.2
0130 5599 0129 567.1 0703 663.5 08679 710.1
0193 S8k 4 0191 599 % 0779 667.5 0750 719.5
0265 608 8 0262 6249 OBSR 669.5 0823 7269
0357 627.2 0350 649 5 0942 6689 0900 731.9
0444 642.1 0435 670.6
0532 6539 0518 6887
0731 660.3 0708 708.5
0930 665 8 K11 72718

Note: (1) Data up to strains of 0.2% taken
from small specimens, data from
0.2% to 10.0% taken from large
specimens.
(2) Elastic data for JU24/JU6

exhibits a discontinuity. This
will lead to some errors in E
values determined from this
data.

* Small specimen data omitted -
alignment errors.
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Table 9 SC-1IJ - Aa Values from unloading compliance and physical measurements of

final crack extension.

JT1 Bm. 290C JT3 Bmm. 290C
Aa J J
mm MIm-2 mm MIm-2
0.03 0.100 0.00 0.040
0.09 0.135 0.08 0.069
0.19 0.173 0.11 0.102
O e S35 0% | an
0.55(Pmax} 0. n )
0.86 0314 0.57(Pmax) 0.216
1.49 0.364 0.74 0.257
2.10 0.409 1.21 0.291
2.98+ 0.437 1.35* 0.33
3.67 0473 2.54% 0.373
5.44* 0.493 3.73 0.406
6.34%(6.23) 0.518 427 0.436

4.66 0.467

5.92(5.72)] 0.487

JT4 Mid 150C JTS Mid. 150C
Aa J Aa J
mm Mim-2 mm Mim-2
0.01 0.019 0.03 0.019
0.01 0.032 0.03 0.032
0.03 0.049 0.03 0.049
0.09 0.068 0.09 0.068
0.16 0.085 0.13 0.099
0.16 0.113 0.21 0.134
0.23 0.136 0.32 0.173
0.28 0.162 0.46 0.212
0.37 0.193 0.69 0.249
0.54 0.228 0.96 0.287
0.73 0.258 1.24 0.321
0.95 0.294 1.52 0.362
1.19 0.329 1.95 0.394
1.58 0.363 2.23 0.428
1.9¢ 0.395 2.66 0.459
12.57 0.425 3.21 0.491
3.16 0.450 3.81(3.27) 0.511
3.61 0.473
4.09(4.04)] 0.501

() 9pt average measured values



Table 9 SC-11J - Aa Values from unloading compliance and physical measurements of

final crack extension.
JT7 Mid. 290C JI8 Mid. 290C
Aa J Aa J
mm Mim-2 mm Mim-2
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(Pmax) 0.317 0.35 0.191
1.73¢ 0.371 0.49 0.233
2.71% 0.414 0.79(Pmay) 0.275
3.22 0.459 1.11 0.313 |
3.85 0.493 1.60 0.351 |
4.52 0.524 2.22 0.391 |
** (5790 0.568 2.76 0.429

3.48 0.463

433 0.496
*+ Last unloading line 5.64%(5.5 0.521

not recorded

JTI0 Top 290C JTI1 TOP 290C
Aa J Aa J
mm MIm-2 mm Mim-2
0.04 0.023 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 0.20 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(Pmax) 0.225 1.07 0.270
0.86* 0.264 1.31(Pmax) 0313
1.75* 0.302 2.58* 0.350
2.36* 0.335 3.60* 0.374
3.36* 0.360 5.25* 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%(6.7 lr 0.534

() 9pt average measured values
* Plastic Instability
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Table 10 SC-II Regression Coefficients in

the expression J = A(Aa)®

Specimen| Individual Coefficients | Composite Coefficients
Temp | Ring | A B A__B P

m 290 Bim 0317 0320 099

0285 0363 0914
T3 290 Bum 0265 0376 0968
T4 150 Mid 0286 0429 0985

0289 0442 0989
ITS 150 Mid 0.291 0458 0.99%
Ty 290 Mid 0.300 0375 0981

0294 0384 0983
IT8 290 Mid 0289 0392 0988]"
ITI0 290 Top 0259 0323 0984

0253 0343 0954
T 290 Top 0248 0385 0969
Notes (1) J has units (MJm-2) and Aa has units (mm).

(2) Power curves performed using data within the limits
0.2mm < Aa € 4.5mm only.
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FE
B
Al
A2
JR
JIT
R6/1
WF

TABLE 11
Summary of Project FALSIRE analysis techniques used to assess SC-1 & SC-ll [1]

SC-l11
(7 @analyses)
FE;JR
FE; JR
Al FE
WFFE
ES;JiT
A2
ES;R6/1

= Finite element method

= Estimation Scheme

= Analytical Solution with Numerical Intergration

= Handbook Analysis of Statically Indeterminate Model
= R-Curve Approach

= J/Tearing Modulus Approcach

= R6 Method/Option 1

= Weight Function Method
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TABLE 12
Summary of finte element applicetions 1o anelysia of Spinning Cylinder Tasts 1 and 2 within Projct FALSIRE (1)

P p—

Expeorimant Angiysls Finite Elemant Model Number ol Material Siress-Strain Intergention Equitibrium Fraciure
Number Program Cimsnsion Equations Plasticity Raistion Ruie Rterstion Method Method
mode!
Epinning 17 AGE 2D WA Von Mices. siastic.  Multiinear WA WA Jg curve
Cylindar | (Piane Strainj plastic. isotropic .
hardening
(] VECRACK 2-D NiA Vor Mises. elastc- Multitinear N/A N/A Jdg-curve
(Plane Stain) plastic, isolropic
herdaning
8 ADBNA 2-0 N/A Von Mises, elestic Multitinear 2921 BFGS with kne Jp-curve
(Plane Strain) plastic, isotrepic M2 search
hardening
Spinning 17 ABAOLE 3-0 ~3800 Von Mises, isotropic  N/A N/A NA Jp-curve
Cylinder 11 hardening. thermo
eiastic plastic
2 ADWNA 2-0 WA Von Mses, isotropic  Bilinear 2224 BFGS with ine Jg-curve
{Plane Siuain} hardening, thermo 33 search
eisslic plastic
1 ABALE 2D 890 Linear thermo-slastic  N/A A NiA Jp-curve”
(Plane Sirain)
16 ADNA 20 329 Linear tharmo-siastic N/A N/A NA Jp-turve
{Axisym)

* Crack not modeled, X, rom VTTSIF program,
MWA = not aveilable or not appliceble
BFGS « Sroyden-Flaicher Goldiard Shanro



Table 13. Summary of estimation scheme applications to analysis of

Spinning Cylinder Tests 1 and 2
Experiment A’;:loy sis Streul lml“oy ;‘ Fracture methodology
SC-1 "12 Analytic solution for hoop stress JR curve; J from handbook

distribution in rotating cylinder

14 Suatically indeterminate solution for  Jg curve; J from elastic and fully
circumferential force and bending plastic sclutions
momeni on end surface of cracked
cylindrical shell

16 Analytic solution for hoop stress Jr curve; ] from weight function
distribution in rotating cylinder method

SC-II 12 Superposition of closed form solu- Jr curve; J from handbook

tions for stress caused by pressure
and thermal loading

13 Thermal stresses calculated R6, Option 1
analyticaily for LOTUS 1,2,3

14 Statically indeterminate solutions JR curve; J from elastic and fully
for circumferential force and bending plastic solutions
moment on end surface of cracked
cylindrical shell

11 Analytic solution for stress in a JR curve; J from influence
cylinder subjected to thermal gradient functions
loading

16 Analytic and finite-clement solutions Jg curve; J from weight function
for stress in a cylinder subjected o method
thermal gradient loading
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Fig. 1 The Spinning Cylinder Test Facility
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Fig. 5 Location of SC-I Test Cylinder within the large-scale
forging
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FIRST SPINNING CYLINDER TEST
ANALYSIS BY USING LOCAL APPROACH TO
FRACTURE

C. ERIPRET, G. ROUSSELIER

Electricité de France (EDF), Service Réacteurs
Nucléaires et Echangeurs (RNE),

Les Renardiéres,BP 1, 77250 Moret s/Loing ,
FRANCE.

ABSTRACT

In recent years, several experimental programs on large scale specimens were organized to evaluate
capabilities of the fracture mechanics concepts employed in structural i ity assessment of PWR
pressure vessels. During the first spinning cylinder test, a geometry cffect was experimentally
pointed out and exhibited the problem of transferability of toughness data from small scale to large
scale specimens. An original analysis of this test, by means of local a to fracture is
presented in this paper. Both compact tension specimen and spinning cyli fracture behaviour
were computed by using a continuum damage mechanics model developped at EDF. We confirmed
by numerical analysis that the cylinder's resistance to ductile tearing was considerably larger than
in small scale fracture mechanics specimens tests, about 50 percent. The final crack growth
predicted by the mode! was close to the experimental value. Discrepancies in J-R curves seemed 10
be due 1o an effect of stress triaxiality and plastic zone evolution. The geometry effect inducing
differences in resistance to ductile tearing of the material involved in the specimens can be
investigated and explained by using local approach 1o fracture methodology.

INTRODUCTION

In recent years, several experimental programs on large scale specimens were organized 10
evaluate capabilities of the fracture mechanics concepts employed in structural integrity assessment
of PWR pressure vessels [1,2,3,4]. Most of them aimed at investigate the upper shelf toughness
fracture behaviour of low alloyed steels, and 10 assess the validity of the J-integral and J-resistance
curve concepts regarding to ductile crack propagation.

Thus, it is now universally accepted that toughness may depend on thickness, loading patterns,
degree of triaxiality, and geometry of the structure. The J-R curve concept was shown not to be an
intrinsic characteritic of the material properties, but may vary in some circumstances.

It is, therefore, very important to identify the different factors that can make this toughness
changing, and to quantify their influence. The following underlying questions should be posed :

- 1Is the J-R curve a representative measure of tearing toughness when crack propagation
occured ?

- Is it possible to transfer the J-R curve provided from laboratory specimens tests to an other
geometry or configuration ?

This paper doesn't fully answer to the questions mentionned above, but still highlights the
importance of the problem and prop-ases an explanation to the geometry effect pointed out in the
first spinning cylinder experiment. An interesting analysis performed by 1.sing a local approach 1o
fracture methodology showed the influence of the near crack tip stress and strain fields on the
fracture behaviour of steels, and explained the geometry effect observed.
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THE FIRST SPINNING CYLINDER EXPERIMENT

The first spinning cylinder test, performed by Northern Research Laboratories, involved the
mtation of a 200 mm thick cylinder containing a full | axial flaw to an angular of 2600
rpm at the temperature of 290°C [1]. This test ai at generating ductile crack growth by
increasing progressively the rotational speed, that created a membrane hoop stress loading across
the thickness.

The first objective of this test was to provide experimental data that would permit the construction
of a J-resistance curve. This has been achieved by using the measurement of an alternating current
drop potental to determine the crack growth, and by performing a finite element analysis in order
10 associate 1o each rotational speed a corresponding value of J-integral.

In addition, a J-R curve was also derived from experimental results corresponding to small scale
compact tension sfpecimens tests and proved considerably lower J-values than the cylinder's J-
resistance curve (figure 1). A geometry effect (scale, load, or size effect 7), was experimentally
pointed out and exhibited the problem of transferability of toughriess data from small scale to large
scale specimens.

ANALYSIS BY LOCAL APPROACH METHODOLOGY
An original analysis of this test, by means of local approach 1o fracturc is presented in this paper.

The model used in this paper refers to the generalised standard material constitutive relations (5],
and enables to model material tearing and crack propagation whithout using any numerical
technique such as node release. The main advantage of this approach is to assess the crack
initianon and growth by using criteria derived from the near crack np stress and strain fields (local
values), which control the matenial damage. The evolution of the damage is governed by the
competition of material hardening and softening. These effects are included in the constitutive
relations by modifying the expression of the plastic potential as follows :

Fe ot ¢ "% _ e + DB e (M
& = ——ea— ™ L 4 e
m* damage ) (p 01)
3 2 1
where aoq = (-2' a-” °q) ag %m =.-3. (a.—)

The constitutive relations are derived from F, and from the yield criterion F=0, through the help of

the normality rule. In this expression, D and O are constants, p is the hardening variable, and 4
the damage variable. Matenal hardening is assumed to be isotropic, as well as damage. The second

erm R(p) represents the true stress - true strain curve of the material, and function B(B) is equal to

oylgexp8
1’lo¢|oelp8

8(8) =

where f; is also a scalar that defines the initial volume fraction of cavities. Material softening
caused by cavities growth is taken into account through the third term Fgamage. Which competes
with the hardening p-.i Fhardening:

As loading is increasing, the plastification effects make the cavities growing, and damaging the
material. When the damage becomes important, softening of the matenial takes place and the stress

strain relation is going down (figure 2). The material resistance becomes lower and lower, until the
failure occurs.
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From the calculation resalts, we can determine the instants at which the crack growth initiates, as
well as the position of the crack tip during the propagation when the opening stress reach a
maximum just before collapsing (figure 3). The first maximum observed defines the crack
of the second element, an so on... [6].

Then, combining numerical results and J-contour integral calculation provides a numerical J-R
curve characteristic of the structure behaviour regarding to ductile tearing.

Using Rousselier's model, one needs to identify the three parameters that control the fracture
behaviour :

- the cavities initial volume fraction fp,
- the metallic matrix stiffness O,

- and the characteristic length Ic of the finite elements.

Usually, f, is estimated from the chemical composition of the material [7]. In fact, manganese
sulfides inciusions play an essential role in the cavities growth and we can directly relate the initial
volume fraction of cavities f,, with the percentage of Mn and S elements through the Franklin's

formula :

fo="1, =0.054 (S % - 0.001/ Mn %)

The second parameter G; may be estimated from the flow stress value but this gives a poor

evaluation of it. In practice, mechanical testing is necessary to calibrate G [7]). The basic
specimens used for it are axisymmetric notched tension specimens, for which the calibration
procedure is depicted in figure 4. However, we couldn't follow the same procedure in this study,
because we got neither coupons of matenal in which machining the notched specimens, nor
experimental results (provided from axisymmetrcal notched specimen tension tests) to be compared
10 numernical computations. -

Thus, calibration was made with help of results provided from Compact Tension specimens, and
the model's parameters were determined so that calculated J-R curve (determined from CT
specimen test simulation) fit the experimental one. The two curves, which are in a good agreement,
are ploted on figure 5.

The mechanical propertics were issued from [1] as well as the chemical composituon of the
material (table 1).

The parameters were found to be equal 10 :

fo=6.104,0; = 350 MPa , and |, = 0.55 mm

Then, a two-dimensionnal finite element computation was performed to analyse the fractu -
behaviour of the spinning cylinder. Obviously, the same parameters of the Rousselier's moc'-
were used to make this computation. The same size of element was kept to mesh the crack tip are ,
according 1o {6]. This condition ensures the crack propagation speed in the CT specimen and in the
cylinder will be close.

As our finite element code did not enable to account for body forces, we replaced the rotation load
by internal pressure that provided an equivalent hoop stress profile for an uncracked structure
[8)(at most 3.6 percent error at inner surface).

However, these loadings are not equivalent regarding to the radial stresses : the contractiua due to
pressure 1s very different from the contraction caused by spinning. This difference may influence
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the stress and strain fields in the vicinity of the crack, and also the damage's evolution. The
influence of the radial stress on ductile tearing will have to be clarified in further studies.

The equivalence between loadings provided from pressure or rotational speed is given by this
expression [10]:

2 R2+R2+R_R)A, ~R

%m * %m -»P.n»)-p‘.ﬂa_ B '°Ho ) Ry~ R)

where OPm and Cwm are the average values of the hoop stress through the thickness generated
respectively by internal pressure and by rotational speed :
Ro g (P) Ao Ogg )
%'I — R ’m'[
R R~ R R Rp-R
We performed the numerical simulation of the behaviour of the cracked cylinder under internal

pressure and translated results of both crack propagation and J-integral into values depending on
rotational speed.

Then, the J-R curve numerically obtained is presented in figure 6, and compared with the J-R
curve derived from CT spec.mens testing. We confirmed by numerical analysis that the cylinder's
resistance to ductile tearing was considerably larger than in small scale fracture mechanics
specimens tests, about 50 percent. The final crack growth {(about 2.5 mm) obtained at 2600 rpm
{corresponding to an internal pressure of 85 MPa) was close to the experimental value (2.75 mm).
Scaner in J-R curves seemed to be due to an effect of stress triaxiality and plastic zone evolution,
which are very different in the two situations. It should be noted that we call stress triaxiality the

The CT specimen tests involved a quasi-pure bending loading of the structure, which is totally
different to withstand than a membrane loading as generated by internal pressure or spinning.

This loading effect can be responsible for changing the J-resistance curve level, at initiation point
as well as during crack propagation. The stress triaxiality around the crack tip is larger in the CT
specimen than in the hollow structure (figure 7). Then, the material damage wall increase earlier in
the crack tip area of a CT specimen : the cavities growth, which is directly depending on the stress
riaxiality level [9], will be quicker. The steel resistance to ductile tearing will be lower in that case.

DISCUSSION ABOUT THE DEPENDANCE OF FINITE ELEMENT ANALYSES
RESULTS ON MESH SIZE

Through this numerical analysis carried out with local approach to fracture, it has been shown that
an essential parameter of this kind of models is the mesh size. This finite element size plays an
important role in local fracture mechanics concepts applications, and the dependance of finite
clement analyses results on it has to be highlighted and explained. In fact, this parameter is the
most controversial one because people intuitively think that increasing the mesh refinement will
mc more accurate results. Then, imposing to use a fixed mesh size, which is in some cases

when compared to the microstructure scale or to the stresses and strains gradients might
shock.any physical reasoning.

However, it must be noticed that introducing a distance criterion for failure at crack tip is absolutely
necessary when developping a model based on microstructured controlled fracture process. As far
as local approach modelling is based on microscopical observations of damage mechanisms, and
tries 1o relate the macroscopic fracture behaviour of an homogeneous material on the microscopic
metallurgical heterogeneities, this way of modelling obeys 1o the rule and has to introduce a scale
factor that averages the microscopic mechanisms and microstructural effects.
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Previons works have already exhibited this conclusion. Rice and Johnson [11] and later Ritchie,
Knott and Rice [12] mentionned that for cleavage fracture, where failure occurs on microstructural
initiation sites, the critical fracture stress has to be achieved at a distance which is characteristic of
the material microstructure. More recently, Neville [13] introduced a new definition of that critical
distance, but demonstrating the same conclusion : introducing microstructural effects on failure in a
continuum mechanics analysis requires a characteristic distance that relates the mechanical
behaviour at microscopic scale to the macroscopic scale. The physical reason for it is that, for a
sharp crack as well as for a blunted crack, the stresses or strains in the highly strectched zone will
always overpass 2 crincal value. Then, any failure criterion expressed in terms of critical stress for
clca or critical strain for ductile tearing will be achieved in a process volume near the crack tip.

refore, if no critical distance had to be introduced, the minimum toughness for any
xmaosmacmredmamnlwmﬂdbemo

As far as a scale factor must be introduced, the solution that has been retained for local

fracture models is to introduce it directly through the mesh size. This the simplest solution, but
may be not the most satisfactory one from a ghyncal point of view. Recent works on strain or
damage localisation have shown that it is le to make local models results independent on the
mesh size by using a redistribution funcuon in the finite element analysis [14]. Then, the critical
distance appears in the "delocalisation” procedure by determining the width of the Gaussian
redistribution function. This way of modelling may be more satisfactory, but is still time
consurmung in numerical analyses, makes the finite element code more difficult 1o operate, and
lastly exhibits the same difficulties in relating this characteristic distance to any microstructural
scale. Then, aithough it is not physically justified, introducing this scale trough the mesh size
seems to be the simplest solution and the most convenient for today's industrial applications. Thus,
this parameter must be fitted numerically in order to account for coalescence of growing cavities
(interactions berween elementary cells containing an insolated cavity). The mesh size has therefore
a limited influence on crack initiation, and a large one on propagation.

Another point deserves 1o be highlighted : it concerns the role played by the microsructure on
material or industrial structures resistance to fracture. In order to predict structural integrity in
connection with microstructural fracture processes, four different scales of observations must be
considered. The first one is related to microstructure and material microscopic heterogeneities, the
second one concerns the scale of continuum mechanics, the third one represents the scale of the
process zone (damaged zone or yielded area), and the last one is the size of the structure. The
microstructural distance can be related to mean spacing between inclusions or carbides, or any
other particles that play a role in the microsructure fracture process. When comparing this distance
with the process zone size, two cases must be considered. If the plastic zone, or crack tip
displacement is much larger than the mean spacing between inclusions, the effect of microstructure
on material failure is very limited. It can be considered that the material, observed at the scale of
CTOD or mesh size, is rather homogeneous. In that case, the macroscopic tensile properties of the
material, even if including damage, are determined at a scale which already averages microstrucural
effects. On the other hand, if the continuum mechanics scale and the mean spacing are within the
same order of magnitude, the characteristic distance will obviously play a greater role on crack
initiation as well as crack growth. Moreover, if the distance between initiation sites is greater than
CI'OD or connnuum mechanics scale, microstructure effects on fracture will be enhanced and any

of the fracture process will have to include statistics on geometrical ditribution of
mclusnons in to be able to account for structural resistance as well as for scatter associated to
crack initiation and toughness measurements.

Once again, the simplest solution is to seize the opportunity that the mesh size is an averaging tool
for stresses and strains gradients, but also for the effects of microstructure on failure.

CONCLUSION

This modelling, instead of applying criteria based on global loading parameters, describes the
damage evolution from local values of stress and strain fields. For this reason, this method is able
to account for local effects of the crack area loading factors, such as stress triaxiality.
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The geometry effect inducing differences in resistance to ductile tearing of the material involved in
the i can be investigated and explained by using local approach to fracture methodology.
The Rousselier's model proved to be an efficient taol for understanding ductile tearing behaviour
of steels, and brings answers where classical fracture mechanics concepts fail.
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TABLE 1 — MECHANICAL PROPERTIES FOR SPINNING
CYLINDER TEST MATERIAL.

® TEST MATERIAL IDENTIFICATION

Neminally AS08 Class 3 composition in 8 nonstandard quenched
#nii tempered condition

® CHEMICAL ANALYSIS

e Si Mn s P Cr Mo Ni
022 020 132 0012 0012 008 0857 078

® THERMAL TREATMENT

Austenitise & hours st 1085°C
Quench Water quench from 1065°C
Temper 7 hours at 590 2 10°C

® PROPERTIES-TEST TEMPERATURES

200°

® ENGINEERING AND TRUE STRESS-STRAIN TENSILE DATA

£ Modulus [MPa) 193,000 (measured using an electrostatic
resonance technigue)

Ry  [MPa] 710

v, Poisson's ratio 0.275 (determuned from biaxial strain gage
messurements of material strips
tosded in 1ension)

Ry ey M ML
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Figure 1 — Cylinder geometry for first spinning cylinder experiment.
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Figure 4 — Numerical load-displacement curves of a notched tension

specimen (schematic).
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Figure 8 — Mesh of CT specimen,
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Figure 9 — Mesh of the cylinder.
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A SUMMARY OF CSNI PROJECT FALSIRE ANALYSES OF THE SECOND
HSST PRESSURIZED-TI{ERMAL-SHOCK EXPERIMENT (PTSE-2)

B. R. Bass
Heavy-Section Steel Technology (HSST) Program
Oak Ridze National Laboratory
Oak Ridge Tennessee

1. Sievers
Gese ischaft fiir Anlagen-und Reaktorsicherheit

Koiln, Germany
ABSTRACT

A comparative summ ay of Project FALSIRE Workshop analyses of the second pressurized-
thermal-shock experiment PTSE-2) is presented.  All analytical predictions are found to
underestimate the measured rack-mouth-opening displacement (CMOD) and crack propagation data
for the first loading transient  Additional analyses performed subsequent to the FALSIRE Workshop
are described that examin: some possible explanations ior these differences in predicted and
measured structural respon e. Updated analysis results based on temperature-independent material
and physical properties ar: shown to substantially underestimate measured data describing time
histories of circumferentie | surface strains. No improvement in the comparisons is obtained by
incorporating temperature dependent properties into plane stress or plane strain models. However,
two-dimensional models m y not be adequate to represent the structural response of the vessel. A
pronounced axial depende nce of the measured CMOD and crack extension data from the first
transient implies that significant three-dimensional loading effects may have played an important role
in the experiment.

1. INTRODUCTION

The pressurized-thermal-shock experiments [1,2] (PTSEs) in the Heavy-Section Steel
Technology (HSST) Program are part of a carefully planned series of fracture mechanics experiments
that are of a scale large enough to produce restraint at the crack tip similar to that of full-scaie water-
cooled nuclear reactor pressure vessels (RPVs). Hypothetical PTS transients, when imposed on the
thick-wall vessel, produce high tensile stresses on the cooled inner surface. In addition, irradiation
embrittlement is greatest near the inner surface, so that in the case of some pressurized water reactor
vessels, preexisting shallow flaws on the inner cooled surface may propagate in a fast fracture mode.
If pressure is also present during the thermal transient, additional stresses are produced that become
more dominant as the crack advances through the wall, and vessel integrity may be threatened in the
absence of crack arrgst or an action to reduce the load. The positive gradient in temperature and
the lessening of neutron damage through the thickness provide increased material toughness to
enhance crack arrest and terminate an incident without breaching the vessel wall. The primary
objective of the HSST PTSEs is to provide an experimental basis for the confirmation of current
fracture analysis methods or for the development of new methods.
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In the experiment, the flawed vessel was enclosed in an outer test vessel (OTV) as shown
schematically in Fig. 4. The OTV is electrically heated to bring the flawed test vessel to the desired
uniform initial temperature of about 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 convec:ion heat transfer from the test vessel for a period of about 10 min.
Pressurization of the test vessel is controlied independently by a system capable of pressures up to
about 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. 1 and 2.

In PTSE-2, the insert (test) material was taken from a 2 1/4 Cr-1 Mo plate, meeting SA-387
grade 22 specifications. Tae 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 somewhat
uncertain, were satisfactory. True stress-strain tensile data are shown in Fig. § for the low upper-shelf
(LUS) test material (A) and the tough carrier vessel material (B). (Concerning Fig. 5, note that the
LUS material (A) set S data were from the properties characterization piece and used in pretest
analyses, while set 7 data were obtained from actual vessel insert material after completion of
PTSE-2.) Tensile and physical properties for the test vessel are given in Tables 2-3. Additional data
characterizing the fracture properties of the PTSE-2 material are given in Tables 4-5 and in Figs. 6-7.
Side-grooved specimens from the vessel insert and from the pretest characterization piece (PTC1)
were tested at 175 and 250°C to obtain full Jg-curves (see Fig. 7). These unloading-compliance
characterization tests were analyzed using procedures described in ASTM E1152, and the power-law
curve fit parameters are given in Table 5.

Pretest crack arrest (K,) and crack initiation fracture toughness (K. and Kj) data are shown
in Fig. 6. The K, data were obtained from tests of 33- and 51-mm-thick specimens. Kj. and Kj
data are from tests of 25-mm-thick specimens. The upper- and lower-Kj, curves shown in Fig. 6(a)
were determined by least-squares fits to the raw data and to B-adjusted [3] data, respectively. The
curves representing Ky at high transitional temperatures were presumed, in the absence of reliable
data, to be positioned ~ 30°K lower in temperature than the respective Ky, curves. It transpired
that a K. curve determined by the low-temperature Kjc points and by the remaining B and rate-
adjusted Ky data [2] in the transition region was suitably related to the upper K, curve. This fitted
K]¢ curve and a lower Kj. curve, displaced upward by 30°K from the former (Fig. 6(b)), were
adopted for planning the PTSE-2 experiment.

The experiment was planned to consist of two transients, of which the first would induce warm
prestressing (Kj < 0) followed by reloading (Kj > 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 Kj¢ 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 given in Fig. 8 and in Table 6.

The time dependence of the heat transfer coefficient for transient A is given in Fig. 9. The

thermal shock in the PTSE-2A transient started about 112 s after the initiation of the data scan.
Subsequently and sequentially, the flaw experienced ductile tearing while Ky was increasing; tearing
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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 airest
until pressure was reduced. The succession of events identifiable from recorded transient data is
summarized in Table 7. 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. 10.
More detail for the period of initial tearing that preceded the intial maximum Kj is represented by
two typical CMOD measurements vs time shown in Fig. 11. The first maximum Kj 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. 10 and 12). The crack propagated by cleavage, causing the rapid change in CMOD
from C 1o C’. The final ductile tearing in PTSE-2A occurred while pressure and CMOD were
increasing (from point C’ to D in Figs. 10 and 12).

22 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. 8 and
Table 6. The thermal shock in PTSE-2B started at about 155 s after initiation of the data scan.
Here, Kj 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 7. The CMOD behavior

typical of the time before cleavage is shown by the CMOD at the center of the flaw in Fig.13. 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 ductie tearing that penetrated the vessel wall. Prominent features of the flaw are identified
in Fig. 14 and Tables 8-9. The average depth of the flaw at several stages is given in Table 9. The
experimental reccrds of CMOD vs time in conjunction with finite-clement calculations of
displacements displacements for a range of crack depths and times were the basis for identifying
fracture events. The time of vessel rupture is marked by a sharp drop in pressure and by abrupt
changes in CMOD and strain gage outputs. Times of all events are given relative to the time of
initiation of the computer-controlled data scans. |

3. SUMMARY OF ANALYSIS RESULTS FROM CSNI/FAG WORKSHOP

In this chapter, the results of the finite-element (FE) and the estimation scheme (ES) analyses
of PTSE-2 presented at the CSNI/FAG workshop in Boston in May 1990 and in Ref. 4 are discussed.
The following discussion concentrates on reasons for the discrepancies among the various analyses
of the PTSE-2 experiment.



3.1 PTSE2A

The time histories of CMOD and the J-integral are presented in Figs. 15-16, and selected
characteristics are summarized in Table 10. The comparisons in Fig. 15 show that all analyses
underestimate the experimental results of CMOD. Note that the lack of temperature-dependent data

ing the stress-strain curve and the thermal expansion coefficient (a), 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 approximations 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 weil. Furthermore,
an increase of 50% in o, 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. 17-20, especially
Fig. 20), with smalier 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 S. Based
on the experiences with other calculations, 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, » 17% underestimation of the measured CMOD remains at 185 s. The scatterband of the
results is also enlarged because different assumptions concerning the crack depth have been chosen
(int1al 3epth or depth after first phase of stable crack extension).

Analysis 8 simulated the measured crack extension, but the higher yield stress makes the
model more stiff, which results in lower CMOD values. ES analyses 15 and 15’ 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 latter already took crack extension into account), a crack
extension estimate of 1 10 2.5 mm (measured 5.1 mm) is obtained from isothermal CT-25 specimen
JRr curves (Fig. 7). The underestimation of crack loading and crack extension has to be considered
in connection with the underestimation of CMOD; that is, without good structural mechanics
simulations, a good fracture mechsnics approximation cannot be achieved. The temperature
dependence of JR is strong, and it is not known what the effect of temperature gradient in the test
cylinder is on the crack resistance.

Oscillations of g (Figs. 21-24) in front of the crack tip (e.g., analysis 5) can be reduced by a
finer mesh on the ligament (e.g.. analyses 7, 9, -.id 10). The necessary material properties, especially
the temperature dependence, were not available totally. Therefore, reasons for the large difference

between results of the analyses and the experiments could be provided only partly. However, some
parameters that show significant influence on the analysis results have been identified.



32 PTSE-2B

Figures 25 and 26 show the time dependence of CMOD and the J-integral, and Table 11
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 o and a]. Differences in the stress behavior on the ligament, especially
at the beginning of the transient (Figs. 27-29), 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. 5). These assumptions lead to differences
in CMOD and J-integral values.

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 Fig. 30) 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. 26. Possibly, analysis
12 fails because of the deep crack and analysis 15 because of the assumption of infinite crack length
(s 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, i.c., 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 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 Jata could not be clarified totally, but additional factors that could
influence the quality of fracture assessment based on JR methodology have been identified.

4. FURTHER ANALYSIS AND DISCUSSION

Results presented in the previous section from the Project FALSIRE Workshop and from
Ref. 4 indicate that all analytical predictions underestimated the measured CMOD at the crack
midplane and the crack propagation data for PTSE-2. Subsequent to the FALSIRE workshop,
additional studies were performed at GRS to examine in more detail some of the possible
exnlanations for the differences in predicted and measured structural response. These studies focused
on the following factors related to the PTSE-2 experiment:

- Comparisons between measured and calculated circumferential strains in the vessel;

- Consideration of temperature-dependent tensile and physical properties (i.e., stress-strain
curves, thermal expansion coefficient, etc.);

- Plane strain/plane stress approximation; and

- Axial/circumferential dependence of measured displacements and strains (i.e., 3-D load
effects).

In Figs. 31 and 32, measured circumferential strains are compared with calculated values on
the inner and outer surface of the vessel wall, respectively. The strain gages providing the measured
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data are located in the axial plane of the crack, as shown in Figs. 31 and 32. The calculations were
carried out assuming temperature-independent material properties and a muiuiinear stress-strain
curve. Results are shown for two fixed crack depths of a = 14.5 and 19.6 mm. For both crack
configurations, the computed values underpredict the magnitude of measured circumferential strain
at both the inner and outer gage locations.

The potential influence of temperature-dependent material and physical properties on
modeling the structural response of the vessel was discussed in the previous section. Additional
analyses were performed using the temperature-dependent tensile properties depicted in Figs. 33-35
and presented in Table 12 for the insert material and for carrier vessel respectively. The
temperature-dependent thermal expansion coefficient for the insert material is given by the relation

() = (102 + 12496 - 10° 1) - 10°*

within the range 0 to 350°C, where a is per Kelvin and T is degrees Celsius.

The updated analyses were performed for both plane stress and plane strain assumptions using
a fixed crack depti: of a = 14 mm. In Figs. 36 and 37, results for calculated circumferential strains
are compared with measured data from PTSE-2A at two locations remote from the crack. Apparently
these results indicate that the discrepancy between measured and computed structural response
cannot be explained satisfactorily in terms of temperature-dependent properties or 2-D plane
strain/plane stress modeling assumptions.

Examination of measured data [2] from the PTSE-2A transient reveals an anomalous
mismatch of the flows into and out of the shroud (Fig. 38) and a pronounced axial depend2nce in
the measured CMOD and in the measured crack extension just prior to the first cleavage event. This
axial dependence of CMOD and of crack extension is depicted in Figs. 39 and 40, respectively. These
data imply that significant 3-D loading effects may have been active in the transient which preclude
the use of 2-D mudels to represent the structural response of the vessel.

5. CLOSURE

All of the PTSE-2 finite element analysis rasults from the FALSIRE Workshop provided
estimates of CMOD vs time that substantially underpredicted the measured data for the first phase
of stable tearing. Additional analyses were described herein that examined in detail some of the
possible explanations for the differences in predicted and measured structural response. In these
updated analyses, calculated circumferential strains vs time for two different crack depths and for
temperature independent material properties significantly underpredicted the measured data at two
locations remote from the crack tip. When the analyses were repeated using temperature-dependent
material properties and considering both the plane stress and plane strain assumptions, no
improvement was observed in matching the measured data.

Published data indicate a pronounced axial variation in the measured CMOD and crack-
extension for the PTSE-2A transient, implying the existence of significant 3-D loading effects.
Additional studies should be performed to determine whether further advances in the understanding
of events in the PTSE-2A transient can be extracted from models incorporating this axial dependence
in the measured data.
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Table 1. PTSE-2, geometric parameters of

PTSE-2 vessel
.. Parameter Value
Inside radius (mm) 3430
Wall thickness (w) (mm) 1476
Flaw length (mm) 1000.0
Flaw length (a) (mm) 14.5
aw 0.098

Table 2. PTSE-2, tensile properties for PTSE-2 vessel

Material A* Material A* Material B®

_(set 5) (set 7)
Elastic modulus, E (MPa) 2111 x 10° 198 x 10° 2023 x 10°
Poisson’s ratio, v 03 03 03
RT yield stress, o, (MPa) 255 375 430
RT® ulti - :te stress, o, (MPa)  51& ? ?

* = Low upper shelf test material
* = Carrier vessel material
¢ = Room temperature
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Table 3. PTSE-2. physical properties for PTSE-2 vessel

Heat convection coefficient (See Fig. 9)

Thermal conductivity k= 4154 Wm1K-1
Specific heat ¢ = 5024 Jkg1 K1
Density p = 7833 kgm3
Coefficient of thermal expansion a = 144x 106 K1

Table 4. PTSE-2, fracture properties for PTSE-2 material

o Property Value
NDT temperature (°C) 49
Onset of Charpy upper shelf 150

(100% shear fracture appearance) {°C)
Charpy upper shelf Energy (J) ~50-754
Charpy transition temperature (°C)

At 50% shear fracture appearance 90

At 0.89-mm lateral expansion 98

“Range for all depths in plate. The average at 1/4 depth is ~68 J.
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Table 5. PTSE-2, updated ductile-shelf fracture-toughness resuits for PTSE-2
2 1/4 Cr-1 Mo Steel (TS onentation)

Test Final
Specimen®  temperature I Kige extension  Tearing
(*C) (K¥m®)  (MPa-vm) (mm) modulus® A B C D
PTSE-2 Vessel Insert
PE7S 175 347 827 8.54 335 136.0 0.0 0235 6218
PE77 175 474 96.7 892 269 1644 0129 0.181 K39
PD79 175 323 798 917 371 R74 0.016 0445 1472
PDS81 250 41.6 896 9.49 184 AR89 0.032 0.257 -188
PER3 250 25.2 69.7 8.76 278 100.0 0.0 0252 4364
Characterization Piece, PTC1
PI230 100 40.6 9.4 11.57 126.6 1649 0.176 0.543 6461
PI250 100 394 89.2 R.06 1344 491.2 0.163 0.186 -377.80
J PI228 175 36.6 85.0 823 1106 148.4 0.032 0443 4829
S PI1256 175 7R R6.4 9.69 117.7 2959 0.168 0259 -198.76
PI238 250 340 R1.0 947 739 1743 0.065 0224 -10048
PI235 250 430 91.7 9.86 713 236.0 0.288 0216 -164.03
'25.4-mm-thick compact specimens.

"N . determined by power-law curve intersection with 0.2 mm offset line; J is deformation
theory J per ASTM E1152.

‘Calculated using linear fit to data between exclusion lines.

‘] = A(Aa + B)C + D, where Aa = crack extension in millimeters; power law curve fit to data from beginning of test up to 1.5 mm
exclusion line, with obvious anomolous data in that region excluded from fit.



Table 6. PTSE-2, experimental pressure vs time values

for PTSE-2A and -2B at selected time steps’

PTSE-2A PTSE-2B
Time Pressure Time Pressure
As) (MPa) _ s) {MPa)
110 60.0 157.2 27
120 60.5 1596 29
130 61.2 1619 30
140 618 164.3 30
150 62.2 1679 31
160 626 1715 31
170 63.0 178.7 32
180 63.2 1858 34
185 62.8 193.0 32
200 46.5 200.2 29
220 315 2145 25
240 21.5 2288 25
260 148 2432 26
280 10.4 2718 24
310 108 300.5 3.1
340 11.1 3292 55
345 16.7 350.7 93
350 26.5 365.0 11.2
355 36.5 386.5 163
360 458 400.8 20.1
365 525 451.0 349
370 494 501.2 50.0
5513 629
5728 669
§75.7 673
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.



Table 7. PTSE-2, events identified by transient data in PTSE-2A and -2B

Time?
Event {s) Evidence of event
PTSE-24
Initiation of thermal shock ~112 Outside surface temperature
Initial tearing 1121846 Analysis and CMOD
First maximum Kj 184.6 Calculated Kj; CMOD, pressure
Minimum Kj 3418 Calculated Kj; CMOD, pressure
Precleavage tearing 341.8-361.4 Analysis and CMOD
Initial cleavage propagation 361.4 CMOD
Crack arrest 361.40 CMOD
Axial crack propagation 361.4 Strain and CMOD gages beyond
ends of initial flaw
Posicleavage tearing 361.4-365.6 Analysis and CMOD
Final maximum Kj 365.6 Calculated Kj, CMOD. pressure
PTSE-2B
Initiation of thermal shock ~155 Outside surface temperature
Precleavage tearing 155-5758 Analysis and CMOD
Cleavage propagation 575.82 CMOD
Crack arrest 575820 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 datz acquisition system.
bTime intervals <10 ms cannot be resolved by the data acquisition system.
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Table 8. Fracture features shown in Fig. 14.

Deeper .
Arca  Boundary  Description
A ¥ Cracked electron-beam weld, smooth
dark gray
B Vs Precieavage ductile tear in PTSE-2A,
dark gray, rough
c ¥a Cleavage fracture in PTSE-2A, light
gray
D Ve Postcleavage ductile tear in PTSE-2A,
brown or gray band
B Vs Precleavage duciile tear in PTSE-2B,
medium gray
F Yo Cleavage fracture in PTSE-2B,
light gray
G i Narrow band of ductile tearing,
medium gray
H ¥s Same as F
I Vs 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
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Table 9. PTSE-2, dimensions of fracture features

of the PTSE-2 flaw
Depth?
Feature {mm)
EB weld crack (y,) 145
Initial ductile tear (y,) 22.5
First cleavage crack (y,) 393
Intermediate tear
First phase (y,) 424
Second phase (ys) 46.1
Second clesvage crack (y,) 788

|
Momentary arrest sited (¥e) 69.2 1
1
|
1

2 Average total depth of feature over the central part
( ™~ 400 mm long) of the flaw.

bThis linear feature is distinct for 500 mm in both
directions from the beltline. It is generally an area
of ductile tearing from 0.5 to 1.5 mm wide.
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Tabie 10: PTSE-2A, selected characterstics of FE analyses

Approximation of Stress-Strain
Degrees of Crack Depth Data of Vessel-Insert Reference
Analysis Freedom in in FE-Model Bilinear Multilinear Expansion Temperature -
Number FE-Model (mm) T(°C) oyE{MPa) oy(MPa) (10°K™") (°C)
5 515 14.5 Averaged  200/12087 14.4 300
(2D-plane strain) (set 5)
- 515 196 Averaged 70 17.3 300
(ZD-plane strain) (set 5)
7 3200 19.6 Averaged 70 144
(2D-plane strain) (set 5)
8 IR0 145-196 Averaged  400/2637 144 300
(2D-plane strain) (set 5)
9 1922 14.5-196 Averaged 375 144 290
(2D-plane strain) (set 7)
10 2419 145 Averaged  495/2300 144 300

(2D-plane strain)

(set 7)




Table 11: PTSE-2B, selected characteristics of FE analyses

Approximation of Stress-Strain
Degrees of Crack Depth Residual Data of Vessel-Insert Reference
Analysis  Freedom in in FE-Model Stress Bilinear Multilinear Expansion  Temperature
Number FE-Model (mm) Considered T(°C) oy/E(MPa) oy(MPa) (10°K™") .
S 551 424 Yes Averaged  373/7313 14.4
(2D-plane strain) (set 7)
7 3200 424 No Averaged 70 i44
{2D-plane strain) (set 5)
8 3800 42.4.46.1 Yes Averaged  400/2637 144
(2D-plane strain) (set 5)
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Table 12. Stress-plastic-strain modules H' for HSST wide-plate material
(HSST plate 13A of A 533 grade B class 1 steel)

Plastic strain interval Temperature interval H' = Ao/Ae’
(%) (°C) (MPa/%)
<1 12500 < T < -72.78 0.345
| B <T <3178 16044 + 0214 T
1 37.78 < T < 14889 21.787 + 0.062 T
| 14889 < T < 260.00 -24407 + 0372T
1-2 -12500 < T < 260.00 37.23
24 -125.00 < T < 260.00 26.579 - 0.00776 T
4-8 125000 < T < 37.78 11.228- 0059 T
3778 < T < 260.00 5.96
B-12 12500 < T < -17.78 0.0276 - 0.0403 T
-17.78 < T < 260.00 0.689
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similar fit to B-adjusted data (points not shown).
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Fig. 9 PTSE-2A, time-dependent values of h (heat convection coefficient) and Tg (bulk

coolant temperature) established from pretest thermo-hydraulic measurement and heat
transfer analyses. Final ORNL pretest analyses included variants of h 10% above and
below normal.
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Fig. 15 PTSE-2A, CMOD vs time.
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PTSE-2A: Comparison of Measured and Calcuiated Strains
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Fig. 31 PTSE-2A. comparison of calculated circumferential strain vs time with measured data
from strain gage XE-48 for two crack depths and temperature-independent material
properties.
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PTSE-2A: Compsrison of Measured and Calculated Strains
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Fig. 32 PTSE-2A. comparison of calculated circumferential strain vs time with measured data

from strain gage XE-55 for two crack depths and temperature-independent material

properties.



(44

CRNL DWG 87 4682 E1D

700 [
600 p— 2
U ]
\ 0 K 3
e L
500 P \--—“. T 1 - ‘—gmtpMATE
o PTCI MATERIAL —
- & e o s UL TIMATE TENSILE MEAN VALUES
~
K, STRENGTH 6 35 —mm - digm
3 s 02% YIELD STRENGTH § specimens
3
§ o A a I RANGE OF VALUES
g o ULTIMATE TENSILE AND 0 2% YiELD
£ STRENGTHS, 12 7-mm diam SPECIMENS
PTSE -2 INSERT MATERIAL
L ULTIMATE TENSILE STRENGTH -
300 b= ) 0% YIELD STRENGTH =
(o]
S (w] 0 2% YIELD
cm—
b %
200 b
—
- | | |
0 100 200 300
TEST TEMPERATURE {°C)
Fig. 33 Comparison of tensile strengths of PTC1 characterization block to flaw insert material,

extensometer data.

B RN TER P W rarr—— ————

all from 1/4t depth and T orientation. The values for the yield strength are from

W o aE N

S



ORNL-DWG B4-6167R ETD

800 T T . | T
I I ] I ] MSST PLATE 13A (A 533 B)
O ULTIMATE TENSILE STRESS
700 }— \9 O YIELDSTRESS xy
z \o
T ~e——o—=0
w =)
o 500 p—- _1
o e ™ =
400 |— = S = e =
v T RN R RO R TR AR e
150 -100 50 0 50 100 150 200 250 300 350
TEST TEMPERATURE (9C)
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PTSE-2A: Comparison of Measured and Calculated Strains
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Fig. 36 PTSE-2A, comparison of measured circumferential strains vs time from gage XE-48
with calculated strains based on plane stress and plane strain models and temperature-
dependent material properties.
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Fig. 37 PTSE-2A, comparison of measured circumferential strains vs time from gage XE-55
with calculated strains based on plane stress and plane strain models and temperature-
dependent material properties.
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FALSIRE Results for NKS-3 and NKS-4

Ludwig Stumpfrock

MPA Stuttgart

University of Stuttgart, Federal Republic of Germany

Abstract

in the framework of the project NKS funded by the Federal Minister of Research and
Technology, MPA Stuttgart conducted up to now 7 pressurized thermal shock
experiments. The purpose of the experimental and numerical investigations in the
research project was to study the crack propagation behaviour of circumferential flaws on
the inner surface of the test specimens. Experiments NKS-3 and NKS-4 were selected
as reference experiments in the project FALSIRE.

In this paper we give a review of the experiments and the experimental results and an
overview of the analysis results presented at the FALSIRE workshop in 1990.

It is shown that the post calculations of the NKS 3 specimen during the CSNI project

FALSIRE provided fracture mechanics results in a relatively small scatterband. The NKS
4 results showed a greater scatterband, but the main reasons could be explained.

1 Introduction
The pressurized thermal shock (PTS) research in the Federal Republic of Germany was

initiated in the mid seventies. In the framework of the HDR-safety research program /1/
cyclic thermal shock experiments on plates, intermediate-sized test vessels and later on a
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nozzle of the HDR pressure vessel, have been performed. In 1982, a research
program was launched at MPA /2/, to study the variation of material parameters like
upper shelf energy or nil ductility temperature, figure 1. Also the crack configuration

was varied while cooling with the same temperature and the same pressure (except
one specimen), table 1.

Beside the experimental investigations extensive numerical studies have been done to
verify fracture mechanics methods like the J-Integral method or the two criteria

method.

2 Description of the experiments

In all the experiments the test specimen was a thick wailed hollow cylinder with original
(RPV) wall thickness of 200 mm, outer diameter of 800 mm and length of 1100 mm,
figure 2, see e.g. /3, 4/. In the NKS3 experiment a 360° circumferential prefatigued
notch with at = 0,3 was investigated. The NKS 4 crack form was semielliptical with
a/2c ~ 1/6 and a/t = 0,15, figure 3.

The actual specimen was lengthened with pass-throughs for the measurement cabels
and the cooling pipes, resp., and welded on grips for the 100 MN tensile machine. The
specimen was heated on the outer surface with an electrical resistance heating up to
about 300°C at the inner surface. The cooling water flowed vertically from the lower
side 1o the upper side of the specimen. The relaxed cooling water flowed in a 100 m?®
water reservoir. A low pressure pump fed the high pressure injection pumps which
pressed the water into a spraying device, figure 4. The cooling of the inner surface of
the specimen via this spraying device was even in longitudinal and circumferential
direction, resp.

The behaviour of the specimens under the PTS loading was recorded with various
measurement techniques. Measured data such as temperature profiles through the
wall thickness, strains on inner and outer surface and crack mouth opening
displacement were used for the detailed post-test analyses during the research
program or afterwards in the FALSIRE project.

3 Experimental results
3.1NKS 3

Figures Sa and §a show the internal pressures and the outer axial load, resp., vs. time.
The measured temperature profiles near the crack section is delineated in figure 7. A
similar distribution of temperature was provided in nearly all experiments. The axia!
strain on the inner surface in a section 184 mm above the crack section is shown in
figure 8. The thermal strain is subtracted. The strain increases slowly proportional to
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the mechanical load. Following PTS a sudden increase in the strain measured on the
inner surface is provided (as expexted). The maximum values are reached after about
3 minutes and then the strains decrease slowly. The same performance shows the
measured CMOD, except the maximum was reached after about 7 minutes, figure 9.

The crack depth measurement on the crac - = “ace following the laboratory induced
brittle fracture provides an averaged crack extension of 3.6 mm. The crack depth
before PTS experiment was between 55 mm and 70 mm, and after the test between

61 mmand 78 mm, figure 10.

3.2NKS 4

Figure 5b and 6b show the internal pressure and the outer axial load, resp., vs. time.
The measured temperature profiles near the crack section is delinated in figure 11.
The axial strain on the inner surface in a section 184 mm above the crack section is
shown in_figure 12. The thermal strain is subtracted. Following PTS a sudden increase
in the strain measured on the inner surface is provided (as expected). The maximum
values are reached after about 3 minutes and then the strains decrease slowly. The
same performance shows the measured CMOD except the maximum was reached

after about 7 minutes, figure 13.

The crack growth measurements on the crack surface provide maximum stable crack
extension of about 1,5 mm and 0,8 mm for the two surface cracks, figure 14.

4 Numerical resulits

The following results were presented at the FALSIRE workshop in Boston, 1990, and
partly compiled in the Final Repon /5/.

4.1NKS3

Table 2a shows the summary of the finite element applications including the essential
data about the number of unknowns, the basic material law, the integration rule on
element level and the iteration method. All models are 2D axisymmetric (7
applications). Different commercial and inhouse finite element packages were used.
The fracture mechanics analysis is based on the J-integral or local approach. Table 3a
shows the summary of the estimation scheme applications (2 applications). There the
fracture mechanics analysis is based on Jg-curve and on the R6-method.

Table 4a gives the material characteristics used in the different FE analyses.

Figures 15 - 17 show the time history of CMOD, axial strain at the inner surface 184




mm above the crack section and the J-integral. The difference between the FE results
are quite little. The J-Integral values calculated with estimation scheme methods lay in
the scatterband of the FE results. in figure 18 the effective stress due to von Mises, o,
on the ligament of the crack section is given for one characteristic time step (5 minutes
after starting the thermal shock transient). As expected, the stress distribution strongly
depends on the approximation of the stress-strain data. In one analysis a very low
yield stress is used which results in lower stresses on the ligament during the transient.
The difference in the effective stress calculated are little in the ligament, except in front
of the crack tip.

Figure 1¢ shows the stress triaxiality parameter g in front of the crack tip for the same
time step. The stress triaxiality q is defined as g = 3 0, /o, where 3o, is the first
invariant of the stress tensor (o,, is called the hydrostatic stress portion). The course of
g in the ligament is similar for all time steps in all analyses.

For a typical CT 25-specimen and the NKS 3 specimen, resp., the stress triaxiality is
depicted in figure 20, expressed by V3/q. The crack growth value is determined by
corparing the Jo-curve and the J pliag COUTSE VS. time, figure 21. The q-values are
close to plane strain values, there%re, crack growth can be evaluated with crack
resistance curves of CT 25 specimens. The analyses give crack growth values of
about 3 to 4.8 mm similar to the scatterband of the other results.

The uncertainty of the calculated crack growth is about 3 % of the initial crack depth. In
this case, therefore, the analysis results show a scatterband which is acceptable in
comparison with the experimental data.

4.2NKS 4

Table 2b shows the summary of the finite element applications including the essential
data about the number of unknowns, the basic material law, the integration rule on
element level and the iteration method. All models are 3D, except 1 (4 applications).
Different commercial and inhouse finite element packages were used. The fracture
mechanics analysis is based on the J-Integral. Table 3b shows the summary of the
estimation scheme applications (2 applications). There fracture mechanics analysis is
based on J and on the Ré-method.

Table 4b gives the material characteristics used in the different FE analyses.

Figures 22 - 24 show the time history of CMOD, axial strain at the inner surface 184
mm above the crack section and the J-Integral. The difference between the FE results
are considerable and result from missing rotational restraints, from an artificially high
yleld stress or from different reference temperatures. The J-Integral values provided by
estimation scheme methods lay in the scatterband of the FE results. In figure 25 the
effective stress due to von Mises, sv, on the ligament of the crack section at the
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deepest point of the crack is given for the time step 10 minutes after starting the
thermal shock transient. The stress distributions calculated are quite similar.

Figure 26 shows the stress triaxiality parameter q at the crack center in front of the
crack tip for the time step 10 minutes after starting the thermal shock transient. The
differences in q are greater than in the NKS 3 caiculations. Only for the time step 10
minutes the coincidence in q is satisfactory.

The stress triaxiality values at the deepest point of the crack in front of the crack tip is
very close to plane strain values as in a standard CT 25-specimen. In figure 27 the
stress triaxiality is expressed by V3/q. Near the surface there are nearly plane stress
conditions, and therefore the crack resistance can be described by a CT 25-specimen
with reduced thickness of 10 mm, see figure 27. The crack growth value is determined

by comparing the J, and the J___,., course vs. time, figure 28. The analyses give crack
growth values of about 2 to 3.2’ mm. The uncertainty of the calculated crack growth is

about 4 % of the initial maximum crack depth.

5 Conclusions

The analysis of the PTS experiment NKS 3 via finite element methods or estimation
scheme methods represents an acceptable scatterband in the fracture mechanical
parameters.

This is due 10 the relatively simple geometry of the test specimen (axisymmetric), and
due to sufficient input data like material parameters, fracture mechanics parameters
and due to the good description of the transient temperature data. Stable crack growth
could be well predicted with the J,-curve based on the standard CT-Specimen due to
the comparable state of stress triaxiality.

in case of NKS 3 Loacal Approach as alternative to J,-curve performs well in fracture
mechanics evaluation 100.

The analysis of the PTS experiment NKS 4 via finite element methods or estimation
scheme methods represents an large scatterband in the fracture mechanical
parameters.

This is due to the complex 3D geometry of the test specimen. The input data like
material parameters, fracture mechanics parameters and the good descripticn of the
transient temperature data have been sufficient. Stable crack growth could be well
predicted with the J_-curve based on standard or modified CT-Specimen due 1o the
comparable state or stress triaxiality.
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upper shelf NDT initial crack depth stable crack
specimen material energy i crack geometrie growth
(1) { C) {mm) {mm)
NKST | 20 MaMoNi § 5§ 175 -5 360" circum. crack 50.9 0.8
NKS2 | 20 MoMoNi 5 5 140 0 360" circum, crack 30.0 0,46
NKS3 22 NiMolr 3 7 95 65 160" circum. crack 62.8 3.6
; semi-elliptical crack A: 31.2 crack center| crack A: 3,1
NKSL 22 NiMolr 3 7 65 120 surface crack crack B: 29.5 crack center| crack B: 1,8
NKS S crack A,B:40,0
bm 22 NiMoClr 3 7 90 75 semi -elliptical crack A: 27.0 crack centerf 220" circum.
wm $3 NiMo 1 220 -30 surface crack crack 8: 27.0 crack center] direction
bm: base material
wm: weld material

Table 1: Specimens in NKS programme
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Analysis  Finite Element  Maodel Number of  Material/Plasticity  Stress-Strain Integration Equitibrium Fracture
Fxperiment Number Program Dimension Equations Model Relation Ruie licration Method Method
NKS-3 1 ADINA 2D 1968 Von Mises, isotropic  Bilincar 2X2 BFGS with Ip-curve
(Ref. 1) Axisym. hardening, therme- line scarch
elastic-plastic
2 CASTEM 2000 2.D 19184044 Von Mises, isotropic Muhilincar ixa Initial siress (1) Jp-curve
{(Ref 2) Axisym. hardening, thermo. (2) Local
clastic-plastic approach
A ADINA 2-D 7054 Von Mises, isotropic  Bilinear 2X2 BFGS with Jp-curve
Axisym. hardening, thermo- line scarch
clastic-plastic
4 ALIBABA 2-D T W0 Von Mises, isotraopic Multitinear 2X2 N/A (1) Jp-curve
(Ref. 1) Axisym. hardening, thermo- {2) Local
clastic-plastic approach
5 ADINA -D BR6 Von Mises, isotsopic  Bilincar 2X2 Full Newton with I curve
Axisym. hatdening, thermo- line search
clastic-plastic
6 BERSAFE 2-D 1718 Von Mises, isotropic Multihinens 2X2 Full Newton- I curve
(Rel 1) Axisym. hardening, thermo- Raphson method
clastic-plastic
7 MARC 2D 8R00 Von Mises, isotropic Muliitinear X3 Secant stiffness, Jp-curve
(Ref 5) Axisym. hardening, thermo- residual load
clastic-plastic correction
19 ABAQUS 2D =250 Von Mises, isotropic  N/A iX3 Modified Newton- I -curve
(Rel. 6) Axisym. hardening, therimo- Raphson method

clastic-plastic

Table 2a: Summary of finite element applications (NKS 3)/5/
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Analysis  Finite Element Maodel Number of  Materiai/Plasticity  Stress-Strain Integration Equilibrium Fracture
Experiment Number Program Dimension Eyuations Maodei Retation Rule Iteration Method Method
NKS-4 1 ADINA 3D (907 21175 Von Mises, isctropic Bilincar 2X2X2 BFGS with linc Ip-curve
hardening, thermo- scarch
clastic-plastic
P CASTEM 2000 3.D (90%) S04 Von Mises, isotropic Multilincar AX3iXa Initial stress method Jn-curve
hardening, thermo.
g’ elastic plastic
e
A ! ADINA D (") 8370 Von Mices, isotropic Rilincar 2X2X2 BFGS with line I curve
hardening, thermo. scarch
clastic-plastic
7 MARC 2-D [8 Veon Mises. isotropic Multilinear AX1 Secamt stilfness, Ip-cunve
Avxisym hardening, thermo residual foad
clastic-plastic correction

| Table 2b: Summary of finite element applications (NKS 4)/5/
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Analvsis Stress Anglysis Fracture
Experiment Number Mcthodology Methodology
NKS-3 12 Superposition of closed form  Jp-curve;
solutions for stresses due to J from handbook
pressure and thermal loading  (Ref. 32)
(from Refs. 11-13)
13 Thermal stresses calculated R6, Option 1
analytically from LOTUS 123 (Rels. 38-39)

Table 3a: Summary of estimation scheme applications (NKS 3)/5/

NKS-4 12 Superpositon of closed Jorm
solutions for siresses due 10
pressure and thermzl loading
(from Rels. 11-13)

13 Thermal stresses calculated
analyticaliy from LOTUS 123

IR-curve;
J form handbook
(Ref. 32)

R6. Optic: 1
(Rels. 38-39)

Table 3b: Summary of estimation scheme applications (NKS 4)/5/
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Degrees of Approximation of stress strain data Coeflicicnt of Thermal Reference

Analysis Freedom of Bilincar Muitilincar Expansion Temperature
Number FE-Modcl T("C) oy/ET (MPa) oy (MPa)  T(°C) a(10*°Kh (*C)
1 1968 20 S63/ASSS 144 130
(axisym ) 160 519/4188
2660 53/54R9
400 SOG/6IRA
2 19138 20 s0* 14.4 110
(axisym.)
1 7054 20 67167 144 15§
(axisym.) 150 643464
4 2232 20 444 20 1.2 30
. {axisym.) 160 A0 160 130
= 220 At 220 140
260} 419 260 146
2N 413 20 15.2
20 406 20 157
s RR6H 20 5633410
(axiysm.) 160 S19/33(1 144 332
260 SI6/4540
320 S23/52%1
6 1718 20 563
(axisym ) 160 519 14.4 A0
220 504
260 536
A20 523
7 K200
(axisym.)

Table 4a: Material characteristics in FE applications (NKS 3)/5/
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'
Degrees of Approximation of stress strain data Coelficient of Thermal Reference |
Analysis Freedom of Bilincar Muitidinear Expansion Temperature :
Number FE-Maodel TC°O) oy/Er (MPa) oy (MPa) T(*C) a(10°K") ("0
1 21175 20 61873013 20 12.00
“3D-90%) 120 6193013 120 1253
160 STRAMA 160 1273 330 :
280 62973013 280 13.37 |
120 60873013 120 13.58
2 5094 20 as0* 144 330 ‘I
(AD-90") temperature independent :
3 35376 69272140 144 20
(3D-90°) temperature independent l
2
7 K800
{axisym.)

Y engineering SUresssstrain cunve

Table 4b: Material characteristics in FE applications (NKS 4)/5/
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Figure 3: NKS 4 crack section
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Figure 5a: Internal pressure vs time (NKS 3)
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Figure 5b: Internal pressure vs time (NKS 4)
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Figure 7: Measured temperature profile near crack section (NKS 3)
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Figure 8: Measured axial strain vs time (NKS 3)
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Figure 9: Measured crack opening displacement vs time (NKS 3)
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Figure 10: Crack depth measurement (NKS 3)
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Analysis Results of Reference Experiment NKS-3@
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Figure 15: Calculated crack opening displacement vs time /5/
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Analysis Results of Reference Experiment NKS-3§
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Figure 16: Calculated axial strain vs time /5/
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Figure 17: J-Integral vs time /5/
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Analysis Results of Reference Experiment NKS-3
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Figure 18: Effective stress at t = 5 min /5/
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Figure 19: Stress triaxiality vs ligament at t = 5 min /5/
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Figure 22: Calculated crack opening displacement vs time /5/
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Analysis Resuits of Reference Experiment NKS-4
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Figure 24: J-Integral vs time /5/
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The finite element computer code developped by CEA and called
CASTEM 2000 was used.

We didn't performe thermal computations to determine the temperature
distributions, but we interpolated the measured temperatures at each nodes of
the meshes.

The meshes modelised a part of 550 mm high of the cylindrical vessels,
and appropriate boundary conditions were used : symetry in the crack plane and
rigid movement in the axial direction in the upper plane.

The elastic-plastic computations were performed with the hypothesis of
small displacements ans small strains, and consequently the engineering
stress-strain curve was considered. For plastic flow, the Von Mises criterion
was used and isotropic hardening was assumed. Material properties dependance
with temperature was not taken into account, and we took the stress-strain
curve at room temperature, which is almost the average curve.

The multilinear stress-strain approximation used in our analyses is

plotted in figure 1. The 1limit of linearity was defined by 2/3 the
conventionnal yield stress.

ANALYSIS OF NKS3 TEST

The bidimensionnal model used to analyse the circumferential defect is
shown in figure 2. The size of the quadratic elements near the crack tip is
5 mm.

The computed G values are plotted in figure 3. The G value exceeds the
Jy. value (J,, = 43 N/mm) during the application of the tractive effort and
becomes maximum 7 minutes after the beginning of the thermal shock.

The evolution of the equivalent stress along the ligament at different
times of the transient is one of the additional informations used, in the
Final Report [1], to compare the different numerical results. A typical curve
five minutes 27*er the beginning of the thermal shock is plotted in figure 4.
Just after the peak, values are very low in comparison with results of other
participants : the small yield stress we put in the stress-strain relation
gives an explanation of this discrepancy.
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Another additional information is the stress triaxiality in the
ligament (figure 5). In front of the crack tip, values are high, almost equal
to 6, as for a plane strain configuration.

An - estimation of the stable crack growth was done, transferring the

applied J values on a CT7-25 specimen resistance curve. The predicted value,
4.2 mm, is in good agreement with the measured one : 3.6 mm (figure 6).

ANALYSIS OF NKS4 TEST

Due to the symetry of the defects, just a quarter of the vessel was
modelled, using quadratic elements. The first model presented at the workshop,
in 1990, was very coarse, the ratio between the size of the smallest element
at the crack front and the crack depth being equal to 1/4. The new 3D model is
shown 1in figure 7 ; the size of each element is two times smaller than in the
first mesh : almost 4 mm at the crack front (about 20000 degrees of freedom).

Results of the new elastic-plastic computation are compared with the
experimental wvalues by means of comparison of displacements ans strains.
Figure 8 shows the axial strain at 184 mm from the crack plane versus time,
and figure 9 the crack mouth opening displacement versus time. Like with the
initial mesh, the numerical analysis overestimates, by almost 15 %, the crack
mouth opening displacement.

The computed G values at the deepest point of the crack front are
plotted in figure 10. This figure explains the discrepancy, pointed out at the
workshop, with values of the other participants. In fact, in the first study,
the G-value was calculated with a virtual crack advance restricted to the node
at the crack front ; the evolution of G versus time was equivalent to the
lowest curve of figure 10. In the new study, four virtual crack advances were
tested. The first one is localized on the deepest point as previously, and the
others are more and more extended in the row of elements leaning on the
deepest point and perpendicular to the crack front. The maps, figure 10, are
iso-value representations of the 6-fields used to simulate the crack advance.
The corresponding evolutions of G versus time show up a stabilization
tendency, but the G value obtained with the fourth e-field is almost 30 ¥
higher than the 1initial value with the first 8-field. So the discrepancy in
our first study was due to an underprediction of the G v lues because not

stabilized.
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The equivalent stress and the stress triaxiality in the ligament are
plotted in figures 11 and 12. In front of the deepest point of the crack, the
stress triaxiality is almost egual to 6, characterizing a plane strain
configuration.

According to comparison of the stress triaxiality values computed from
CT specimens and from NKS4 experiment, Huber and Guth [3] recognized two
resistance curves for the NKS4 experiment fracture assessment. Following these
indications, we put our stabilized € values, for the deepest point, on the
recommended (J, sa) curv . The predicted crack growth is equal to 2.8 mm,
though higher, by a factor 2, than the measured value 1.5 mm.

N ON

The global elastic plastic response measured during NKS3 and NKS4
experifents is well predicted by finite element computations.

For NKS3, the J, methodology based on CT specimen data gives crack
growth assessment in good agreement with the measured values.

For NKS4, the (MOD is somewhat overpredicted by the FE analysis and,
in correlation, the crack advance prediction using the J, concept is also
too high.
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Abstract

Step B test was carried out as one of the EPFM study in Japanese PTS integrity
research project. In step B test bending load was applied to the large flat specimen
with thermal shock. Tensile load was kept constant during the test. Estimated stable
crack growth at the deepest point of the crack was 3 times larger than the experimental
value in the previous analysis. In order to diminish the difference between them from
the point of FEM modeling, more precise FEM mesh was introduced. According to
the new analysis, the difference considerably decreased.

That is, stable crack growth evaluation was improved by adopting precise FEM model
near the crack tip and the difference was almost same order as that in the NKS4-1

test analysis by MPA.
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1. Introduction

Reactor pressure vessels (RPVs) used for Japanese PWR plants have lower copper
contents and preliminary research showed that no PTS concern existed on Japarese RPVs
during their design service lives. However, it is required to get public acceptance about
the integrity by analyses and experiments and it is very useful to establish an analytical
method and a database for life extension of Japanese RPVs. Japanese PTS integrity
study was carried out from FY 1983 to FY 1991 as a national project by Japan Power
Engineering and Inspection Corporation (JAPEIC) under the contrac: with Ministry of
Intemational Trade and Industry (MITI) in corporation with LWR utilities and vendors.

This project is composed of model tests and fracture mechanics tests which include
PTS transient study. Model tests are planned to investigate crack behaviors under PTS
conditions, using flat plate specimens with an actual vessel thickness.

According to preliminary integrity analyses for PTS conditions, the following test
items were selected.

(1) PTS preliminary test
* Verification of fracture mechanics analytical method and our test methodology
by bnttle crack initiation test
(2) Step A test
(a) A-1 test
* Verification of no crack initiation under PTS events at the end of desi
service life (It corresponds to the neutron fluence of 6x10%n/cm? at kg:
inner surface of the typical PWR pressure vessel.)
(b) A-2 test
* Verification of no crack initiation under PTS events at the extended service
life (It corresponds to the neutron fluence of 1x10®n/cm? at the inner surface
of the typical PWR pressure vessel.)
(c) A-3 test
* Investigation of crack depth margin for crack initiation (2 times of crack
depth margin for A-1 test was demonstrated.)
(3) Step B test
* Investigation of crack behavior in the upper shelf region and elastic plastic fracture
mechamics (EPFM) method
(4) Step C test
* Investigation of crack arrest behavior by using of fracture toughness gradient material
(5) WPS test
* Investigation of warm prestressing (WPS) effect

Some of the above test results have been published elsewhere [1],[2), [3], [4].

Our main concemn is to verify no brittle crack initiation under PTS events at the
end and some extended design lives and it has been verified by the Step A test series.
However, still we have an interest on crack behavior in the upper shelf region from
the viewpoints of reactor vessel integrity under level A and B conditions and general
fracture mechanics assessment for heavy section steel components.

There are some investigations on applicability of EPFM for RPV integrity in the
upper shelf region {5], [6].[7]. However, still more experimental data and analyses are
needed to verify and demonstrate the usefulness of EPFM. So, Step B test was carried
out in order to investigate fundamental crack behavior in the upper shelf region. We
have already published test data and analytical result using a new developed schematic
EPFM method in Reference [3]. Its conclusion is that the stable crack growth of the
Step B test is conservatively estimated using the J resistance curves obtained by 1TCT
specimens.

However, the estimated crack growth is almost three times larger than the experimental
value. This big difference may be caused by finite element mesh, triaxiality and scatter
of fracture joughness. It is very difficull to discuss these three factors at the same
time. So, in this paper Step B test is reanalyzed using finer finite element than in
the previous analysis and influence of the FEM breakdown on the estimation of stable
crack growth is discussed.
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2. Material Characterization

An AS33B cl.1 type steel with low toughness and high strength was specially produced
by controlling the chemical compositions and heat treatments. Chemical compositions
and heat treatments are shown in Table 1.

Tensile tests, Charpy tests, drop weight tests and fracture toughness tests were carried
out at room temperature to 300°C. Fracture toughness data in the upper shelf region
were obtained by 1TCT specimens according to ASTM E813-81. Table 2 shows typi
material properties for the test material. Obtained J resistance curves at 200°C,
and 300°C are shown in Fig.1. Lower bound of K . vs. temperature curve in the transition
region is expressed in Eq.(1).

K, =20.2+129.9exp{0.0161(T ~ 138)} (1)
where e
K, : fracture toughness !MPWm]
T : evalvation tempe [°C].
Table 1 Chemical compositions and heat treatments
(wi. %)
C Si Mn P S Ni Mo
024 0.39 1.53 | 0.030 | 0002 | 0.56 0.60
Quenching 970-985°C x 6™ 50™  Water Cooling
Tempering 545-555°C x 6™ 35=  Air Cooling
Table 2 Mechanical properties of the test material
Tensile Properties Charpy Value Drop Weight Test
: g2 Cras (B vad TNDT ey
v Y . - 4 °C
(MPa) (h%f*a) (%) “(TS? ‘(I'(?? ?‘333 }’TL', Ugf (*C) °C) o
777 943 194 | 95 | 130 | 151 | 109 | 101 | 139 70 139

*4 50% shear transition temperature
*5 Upper shelf energy

*1 30fi-1b (4! J) transition iemperature
*2 S0fi-1b (68 J) transition temperature
*3 35mils (0.9mm) transition temperature

1000
l 200°C

de #1190 Wmm

{mim) A8 (mm)

Fig.] J_ curves of the low toughness AS33B cl.1 steel
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3. Experiment and Its Results

3.1 Expenimental Facility

Fig.2 shows the experimental facility which consists of a tensile and bending load
test rig, a coolant storage tank, a refrigerator, a coolant pump, a steam line, piping and
equipments for welding and instrumentation of specimens.

Maximum capacities of tensile and bending loads are 19.62MN and 4. 90MN, respectively.
Coolant is water or ethyleneglycol and temperature can be controlled from about 90°C
to 0°C by using the steam line or the refrigerator.

A lest specimen is settled between two pin joints of the test rig. The joints have
ball bearings and the specimen is simply supported even under the tensile loading in
engineering sense.

COODLANT
ST

[} REFRIGERATOR
B ¥ ELECTRIC SOURCE

-y

BENDING LOAD
TEST RIG

IG FOR
INSTRUMENTATION

Fig.2 Experimental facility for the model test

3.2 Test Specimen

A schematic drawing of the test specimen is shown in Fig.3. The specimen 1s
170mm in thickness, 750mm in width and 6900mm in whole length. An initial crack
was prepared at the center of the specimen surface by electric discharge machining and
cyclic four-point bending load.

Initial crack depth by non-destructive inspection was 20.lmm. Thermocouples and
strain gages were installed and the cooled surface was sprayed with a kind o coating
material. A coolant channel was settled in order to cool the lower surface with the
initial crack and the whole specimen was wrapped in insulation.

(Unit . mm)

' Pin_Hole

Fig.3 Detail of a large scale flat plate specimen
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Fig.6 Time history of deformation at the center of the specimen

R B, : TENSILE LOAD
L P, : BENDING LOAD

STRAIN («109)
§ 8§ § 8

é

Fig.7 Time history of a strain gage

3.4 Fracture Surface
After the test, in order 1o distinguish the stable crack zrowth during the test from
the enforced fracture surface, cyclic bending load was apphed. After generating fatigue

= DISTANCE FROM CENTER  (mm)
4 =2 18 o 1% 37 52

TN O A

I

E: FATIGUE SURFACE (AFTER EXPERIMENT) o

:'/ - FATIGUE SURFACE (FOR INITIAL CRACK) | _ 8.5,
[ umm  STABLE CRACK GROWTH | S =0.24imm

{23 | ENFORCED FRACTURE SURFACE $,20.25mm

INITIAL CRACK DEPTH  23.1mm j “STABLE CRACK GROWTH

INITIAL CRACK LENGTH  118.4mm DUCTILE CRACK INITIATION

TIME 43 sec

Fig8 Initial crack and stable crack growth (schematic drawing of the fracture surface)
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crack growth the specimen was broken
at -34“C. A schematic drawing of
the fracture surface is shown in Fig.8.
Measured initial crack was 118.4mm
in length and 23.1mm in depth and
these values agreed well with the
above-mentioned non-destructive
i results. The maximum

le crack growth was 0.9mm to
1.0mm and it took place at the deepest
point of the crack or near by. The
stable crack growths at the crack edges
were 0.24mm and 0.25mm, respec-
tively.

4. Analysis

Fig.9 shows the typical three-
dimensional finite element model used
for the new analyses. According
to the symmetry, one fourth of the
specimen is modelled. A three-
dimensional 20-node brick element
of MARC program was used. In
the new finite element model, element
number and node number are 1114
and 5103, respectively. Crack front
is divided by twelve. The minimum
node length near the crack is 0.5mm
and is almost 22% of that of the
previous finite element mesh size. o9 Finite element breakdown of the test i-

Fig.10 shows the history of the ' men with an initial crack .
measured heat transfer coefficient on

the cooled surface. As the first step,
temperature distribution during the test was calculated using the heat transfer coefficient.

Initial temperature of the specimen is 322°C and a coolant temperature of 91°C
is kept constant during the test. Boundary conditions for the analysis are shown in
Fig.11. Material properties used for the analysis are shown in Table 3.

Calculated temperature distribution is shown in Fig.4 by dotted lines. Again calculated
values agree well with the measured values.

~

g
4

700 200 300
TIME (sec)

MEAT TRANSFER COFFICIENT (Wim?°(,)

k&)
-]

Fig.10 Time history of heat transfer coefficient
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As the second step, thermo-elasto-plastic stress analysis was carried out. Same finite
element model as for the temperature analysis was used. Boundary conditions for the
analysis are shown in Fig.i2.

Calculated temperature distribution in Fig.4 and loading condition in Fig.5 were used
for the analysis. Material properties for the analysis are shown in Table 4 and Tabie
5.

A B c 0
.
L/_
"~ COOLING 1 !
AREA +
A B C D
l | | |
0 . X (mm) 1500 2300 3450

+ INITIAL TEMPERATURE OF TEST SPECIMEN

« COOLANT TEMPERATURE 91°C
HATCHED AREA IS COOLED.

« OTHER PARTS OF THE SPECIMEN ARE
INSULATED.

Fig.11 Boundary conditions of the thermal load

e
‘ %1" / e

0

ONE FOURTH OF THE SPECIMEN IS MODELED
Py = 17.87 MN

TIME HISTORY OF Py IS GIVEN INFIG. 5

Fig.12 Boundary conditicns of mechanical ioads

Table 3 Matenal properties for temperature analysis

thermal conductivity specific heat capacity density
A [W/m°C] C, IKlkeg"C] p [kg/m']
39.54 0.502 7850
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Table 4 Young's modulus and coefficient of thermal expansion
YOUNG'S MODULUS

(MPa)

205900
204000
203000
200000
197100
194200
190300

COEFFICIENT OF

Table 5 True stress-true strain relation

TEMPERATURE
°C)
30
75
100
150
200
250
300
30°C STRESS
PLASTIC STRAIN (MPa)
0.0 677
0.0025 780
0.008 B80S
0.01 R43
.02 88S
0.04 929
0.06 981
0.10 1035
150°C STRESS
PLASTIC STRAIN {MPa)
0.0 598
0.0025 740
0.005 770
0.01 794
002 843
0.04 902
0.06 94]
0.10 983
300°C STRESS
PLASTIC STRAIN (MPa)
0.0 579
0.0025 726
0.005 765
oM R14
0.02 873
0.04 929
0.06 Gt

0.10

990

75°C
PLASTIC STRAIN

0.0
0.0025
0.005
0.01
0.02
0.04
0.06
0.10

200°C
PLASTIC STRAIN

0.0
0.0025
0.005
0.01
0.02
0.04
0.06
0.10

STRESS
(MPa)

647
760
789
Bl4
863
932
971
1013

STRESS
(MPa)

598
736
760
792
836
897
939
990

1.106
1.178
1.210
1.280
1.351
1.420
1.484

THERMAL EXPANSION
(1°C)x10*

100°C STRESS
PLASTIC STRAIN {MPa)
0.0 628
0.0025 755
0.005 780
0.01 809
0.02 858
0.04 922
0.06 961
0.10 1000
250°C STRESS
PLASTIC STRAIN (MPa)
0.0 598
0.0025 736
0.005 780
0.01 814
0.02 BSE
0.04 912
0.06 951
0.10 990




A dotted line in Fig.6 is the calculated deformation at the center of the specimen
and it agrees well with the measured value. Also shown by a dotted line in Fig.7
is a calculated axial direction strain. The calculated strain agrees well with the measured
value but the value is slightly smaller than that in the previous analysis.

As the third step, using the thermo-elasto-plastic stress analysis results, fracture mechanics
analysis was carried out. J-integral developed by Aoki and others [8] was used as a
fracture mechanics parameter. Paths to calculate J-integrals around the initial crack tip
were taken as shown in Fig.13. Fig.14 shows J-integrals at the deepest point of the
crack in three paths. Even in case of unloading, J-integral still has good path independency
as expected and path independency is improved than that in the previous analysis.

PaTH? PATHY

Fig.13 Paths for J-integral analyses

250
15080c
T S T e S T I R D SRR SIS SRR 1“
m -
160n8c
g 150
10088c
<™ -
100 + 80
60sec
od 18088¢
40sec
20mec
MECHANICAL
0 " LOAD (Osec)
PATH) PATH2 FATHI

Fig.14 Path independency of j-inlcgral at the deepest point of the initial crack
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Fig.15 shows the mean value of J-integrals at three paths on the crack front. As
shown in Fig.15, J -integral is slightly oscillating but the configuration of J -integral distribution
on the crack front is reasonabie.

From these analyses, it is judged that FEM mesh size near the crack tip is sufficiently

small for stable crack growth analysis.
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Fig.15 J-integral distribution on the crack front

Unfortunately we have no fracture toughness data corresponding to the crack edge
temperature available. So only ductile crack growth at the deepest point of the crack
was analyzed. According to the previously developed schematic evaluation method of
ductile crack behavior under mechanical and thermal loading, stable crack growth of the
Step B test specimen was again evaluated. The concept of the method is mentioned
in Reference [3].

Crack shapes for the stationary crack model is shown in Fig.16. It is assumed
that the crack grows at the same ratio in the normal direction of the crack front as
the measured stable crack growth from the initial crack.

Same finite element models as that of the initial crack were used for the analyses
to reduce numerical errors. Loading condition in Fig.5 was used. Fracture toughness
curves at uppegr shelf temperatures were prepared using Fig.1.

Average J-integrals of three paths at the deepest points for initial crack and postulated
crack configurations in Fig.16 are plotted as J-integral vs. crack tip temperature curves.
Obtained results are shown in Fig.17. From this figure stable crack growth is estimated
1o be 2.0mm at the deepest point of the crack, while measured crack growth is approximately
0.9mm. On the while, in the previous analysis, th  estimated stable crack growth is
2.8mm {3]. It means that stable crack growth analy is considerably sensitive to the
crack tip mesh size and overestimation of the ductile = ick growth reduces by adopting
finer mesh near the crack tip. In NKS4-1 analysis of one of the PTS experiments in
MPA, the experimental crack growth al the deepest point of the crack is almost 50%
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of the estimated value and that in average near the deepest point of the crack is about
40% of the experimental one. [5] These data have good coincidence with difference
between the experimental crack and estimated value in Step B test.

Fig.16
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Fig.17 Ductile crack behavior evaluation curves in the upper shelf temperature region
and predicted crack growth at the deepest poinit of the crack

S, Conclusion

As one of the test items of Japanese PTS project, a fundamental study of EPFM
using a flat plate specimen was carried out. A semielliptical surface crack was preparcd
by fatigue and tensile and bending loads were applied with simultaneous thermal shock
in the upper shelf region. According to the post test fracture surface observation, the
stable crack growth at the deepest point was 0.9mm.

In the previous analysis estimated stable crack growth at the deepest point of the
crack was 2.5mm and it was considerably larger than the experimental value. This big
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difference may be caused by finite element mesh, triaxiality and scatter of fracture toughness.
In this paper, from the point of mesh refinement, reanalysis was carried out. In the
new analysis, the minimum node length is 0.5Smm near the crack tip and is almost 22%
of that of the previous mesh size. Material properties for the analysis are exactly same
as those of the previous analysis.

According to the new analysis, path independency is improved and estimated ductile
crack growth becomes 2.0mm. That is, overestimation of the ductile crack growth reduces
by adopting finer mesh near the crack tip. The difference between the experimental
crack growth and the estimated value is in the same order as that in the NKS4-1 st
analysis by MPA. To reduce overestimation still more, it is necessary 1o investigate
the effects of the other two factors.
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ANALYSIS OF JAPANESE PRESSURIZED THERMAL SHOCK EXPERIMENT
(STEP B TEST)

Charles W, Schwartz

Department of Civil Engineenng
University of Maryland
College Park, MD 20742

INTRODUCTION

Two different 3D fracture analyses of the Japanese Step B pressurized thermal shock
experiment have already been performed by Okamura er a/ [1.2]. As it is unhkely that a third
3D analysis will produce results significantly different from these prior studies. the focus of the
present investigation is on the reasonableness of 2D analytical approximations 1o the Step B
experiment  The evolution of crack tip constraint during the PTS transient 1s also evaluated

using the 2D analytical approximation.

Details of the expenmental configuration. mechanical and thermal loadings, matenal
properties, and measured results are described by Okamura ef al [1.2] and will not be repeated
in detail here

ANALYSIS MODEL

The mnitial flaw 1n the Step B expeniment was a semi-elliptical surface crack having a
half-width of approximately 592 mm and a maximum depth of approximately 23 1 mm. In
the present investigation, this surface crack 1s modeled as an equivalent 2D through-thickness
crack However, the crack depth is adjusted in the 2D case because the crack driving forces
(K or J) for a through-thickness crack will be greater than those for an equivalently deep
surface crack under the same applied mechanical loading (tension and/or bending). The
adjusted 2D crack depth is determined by equating the analyncal LEFM K values for a through-
thickness crack and the deepest point for the actual surface crack (analytical solutions tabulated
in [3,4]) For the Step B test. this procedure yields an adjusted 2D crack length of 15.5 mm,
a 33% reduction from the actual 23 1 mm maximum depth of the 3D surface crack. The
computed adjustment is essentially the same for both tension and bending analytical solutions.

Note that for PTS loadings, such as those in the Step B test, the 2D crack depth
adjustment outlined above can only be justified as a very crude approximation  The adjusted
crack tip location will now be shifted relative to the PTS temperature fields, and thus the
thermal stresses at the adjusted 2D crack tip will be greater from those at the deepest point in
the 3D surface crack. This should translate into higher crack driving forces in the 2D analysis,
even though the crack depth adjustment procedure is based upon equating the crack driving
forces caused by the mechanical loads
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The fimite element mesh used to analvze 11e cracked specimen is shown in Figure 1.
Due to the symmetry of the problem geometry and loading about the crack plane, only one-half
of the specimen was rodeled in the 2D analyses The mesh contains 3141 nodes and 978 8-
node reduced integratiwi (2x2) plane strain isoperametric elements The full specimen
geometry including the loading pins and tabs is modeled in the analysis (Figure 1a). Eight fans
of elements converge on the crack tip (Figure 1b) and the 17 imitially coincident crack tip nodes
are free to deform independently duning the analysis The discretization is sufficiently fine to
permit adequate resolution of the stresses and strains within distances on the order of § crack
tip opening displacements (CTODs) from the crack tip. the radial dimension of the elements
at the crack tip is on the order of 0.05 mm (r/a on the order of 0.603). All finite element
calculations were performed using the ABAQUS analysis code [5]. and all pre- and post-
processing was performed using PATRAN [6]

The material stress-strain behavior was modeled using a Ramberg-Osgood deformation
plasticity constitutive model

£fe, = a/c, + alo/o,)" (1)

Very little significant temperature dependence was found in the reported stress-strain properties
for the Step B plate material over a temperature range of 30 10 300°C. The material constants
were therefore assumed independent of temperature. with the actual values weighted toward the
measured values at the higher temperature levels (appropriate for the Step B test conditions)
The values used in the analysis for the material constants are as follows:

E = 192250 MPa (2a)
v=03 (2b)
o, =0, = 5885 MPa (2¢)
a = 0068 (2d)
n=119 (2e)

The thermal expansion coefficient was set at | 452x10°°C. As shown in Figure 2, the

agreement between the Ramberg-Osgood umaxial stress-strain curve and the measured stress-
strain curves at the vanous temperatures 1s quite good

The measured PTS transient was used as the loading conditions for the analysis. A
transient thermal analysis was not performed. instead. the measured temperature profile history
was used as input 10 the analysis The measured temperature profiles were assumed to apply
uniformly over the central heated/cooled section of the specimen and to vary linearly between
the edge of this section and the remote loading tabs The present study analyzed the PTS
transient up to the peak response of the specimen only

A large displacement, small strain formulation was employed n all of the finite element
calculatons. As will be shown later, the iarge displacement part of the formulation 1s required
to model adequately the P-§ bending moments in the specimen in the deflected condition (P
= applied axal tension force. 5 = centerhne deflection) The small strain part of the
formulation was adopted in part to eliminate convergence problems often encountered in large
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strain analyses of highly refined meshes loaded over large ranges. More importantly, the small
strain formulation was adopted because 1t provides an adeguate model for the phenomena being
studied in this analysis  Although the small strain formulation cannot correctly model the stress
and strain fields and crack tip blunting in the very high strain region immediately surrounding
the crack tip, the stress and strain fields predicted by small and large strain formulations are
similar at distancer greater than approximately * ©TODs from the crack tip under plane strain
conditions [7.8] The 1s sufficient for the purposcs of the present study.

Because the ABAQUS code does rot include a lai; e displacement small strain analysis
option. an iterative approximate method for including the P-8 effect was employed for the
calculations. During the initial analysis. no P-§ effects are included The computed & values
from this analysis are then used 1o compuc the first estimate of the P-5 moments, the apphied
bending loads are reduced accordingly, and the problem 1s reanalyzed The process is repeated,
with the computed & at each cycle used to update the P-5 moments and applied bending load
corrections at the next cycle, until convergence.

Jamegral values were computed using the wirtual crack extension algorithm as
implemented in ABAQUS [5,9] Ten contours were evaluated to establish path independence
of the J-integral value Vanation of the computed J values among the contours was negligible.

RESULTS

The measured response parameters m the Step B experiment (in addition to
temperatures) consisted of the centerline deflection. the extreme fiber axial tension strain (at
a location midway between the surface crack and the edge of the plate), and the crack advance
(from post- experiment examination of the fracture surface) Comparisons between the predicted
and measured centerline deflections are summarized in Figure 3. The measured values (solid
line). predicted values by Okamura er al [2] from a 3D eiastoplastic finite element analysis
(dotted line), and predicted values from the present 2D analysis (solid circles) are all in very
close agreement Moreover, these values are also in very close agreement with results from
a 2D analysis of an uncracked test specimen (hollow circles in Figure 3). As m.ght be
intuitivelv expected. the presence of a small crack on the surface of a wide (750 mm) and deep
(170 mm) plate has little effect on a gross response measure such as centerline deflection.

Also shown 1n Figure 3 1s the effect of the P-8 moments on the predicted response. The
centerline deflections obtained from 2D analyses based on small displacement theory--1.¢., no
P-5 effects included--are shown by triangles in Figure 3. At the peak response, the centerline
deflections computed in the small displacement theory analyses are approximately three imes
larger than those computed in the corresponding large displacement theory analyses (circles in
Figure 3) that incorporate the full P-8 effects.

Comparisons between the predicted and measured extreme fiber tension strains are
summarized in Figure 4 The 2D results are ail from analyses of an uncracked test specimen
geometry because the through-thickness crack runs across the strain gauge location in the 2D
approximation However. as shown previously i Figure 3 for the centerline deflections, a
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gross response measure such as the extreme fiber tension stran at a location remote from the
crack 1s little affected by the presence or absence of the crack. As was the case for centeriine
defiection, the measured. 3D predicted (Okamura er al [2]), and 2D predicted tension strains
are all i very close agreement The differences between large displacement (circles) and small
displacement theory (tnangles) analysis assumptions are also again clear in the figure

Jantegral values computed in the analyses are summarized in Figure S The peak
response of the specimen occurred at approximate 140-150 seconds into the transient  The peak
J value computed by Okamura er a/ |2] from their 3D analysis at the deepest part of the crack
was approximately 220 N/mm_ The corresponding value computed from the large displacement
theory 2D analys:s 1s approximately 310 N/mm, or approximately 40% larger than the 3D
value. It 1s believed that much of this discrepancy 1s due to the shallower crack depth in the
2D analvsis, which places the crack tip in a higher thermal stress region than that at the deepest
point of the 3D surface crack

The computed ) values can be combined with the measured J-R curves to estimate the
crack advance duning the test. The measured J-R data are shown in Figure 6. Only a shight
temperature dependence 1s observed over the three sets of data in the 200-300°C range The
predicted Aa at the deepest part of the surface crack using Okamura er al ‘s 3D analysis results
and the data in Figure 6 1s approxamarely 1 5-20 mm (Okamura e al ‘s own estimate is 2.0
mm). This s 70-120% greater than the actual 09 mm of crack advance measured at this
locanon from post-experniment examination of the fracture surface The predicted Aa from the
large displacement theory 2D analvsis is approximately 3-5 mm, substantially greater than both
the expenimentally measured value and Okamura ¢f al's prediction

One possible explanation for the discrepancies between the measured and predicted
values of crack advance may he in the different constraint conditions at the crack tip in the
Step B configuration vs the CT specimens used to denive the J-R curves These differences
in constrant can be quantified using the Q-stress approach of O-Dowd and Shih [10,11])

n'l"n“ : (OA!IUU)SS‘-‘ = Q(T/(J’Uv))q(".(ﬁ) (3)

Equation (3) represents a two-parameter expansion of the near-np elastic-plastic stress fields
in a power law hardening matenal The first term represents the small scale yielding (SSY)
singular fields--e g . the fields obtained from a boundary layer analysis [12) (alternatively, this
can be taken as the HRR analyncal fields [10,11]) The second order term represents the
difference between the actual stress fields and the SSY (or HRR) reference fields The second
order term. which has the dimensionless parameter Q as its amphitude. captures al/ constraint
nfluences on the n-plane near-nip stress fields The o (0) functions represent the angular
vanation of the second order stress fields and are expected to depend also upon the matenal
hardeming, the &, (8) functions are normalized such that 6, equals 1 at 6 = 0

The second order fields are extracted by subtracting the SSY solution [12] from the numencal
solution for the Step B crack tip stresses  Figure 7 illustrates the crack opening stress fields from
the 2D large displacement theory Step B analysis at several imes during the PTS transient. Figure
7a shows the total stresses computed from the finite element analysis and the first-order SSY
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stresses. Figure 7b depicts the second-order stress fields computed by subtracting the SSY stresses
from the total stresses  The crack opening stresses computed from the fimite element analyses are
similar in functional form to the SSY distrbutions but are lower in magnitude at all radial
distances shead of the ip  These differences in stress magnitude increase with time dunng the PTS
transient--i e, with increasing J Thus is reflected in the increasingly negative second order
stresses 1n Figure 7b at later times during the transient

The second-order stress field parameters Q and g in Eq (3) can be obtained from regression
analyses of the form

Inj(o,/6,)(0,,/6.)] = In(Q) + q In[r/(Vo,)] (4)

The regression for Eq. (4) was estimated over the range 1.5 < r/(J/o,) < 10. Additionally, the
first three nodal points ahead of the crack tip were excluded from the regressions because of
lack of fidelity of the numerical solution in this region The fit of the computed regressions
was very good in all cases

The evolution of J and Q during the PTS transient up to the peak response as computed
using the above approach and the results from the 2D large displacement theory analyses 1s
depicted in Figure 8 Q has a small negative value at the start of the transient, but by the peak
has decreased to a value of approximately -1 0, indicating substantial loss of constraint at the
crack tip at peak response Part of this constraint loss 1s undoubtedly due to the shallow depth
of the flaw. Detailed examnation of the computed stress fields suggests that additional
constraint loss may be associated with the gross yielding of the cooled (cracked) face of the
Step B plate at the peak of the response.

Virtually no experimental data exist on the influence of constraint loss on J-R curves
for ductile fracture. so 1t is impossible 1o evaluate quantitatively the influence of this constraint
loss on the analytical predictions for crack advance Some qualitaive indications may be
obtained from the influence of constraint on cleavage fracture, however. Data from Theiss and
Bryson [13] from cleavage-dominated SENB fracture tests on AS33B steel suggest that a
reduction of Q from 0 (plane strain conditions) to -1.0 may elevate the effective fracture
toughness K, by approximately 80% (or, alternatively. reduces the effective dniving force by
a similar amount}). in terms of J_ this increase in effective cleavage fracture toughness 1s
approximately 200% Re-examination of the J-R data in Figure 6 suggests that if ductile
fracture follows these same trends and the ductile fracture resistance is increased by even only
a small fraction of the cleavage toughness increase, the crack advance predicted by the 3D and
2D finite element analyses may be well within range of the 09 mm measured value

CONCLUSIONS

The principal conclusions drawn from this study are as follows

(1)  Large displacement P-§ effects are important for this experimental geometry and must
be considered in the analyses
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(2)

(3)

(4)

{5)

There was excellent agreement between the measured. 3D predicted, and 2D predicted
values for the measured specimen response, 1¢. the centerline deflection and the
extreme fiber tension strain  These excellent predichons of the gross speciment
response can be a achieved without even including the presence of the crack

The predicted values of J from the 2D (large displacement theory) analyses are
substantially larger than those computed from the 3D analyses at the deepest part of the
crack, much of this discrepancy 1s believed due to the shallower adjusted crack depth
in the 2D analysis, which places the crack tip in a higher thermal stress region

The predicted values of J from both the 3D and 2D analyses substantially overpredict
crack advance when using the }-R data obtained from small scale CT tests.

There is a significant Joss of constraint in the Step B specimen at the peak of the PTS
transient  This loss of constraint 1s likely due pnimanly to the shallowness of the flaw
and the gross yieiding of the cracked surface of the specimen at the peak of the
transtent  Although there 1s virtually no data with which to evaluate quantitatively the
effect of this constraint loss on the ductile fracture resistance of the material, intuitively
the qualitative effect should be 1o increase the effective fracture resistance This in tumn
may produce a smaller predicted crack advance that is more in agreement with the
experimentally measured values

The results from this study also suggest several recommendations for future large-scale

reference experiments

(1)

(2)

(3)

Adequate instrumentation must be included in the expenment Particular emphasis
should be placed on instrumentation to measure near-crack response, as opposed to

gross specimen response  Examples include CMOD gauges, near-crack strain gauges,
etc

From an analyst's pe-spective, phenomena such as the significant P-3 effect in the Step
B experiment neediessly complicate the analysis (and do not necessanly have any

counterpart in prowtypical RPV scenarios) and should be avoided in the experiment
design.

Additional small specimen fracture toughness data are required Interpretation of the
large-scale test predictions and results becomes very uncertain when only limited
fracture property characterization data are available The intermingled influences of
imherent vanability, temperature dependence. constraint effects, etc. cannot be isolated
an interpreted unless sufficient small scale test data exist
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Figure 1. Finnte element mesh for all analyses: (a) overall mesh; (b) detail of the crack-tip
region.
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Abstract

The analysis results of the recently completed Phase | for the Project Fracture Analysis
of Large Scale Intemational Reference Experiments (FALSIRE) are summarized in a compa-
rative manner. Thirty-nine analyses of the pressurized thermal shock experiments NKS-3 and
NKS-4 from MPA-Stuttgart (FRG), PTSE-2 from ORNL (USA) and spinning cylinder SC-1 and
SC-Il from AEA-Technology (UK) have been evaluated. The discussion of the results has
been focused on the discrepancies of the finite element results and on comparisons with the
estimation scheme analyses. A set of quantities like crack mouth opening (CMOD), strains,
stresses, J-integral and constraint have been selected and compared for the different analy-
ses to approximate the structural behaviour of the test specimens and the fracture behaviour
of the cracks. A database of the results has been established. The infiuence of boundary
conditions, approximation of material properties and calculational methods is shown in detail.

The structure mechanics behaviour of the test specimens could be approximated well in case
of NKS expeériments but not in PTSE-2. Most differences between the various analyses could
be explained. In SC tests structural mechanics results could not be compared with experi-
mental measures. The applications of J, methodology to predict crack extension was partially
successful in some cases (NKS experiments) but not in others (PTSE-2). The quality of frac-
ture assessment is closely connected with the structural mechanics simulation. In all analy-
ses with a good structural mechanics approximation, the fracture prediction was reasonable.

Fracture assessments based on CT-specimens overestimate stable crack growth in the
case of NKS-4 and SC-1/ll, because the crack resistance in the large scale test specimens is
bigger than predicted by small specimens (e.g. CT-25). SC-1/Il fracture results show that
crack growth can be described quite well with the J-integral and the J,-curves of the large
scale test specimen. Therefore, future work has to be concentrated on extension of the J,
methodology by a parameter which controls the geometry and load dependence of the crack
resistance. This can only be achieved by close connection between numerical simulation and

fracture mechanics testing.
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Introduction

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). The CSNI/FAG was formed to evaluate fracture prediction capabilities currently used
in cafety assessments of nuclear vessel components. Members are from laboratories and re-
search organizations in Westem Europe, Japan, and the U.S.A. To meet its obligations, the
CSNI/FAG planned Project FALSIRE to assess varnious fracture methodclogies through inter-
pretive analyses of selected large-scale fracture experiments. The six expenmenis utilized in
Project FALSIRE (performed in Federal Republic of Germany, United States, United King-
dom, and Japan) were designed to examine various aspects of crack growth in reactor pres-
sure vessel (RPV) steels under pressurized-thermal-shock (PTS) loading conditions.

These conditions were achieved in three of the experiments by internally pressurizing a hea-
ted cylindrical vessel containing a sharp crack and thermally shocking it with a coolant on the
inner (NKS-3 and-4, from MPA, Germany) or outer (PTSE-2 from ORNL, USA) surface. In a
series of spinning cylinder experiments (SC from AEA Technology, UK), a thick cylinder with
a deep crack on the inner surface was rotated about its axis in a specially-constructed rig
(SC-i) and thermally shocked with a water spray (SC-ll). A Japanese test (Step B from
JAPEIC, Japan) utilized a large surface-cracked plate subjected to combined mechanical loa-
ding of tension and bending, coo-dinated with a thermal shock of the cracked surface to mo-
del PTS loading conditions. A summary of the material toughness, loading conditions, crack
geometry and crack growth for each experiment is given in Table 1.

The CSNI/FAG established a common format for comprehensive statements of these experi-
ments, including supporting information and available analysis results. These statements for-
med the basis for evaluations that were performed by an intemational group of analysts
using a vanety of structural and fracture me~hanics techniques. A three-day workshop was
held in Boston, MA (USA) during May 1990, at which thirty-seven participants representing
twenty-six organizations (Table 2) presented a total of thity-nine analyses of the experi-
ments. The analysis techniques employed by the participants (Table 3) included engineering
and finite-element methods, which were combined with J, fracture methodology and the
French local approach. For each experiment, analysis results provided estimates of variables
such as CMOD, temperature, stress, strain, crack growth and applied J and K values and ha-
ve been stored in a results database. The comparative assessment of the analysis results is
summanzed and the discussion concentrates on reasons for the discrepancies among the
various analyses. Further details on the description of the reference experiments, the applied
analysis methods and the comparative assessments of the analysis results are given in the
recently finished final report on Project FALSIRE Phase | (Ref. 1).

NKS-3 Pressurized-Thermal-Shock Experiment

The NKS-3 PTS experiment (Ref. 2) was performed with a thick-walled hollow cylinder
(thickness 200 mm; inner diameter 400 mm) containing a 360° circumferentia! flaw on the in-
ner surface having an average depth of approximately 62.8 mm (see Fig. 1). The test piece
was first loaded with an axial tensile lcad 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) towards the in-
ner cylinder surface over the whole test length of the cylinder through evenly distributed noz-
zeis. Loading and test material data are summarized in Fig. 2.



Figures 3-5 show the time history of CMOD, axial strain at the inner surface 184 mm above
the crack ligament and the calculated J-integral. Analyses 1-7 used FE' methods and analy-
ses 12 and 13 used ES? methods The difference between the results from FE methods are
quite small. Table 4 summarizes some selected characteristics of the FE analyses. Due to re-
strictions of the FE-code versions, the approximations of the stress-strain data are different.
Multilinear temperature-dependent 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-integrai results of
the ES analyses are in the scatter band of the FE results. The stress distribution is strongly
dependent on the approximation of the stress-strain cata. In analysis 2, a very low yield
stress is used which results in lower stresses on the ligament during the transient. Crack
growth has been evaluated with crack resistance curves of CT-25 specimens, giving values
of about 3 to 4.8 mm (average measured: 3.6 mm, i.e. about 6 % of the initial crack depth)
due to the scatterband of the analyses results. The uncertainty of the calculated crack growth
is about 3 % of the initiu! crack depth. Therefore, these analysis results show a scatterband
which is acceptable in comparison with the experimental data. The neccessary material pro-
perties 1o calculate the structure mechanics behaviour were available. The J.-methodology
based on small specimens gives suitable results for the analyses.

NKS-4 Pressurized-Thermal-Shock Experiment

The PTS experiment NKS-4 (Ref. 3) examined crack-growth behaviour of two symmetrically
opposed semi-elliptical surface cracks in a low-toughness material. Figure & shows the geo-
metry of the test cylinder and the two circumferential cracks located on the inner surface.
Each crack has a ratio of iength 1o depth of 6:1 and a maximum depth of approximately 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 for NKS-3, The NKS-4 experiment was performed using two thermal-shock trans-
ients, the first of which produced a reduced thermal loading due to mechanical problems with
the cooling water flow. In Fig. 7 the loading of the anaiyzed transient and the material charac-
terization is summarized.

Comparisons of calculated CMOD, axial strain and J-integral at the center of the partially cir-
cumferential crack versus time are shown in Figs. 8-10. Selected characteristics of the FE
analyses are summarized in Table 5. 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 which produces higher CMOD. The J values of small evalua-
tion regions show about 30 % lower values than presented in Fig. 10 (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 deforma-
tion boundary conditions. Missing rotational restraints are responsible for the significantly hig-
her J-integral values. Analysis 7 is an axisymmetric solution of the 2-D problem with an ap-
proximation of the partially circumierential crack by a 360° fully circumferential crack. There-
fore the results overestimate the measured data. The J-integral resuits of ES analyses 12
and 13 are in the scatterband of the 3-D FE results. The crack growth at the center of the
crack calcuiated from an isothermal J.-curve (T = 240° C) of a CT-25 specimen ranges from
2 to 3.2 mm (measured: 1.5 mm, i.e. 5 % of the initial crack depth).

' FE fintte alement

! ES estimation sheme
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in conclusion, the results show that with the available material propenies, the structure and
fiacture mechanics behaviour 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 growth assessment
based on J,-methodology at the center of the crack overestimates the measured value.

PTSE-2A Pressurized-Thermal-Shock Experiment

The details of the PTSE-2 test vessel (Ref. 4) and the initial flaw geometry of the axial crack
in the outside surface are given in Fig. 11. A test vessel was prepared with a plug of speciaily
heat-treated test steel welded into the vessel. In the experiment the flawed vessel was loa-
ded by outside cooling and an internal pressure transient (Fig 12). Furthermore a summary of
the material data of the test section are given. The tensile strengths were undesirably low,
but other properties, aithough somewhat uncertain, were satistactory. The. flaw experienced

two stages of ductile tearing interrupted by a period of warm prestressing (K, < 0) followed by
cleavage and arrest. The comperative assessment of the analyses has been concentrated
on the first three minutes of the thermal transient with one period of stable crack growth. The
time histories of CMOD and J-integral are presented in Figs. 13-14 and selected characteri-
stics are summarized in Table 6. In comparison with the experiment, all analyses underesti-
mate the experimental results of CMOD. In this connection it has to be mentioned that the
temperature dependence of the stress-strain curve and the thermal expansion coefficient ()
were not availabie for the analysts. Recent investigations show that the measured CMOD va-
lues are strongly axial dependent, i.e. the thermal loading conditions have to be checked in
further detail.

The FE results are strongly dependent on the approximation of the stress-strain data, the ef-
fect of whether crack growth has been considered, and the coefficient of thermal expansion.
Analysis 10 has about 30 % lower CMOD at t = 185 s than analysis 5 and about 40 % higher
J-value. The reason is the different bilinear approximation of the stress strain data. The mea-
sured 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 MPa
lo 495 MPa, dependent on whether the small strain or the larger strain region of the stress
curve is approximated well. Furthermore, an increase in o ,, of 50 % from the vessel insert
after transients A and B has been found. The artificially high yield stress used in analysis 10
results in higher stresses on the ligament (see Figs. 15-16) with a smaller plastic zone and
therefore smaller CMOD but higher J-integral. In analyses 5', the final crack length after the
first period of stable crack growth (5.1 mm after 185 s) was used which produces an increase
of CMOD at t = 185 s of about 30 % compared with analysis 5. Due to the experience with
other calculations, 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 chan-
ge 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 about 13 %. The
scatter band of the results is also enlarged because different assumptions concerning the
crack depth have been chosen (initial depth after first phase of stable crack growth).

Analysis 8 simulated the measured crack growth. but the higher yield stress makes the mo-
del more stiff, which results in lower CMOD values. ES analysis 15 and 15' used influence
coefficients based on infinitely long cracks and on finite-length 3-D crack, respectively. The-
refore, when the fracture assessment is done excluding analysis 15 (because the latter assu-
mes infinite crack length) and excluding analyses 5' and 8 (because the latter took crack
growth already into account), then a crack growth estimation of 1-2.5 mm {measured 5.1 mm)
is obtained from isothermal CT-25 specimen J.-curves. The underestimation of crack loading
and crack growth has to be considered in connection with the underestimation of CMOD, i.e.
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without good structure mechanics simulations a good fracture mechanics approximation can-
not be achieved The temperature dependence of J, is strong and it is not known what the
effect of temperature gradient in the test cylinder has on the crack resistance. The necessary
material propenies, especially the temperature dependence, were not availabie totaily. The-
refore, reasc ns for the large difference between results of the analyses and the expenment
could be only partly provided However, some parameters which show significant influence

on the analysis results have been identified.
PTSE-2B Pressurized-Thermal-Shock Experiment

The arrested crack from transient A was the initial crack geometry for transient B. Data des-
cribing the thermal and mechanical loading conditions in transient B are provided in Fig. 17.
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. Figures 18-19 show the time dependence of CMOD
and J-integral and Table 7 shows selected characteristics of the FE-analyses. The FE-
analyses underestimate CMOD (as in PTSE-2A) which may be due to the same reasons dis-
cussed above, e.g. lack of temperature-dependent material data for o (¢) and o Differences
in the stress behaviour on the ligament, especially at the beginning of the transient, are due
to the inclusion of residual stresses from transient A in analyses 5 and 8, but not in analysis
7. Furthermore, different matenal property sets have been used, the post-test set in analyses
5, and the pre-test set in analysis 7 (see Fig. 12). That also leads to differences in CMOD

and J-integral.

Negative J-values are calculated at the beginning of the transient in analyses 5 and 8 becau-
se of the compressive residual stresses in front of the crack tip due to transient A. The hoop
stresses of analyses 12 and 15 compare well, but the J-values have large differences due to

the ES methods applied.

A range of stable crack growth is calculated using isothermal J.-curves and the J-integral
scatterband obtained by excluding analyses 12 and 15 from the set given in Fig. 19. Possi-
bly, analysis 12 fails due to the deep crack and analysis 15 due to the assumption of infinite
crack length (as compared with analysis 15, which assumed a finite crack length). The calcu-
lated crack growth ranges from 1,4 to 2,9 mm (measured 3,7 mm, i.e. 8 % of the initial crack
depth in PTSE-2B). The underestimation of the crack growth is not as large as in PTSE-2A,
but is again closely connected with the underestimation of CMOD and another factor which
could reduce the crack growth has not been considered. The stress state in front of a crack
which has already seen a transient (A) could be altered due to blunting and iead to an in-
crease in crack resistance compared to that of a standards specimen with fatigued crack.
Therefore, as in PTSE-2A, differences between the analysis results and the experimental da-
ta could not be clarified totally, but additional influence factors conceming the quality of frac-
ture assessment based on J.-methodology have been pointed out.
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SC-1  Spinning Cylinder Experiment

The first spinning cylinder experiment (Ref. 5) was an investigation of stable ductile crack
growth in contained yield for a thick section low alloy steel structure. Crack growth was gene-
rated by progressively increasing the rotational speed of a cylindrical specimen with an axial
flaw at the inner surface maintained at a uniform temperature of 280°C (see Fig. 20). The
loading and material characterization data for SC-1 are summarized in Fig. 21.

in Fig. 22 J-integral vaiues are plotted versus the angular velocity which represents the loa-
ding of the test. The stress-strain approximation of the plane strain FE analyses B 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. The J-integral results of the FE and ES analyses show a small scatterband
around the experimental curve extracted from the J_-curve measured with the SC-! test cylin-
der. The curve of analysis @ has a weaker slope, which could not be explained. Analyses 12
and 16 show differences up to 50 % due to different ES-fracture methods used in the analy-
ses; it should be noted that the hoop stresses are the same.

In conclusion, only fracture results could be compared with the experiment. They show that
crack growth based on J,-methodology can be described with the crack resistance curve of
the large scale test specimen quite well. However, the fracture toughness measured with
small-scale CT specimens is substantially lower than that obtained for the large-scale spin-
ning cylinder which should be explained by a constraint parameter controlling the geometry
dependence of crack resistance.

SC-ll  Thermai-Shock Spinning Cyiinder Experiment

The second spinning cylinder experiment was an investigation of stable crack growth in con-
tained yieid for a thick section low alloy steel structure subjected to a severe thermal shock.
The configuration of the cylindrical specimen used is shown in Fig. 20. In the SC-Il test, the
cylinder was stabilized at a mean temperature of 312°C. The cylinder was then rotated to
530 revolutions per minute to provide for uniform cooling of the inner surface. The thermal
gradient in the wall is given in Fig. 23.

The time dependence of the J-integral is presented in Fig. 24. For the deep crack, the weight
function method used for fracture assessment in analysis 16 gives quite conservative resuits,
primarily due to stress calculations resulting from the assumption of free-end boundary condi-
tions. Analysis 11, which used the Bamford and Buchalet K, solution given for a wall thick-
ness to intemal radius (VR) ratio of 0.1 (but SC-11, VR = 0.4), shows the lowest values. Due to
the scatterband, the crack growth calculated from the SC-Il specimen J.-curve ranges from
0.0 mm to 1.4 mm (measured value in the middie of the crack, 0.75 mm i.e., 0.7 % of the in-
itial crack depth), but the four analyses 8, 12, 13 and 14 range from 0.2 to 0.8 mm.

As in SC-1, the fracture assessment based on the large scale test specimen J -curve gives
suitable results, but the crack lpading is strongly dependent on the estimation scheme me-
thod used and the boundary conditions assumed for the model. In particular, free-end boun-
dary conditions, which best fit the test conditions, produce an axial decrease of crack loa-
ding. Measured crack opening and hoop strains were made available only after evaluation of
the analysis results of the Project FALSIRE Workshop.
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Conclusion

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 described in the previous sections

The discussion of the analysis results has been focused on the discrepancies of the finite
element results and on comparisons with the estimation scheme analyses. Examples of the-
se compansons were shown in CMOD vs time plots for experiments NKS-3, 4, and PTSE-2
A/B. The structural mechanics behaviour of the test specimens could be approximated well in
case of NKS experiments but not in PTSE-2 (see Table 8). In SC tests structural mechanics
results could not be compared with experimental measures. The largest differences are seen
1o occur in the PTSE-2 A transient. The restrictions in some finite element codes to input
stress-strain curves only by bilinear approximations produced scatter bands in the results
(CMOD and J-integral) dependent on the level of plasticity reached.

All the analyses of PTSE-2 assumed matenal and physical properties to be independent of
temperature, because corresponding measured data have not been made availabie These
analysis results highlight the importance of obtaining high-quality material properties and
structural response data (CMOD, strains, etc.) from the experiments to model structural be-
haviour of the specimen prior 10 performing fracture mechanics evaluations. in particular, va-
riables must be carefully selected and reliably measured to provide & 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 J, methodology based on small specimen data, ali analyses correctly distin-
guished between stable crack growth and ductile instability conditions for each experniment.
These include both estimation schemes and detailed finite element analyses. However, as a
technique 1o predict crack extension, J, methodology was partially successtul in some cases
(NKS experiments) but not in others (PTSE-2, spinning cylinder experiments). The quality of
fracture assessment is closely connected with the structural mechanics simulation. in all ana-
lyses with a good structure mechanics approximation the fracture prediction was reasonable.
Fracture assessments based on CT-specimens overestimated stable crack growth in the ca-
se of NKS-4, SC-1/il, and Step B-PTS because the crack restistance in the large scale test
specimens is bigger than predicted by small specimens (e.g. CT-25). SC-I/I fracture results
show that crack growth can be described quite well with the J-integral and the Jg-curves of
the large scale test specimen. A summary of the fracture results are given in Table 9.

in PTSE-2A, the first phase of stable crack growth is underestimated because the crack loa-
ding also represented in CMOD is underestimated. Recent investigations show a strong axial
dependence of the measured CMOD value. Therefore especially the thermal loading condi-
ticns have 1o be checked for further studies. Furthermore, differences between pretest cha-
racterization data and posttest in situ data for material and fracture toughness properties ga-
ve rise 10 questions concerning whether J, curves from CT specimens were representative of
the flawed region of the vessel. None of these temperature-dependent J,-Curves were consi-
stent 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., wamm-prestressing) effects that were not incor-
porated into the J, methodology. The substantial differences between fracture toughness
curves generated from the spinning cylinders and from CT specimens focussed attention on
other factors. These included the possibiiity that crack-tip behaviour in the spinning cylinder
is not characterized by a single correlation parameter. Altemative criteria under cons. eration
include two-parameter models in which K or J is augmented by the next higher-orr sr in the




senes expansion of the stresses around the crack tip (Ref. 6). Other measures constdered in
dealing with the transfer of small specimen data to large structures include the stress triaxiali-
ty parameter, which is proportional 1o the rate of hydrostatic to effective stress (Ref. 7).

Therefore, future work has to be concentrated on extension of the J, methodoiogy by a para-
meter which controls the geometry and load dependence of the crack resistance. In fracture
analyses it has to be investigated how the crack resistance in large scale test specimens can
be approximated by small scale fracture test specimens. This can only be achieved by close
connection between numerical simulation and fracture mechanics testing.
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Table 1: Summary of Project FALSIRE Reference Experiments

Experiment Material* Crack - Crack
—{Place) ___ Toughness Loading Geometry Growth
NKS-3 AV =95), Thermalshock  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 A¥ =60J), Thermalshock  Partly Ductile 1.5 mm
(MPA, FRG) Typt = 120°C axial tension, circumferential (Center)
internal (at = 0.15) Aa/a = 0.05
pressure
(constant)
PTSE 2A\B A¥ = 601 Thermal shock, Axial Ductile 11.1\3.7 mm
(ORNL, USA) TnpT = 49°C* internal (a = 0.10.29) Brittie 16.832.7 mm
= 75°C* pressuie Unstable -\68.8 mm
(transient) Aa/a = 0.35\0.09
(first phase of A\B)
Spin. Cyl. 1 A¥ =90] Rotation of Axial Ductile 2.8 mm
(AEA, UK) specimen (a/t = 0.54) (Average)
Aala = 0.03
Spin. Cyl. i1 A% = 110] Thermal shock  Axial Ductile 0.0 - 0.75 mm
(AEA, UK) (at = 0.52) Aa/a = 0.01 (max)
Step B PTS A% = 100 ), Thermal shock  Surface crack Ductile 0.3 - 1.0 mm
(JAPEIC, TNDT = 139°C Tension, and (at = 0.14) Aa/a = 0.04 (max)
JAPAN) bending

* A% = Charpy V-notch upper shelf energy
¥ pretest
¢ postiest
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Table 2:

Organizations participated in the Project FALSIRE Workshop, Boston, May 1990
Organization Country
Atomic Energy Authority (AEA) UK
AZ/EPRI USA
B&W Nuclear Services USA
Battelle Columbus Division USA
Central Research Institute of Electric Japan
Power Industry (CRIEPI)
Centre D'Etudes Nucleaires de Sacl.y France
Combustion Engineering (CE) USA
Electricite de France (EDF) France
Fraunhofer Institut fur Werkstoffmechanik (IWM) FRG
Geselischaft far Anlagen-und Reaktorsicherheit (GRS) FRG
Japan Power and Engineering Inspection Japan
Corporation (JAPEIC)
Korea Institute of Nuclear Safety Korea
Materialpr@fungsanstalt (MPA) FRG
Universitat Stuttgart
Mitsubishi Heavy Industries (MHI) Japan
National Committee for Nuclear and Italy
Alternative Energies (ENEA-DISP)
Nuclear Electric UK
Nuclear Energy Agency-OECD France
Nuclear Installations Inspectorate UK
Nuclear Regulatory Commission (NRC) USA
Oak Ridge National Laboratory (ORNL) USA
Paul Scherrer Institut Switzerland
Southwest Research Instituie (SWRI) USA
Technical Research Centre of Finland (VIT) Finland
University of Maryland USA
University of Tennessee USA
University of Tokyo Japan

Participants: USA 17, FRG 5, France 4; UK 3, Japan 3, Finland 2,

Switzerland 1, Korea 1, ltaly 1; Total 37
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Table 3:

Summary of Prcject FALSIRE analysis techniques

NKS-3 NKS-4 PTSE-2 SC-1 SC-l STEP B PTS

(10 anaiyses) {6 analyses) (8 snalyses) (6 analyses) (8 analyses) {1 analysis)

FE; JR FE: JR FE; IR FE; JR FE; IR FE; JR

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

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; IR ES; R6/1 FE; JR ES; WF ES; R6/1

FE:; JR ES; T ES

FE. IR ES ES

ES; JT

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
J/T = }J/Tearing Modulus Approach
LA = Local Approach
R6/1 = R6 Method/Option |
WF = Weight Function Method



Table 4. NKS-3, selected characteristics of FE analyses

Degrees of Approximation of stress strain data woefficient of Thermal Reference
Analysis Freedom of Bilinear Multitinear Expansion Temperature
Number FE-Model T("O oy/Et (MPa) oy (MPa) T(*C) a(10%K ") *C)
1 1968 20 563/3555 144 130
{axisym.) 160 519/4188
260 536/5489
400 506/6383
2 1938 20 3s0* 144 3%
{axisym.)
3 7054 20 607/1167 144 155
(axisym.) 350 643/469
o 4 2232 20 444 20 1.2 330
(axisym. ) 160 400 160 130
220 411 220 140
260 419 260 146
90 413 200 152
320 406 320 15.7
5 886 20 56373436
{axiysm.) 160 5193804 144 332
260 536/4540
320 523/5291
6 1718 20 563
{axisym.) 160 519 144 330
220 504
260 536
320 523
7 RROO
(axisym.)

* Engineering stress-strain curve of NKS-4 material (stress values used are about 10% higher than e.g. in analysis 4).
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Table 5. NKS-4, selected characteristics of FE analyses

Degree. of Approximation of stress strain data Coefficient of Thermal Reference
Analysis Freedom of Bilinear Multilinear Expansion Temperature
Number FE-Mode! T("C) oy/ET (MPa) oy (MPa) T(°C) a{10°K") (*C)
1 21175 20 61873113 20 12.00
(3D-90%) 120 61973013 120 12.53
160 578/3013 169 12713 330
280 629/3013 280 13.37
320 60873013 320 13.58
2 5094 20 as0* 144 330
(3D-90%) temperature independent
3 35370 $92/72140 144 20
(3D-90%) temperature independent
7 8800
(axisym.)

* engineering stress-strain curve



Table 6: PTSE-2A, selected characteristics of FE analyses

Approximation of Stress-Strain
Degrees of Crack Depth Data of Vessel-Insert Reference
Analysis Freedou.. in in FE-Model Bilinear Multilinear Expansion Temperature
Number FE-Model (mm) T("C) oyE{MPa) oy(MPa) (10°K™) (*C)
- 515 145 Averaged  200/12087 144 300
(2d-plane strain) (set 5)
- o 515 19.6 Averaged 70 173 300
(2d-plane strain) (set 5)
7 3200 196 Averaged 70 144
(2d-plane strain) (set 5)
8 3800 14.5-19.6 Averaged 4002617 14.4 300
(2d-plane strain) {set 5)
9 1922 14.5-196 Averaged 375 144 290
{2d-plane strain) (sct 7)
10 2419 145 Averaged 4952300 144 200
(2d-plane strain) (set 7)
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Table 7. PTSE-28B, selected characterisitcs of FE analyses
Approximation of Stress-Strain
Degrees of Crack Depth Residual Data of Vessel-Insert Reference
Analysis  Freedom in in FE-Model Stress Bilinear Multilinear Expansion  Temperature
Number FE-Mode! (mm) Considered T(°C) oy/E{(MPa) oy(MPa) (10°K ") (°C)
5 551 424 Yes Averaged  373/7313 144 275
(2d-plane strain) (set 7)
7 3200 424 No Averaged 70 144
{2d-plane strain) (set 5)
8 3800 42.4-46.1 Yes Averaged 40072637 144 275

(2;1-phne strain)

{set 5)
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Table 8. Comparative assessment of structure behaviour in Project FALSIRE Reference Experiments

" T - Temperature

? some data of crack tip opening have been provided after evaluation of the analyses
? relative to measured value
‘ analysis results with wrong boundary conditions or crack assumptions ignored

® . underestimation of measured data
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Table 8. Comparative assessment of fracture behaviour in Project FALSIRE Reference Experiments

3.6 (averaged)

"410 - 500

SCT-25, T=160/240/280°C 1.5° 180 - 2207 2-32°
CT-25(10mm thick), T=160°C
5.1 100-175 1-25
CT-25, T=100/175/250°C
37 145 - 225 14-29
= 2.8 (averaged) 470 - 560 32-42°
SC-| test specimen
=150/290°C 0.75 200 - 490 0.2-08"

' - analysis results with wrong boundary conditions or crack assumptions ignored

? . deepest point of partly circumferential crack

* . middie of axial crack

* . determined with J -curves of SC-test specimen
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Figure 1: NKS-3, Test cylinder and crack geometry (MPA Stuttgart, FRG)
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Thermal and mechanical  Material characterization

loading of the test section

i 22 NiMo Cr 37, KS07

|
yield/ultimate | 506/798 MPa
stress at RT
charpy energy 60 J

% for upper shelf

" — ; NDT 120 °C
€ % 8 10  mm 200

wall thickness ——e=
inner outer surface

Figure 7. NKS-4, loading and mater.al data
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Figure 11: PTSE-2A, test vessel and crack geometry for transient A (ORNL, USA)

260

Vg




Thermal and mechanical Material characterization

loading of 21/4Cr-1Mo
. (SA-387 grade 22)
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£ outer inner surface NDT 48 °C
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M 75 °C
(posttest)

Pa

| &0

> 40

20

E 0040 80 120 160 200 s 260
tme —e

Figure 12: PTSE-2A, loading of fransient A and materiai data of the test section before and
atter the PTSE-2 transients
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Figure 17: PTSE-2B, crack geometry and loading data for transient B
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Figure 20: SC. test cylinder and crack geometry (AEA-Risley, UK)
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PRESSURIZED THERMAL SHOCK TESTS WITH MODEL PRESSURE VESSELS
MADE OF VVER-440 REACTOR PRESSURE VESSEL STEEL
by
H. Keindinen', H. Talja", R. Rintamaa’,
R. Ahlstrand™, P. Nurkkala™, "
G. P. Karzov™, A. A. Bljumin™"* and B. T. Timofeev .

ABSTRACT

A reactor pressure vessel may be exposed 10 the most severe Joading during its operational life,
when in emergency cooling cold water is injected into it. The very high thermal stresses
combined with the stresses due to internal pressure may cause initiation of an existing crack
and its propagation into the pressure vessel wall which in the worst case leads to catastrophic
failure of the reactor vessel.

A joint pressure vessel integrity research programme between three partners has been going on
since 1990. The partners are the Prometey Institute from Russia, the Imatran Voima Oy (IVO)
from Finland and the Technical Research Centre of Finland (VTT). The main objective of the
1esearch programme is to increase the reliability of the VVER-440 reactor pressure vessel
safety analysis. This is achieved by providing the material property data for the VVER-440
pressure vessel steel and by producing experimental knowledge of the crack behaviour in
pressurized thermal shock loading for the validation of different fraciure assessment methods.

The programme is divided into four parts: pressure vessel tests, material characterization,
computational fracture analyses and evaluation of the analysis methods. The testing programme
comprises tests on two mode] pressure vessels with axial surface flaws. The second model
vessel has an austenitic steel cladding. A special heat treatment is applied to the vessels prior
10 the tests in order to simulate the end of life wughness state of a real reactor pressure vessel.

The Prometey Institute conducts the pressure vessel tests, IVO is responsibie for the test
instrumeniation and VTT performs the material characterization and the computational
analyses. The evaluation pan is carsed out together. The Finmish work is funded by the
Finnish Centre for Radiation and Nuciear Safety, Imatran Voima Oy and the Ministry of Trade
and Industry. The pressure vessels h. ve been manufacturcd in the Izorsky factory in

St. Petersburg, The same factory manufactures VVER-440 reactor pressure vessels.

In this paper, the results of the tests and the computational analyses considering the first
{uncladded) mode! vessel are discussed. Extensive three-dimensional finite-clement analyses
as well as simple engineering assessments are performed. The fracture behaviour of the model
vessel based on fractographic examinations and test measurements is described. Both the
results of pre-test analyses using initial material properties and post-test analyses using actual
material properties are compared with the experimental observations. Finally, evaluation of the
fracture assessment methods is performed.

“Technical Research Centre ¢ Finland, Metals Laboratory, Metallimichenkuja 10, 02150 Espoo, Finland
“Imatran Voima Oy, PL 112, 01601 Vanaa, Finland
" Central Rescarch Institute of Structural Materials "Prometey”, 193167, St Petersburg, nab. reki Monastyrki 1,

Russic
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INTRODUCTION

Seven pressurized thermoshock tests were made with the first model pressure vessel (Fig. 1)
using five different flaw geometries, Table 1. The initial flaws have all been shallow, outer-
surface, axially oriented flaws at the midlength of the vessel, partially in the base metal and in
a circumferential weld. In the first three tests the flaw was actually a blunt notch made by
grinding. In the following tests a sharp pre-crack was used.

Pulul flaw

,’oo a=25mm

( wso 3 2¢ = 140 mm
I 1

Fig. 1. The first model vessel.

Table 1. Different tests and flaw geometries. a is crack depth, 2¢ is crack length, p is

pressure, T is coolant (water) temperature and T, is initial temperature.

Test nr.

a {(mm)
2¢ (mm)

Flaw nr.

Type

p (bar)
Ty CO)

* Mechanical notch. * Sharp crack produced by a speciai crack initiating welding technigue (Rintamaa et al.
1988). © Due i0 leaks consiant pressure was not mainigined. ** The old (extended) flaw was used. *The values aof
crack depth and length were deiermined by ulirusonic measurement.

MATERIAL PROPERTIES
The pressure vessel maturial is VVER 440 type reactor pressure vessel steel 15X2MFA. The
circumferential weid has been made by submerged arc welding using wire Sv-10XMFT and
flux AH-42. The vessel has been subjected to thermal heat treatment to simulate the radiation

276



embrittlement of the steel: annealing 1000 °C, holding 4 hours, cooling in oil, tempering
620 °C 10 hours, cooling in air.

The thermal material property values for the analyses were obtained from the Prometey
Institute, Table 2. The measured stress-strain curves for both base and weld material are
presented in Fig 2. Fig. 3 presents the Charpy-V impact energy at different temperatures.
Unfortunately, at the time of preparation of this manuscript, the results of J-R testing are not
yet available.

Table 2. Thermal raaterial property values. T is temperature, & is thermal expansion
coefficient, A is thermal conductivity and d is thermal diffusiviry.

T (C®) 20 150 300
a (10%1°C) (base and weld) 11.7 12.15
A (W/(m°C)) (base and weid) 37 37

d (mm’/s) (base and weld)

FLAW PREPARATION

In tests 1, 2, 3 and 4 the flaw was a blunt notch manufactured by grinding. In tests 4, 5, 6 and
7 a sharp crack was used. The crack was manufactured by filling the grinded notch by weld
deposites. Welding data and parameters are given in Table 3.

Table 3.  Welding data and parameiers for crack preparation (manual metai arc welding).

| Electrode Fox Dur 500 ¢ 3,25 mm

| Chemical composition 04%C,1,2%Si,1,2% Mn, 28 % Cr

| Current and velocity 215 A DC, 12 cmy/min

TEST CONFIGURATION

The pressure vessel is first heated 10 approximately 300 °C using resistors. At the same time
the vessel is pressurized by water. Just before the test the heating resistors are lifted up. The
vessel is subjected 1o sudden flow of cold (0...20 °C) water around the outer surface. Due t0
the capacity of cooling water tanks the coolant flow is effective during the first two minutes.

The test configuration is presented in Fig. 4.

MEASUREMENTS DURING THE TESTS

The measurements were performed by Imatran Voima Oy (Nurkkala 1991a, 1991b).
Temperatures were measured on the outside surface of the vessel and inside the vessel wall
using thermocouples. Strains were measured on the outside surface using weldable strain
gages. In addition, crack opening displacement and pressure was measured in tests 6 and 7. All
ransducers were set 10 zero afier pressurization before the beginning of the thermal wransient.
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PRE-TESTS CALCULATIONS

The temperature field calculations were made using a computer code based on the Fourier
series (Raiko & Mikkola 1991). As the next step, the hoop stresses due o internal pressure and
thermal transient were calculated analytically using the normal "thick shell”- formula. The
hoop stress due to temperature transient was obtained from (Timoshenko & Goodier 1982)

3 r

2ead

P A f T(ryrdr + L f T(rydr - TN ], "
1-v  (b2-a®r? 3, %

where a is the thermal expansion coefficient (12,0~104’). E is Young's modulus (195 GPa), v
is Poisson’'s ratio (0,3), T(r) is the function describing the temperature variation in the wall, b
is the outside radius, a is the inside radius and r is the radius of the location of interest.

Linear elastic fracture mechanics was applied to assess the severity of the flaws. The VTTSIF
program (Kantola 1986) based on the influence function method (Besuner 1977) was used to
calculate stress intensity factor values. For the calcuiation the stress distribution in an unflawed
structure and geometry-dependent influence functions were needed. Flaws 2 and 3 (Table 1)
were considered as semi-elliptical flaws, and the stress intensity factor formulae presented by
Newman and Raju (1983) were used.

The initial shape of flaw 2 (Table 1) was idealised as a semi-cllipse with semi-axes of 25 mm
and 70 mm. The calculated stress intensity factor values at the deepest point are shown in Fig.
5. Flaw 3 was idealised as a semi-ellipse with semi-axes of 30 mm and 175 mm. The results
for the stress intensity factor value at the deepest point of the crack are shown in Fig. 6.

K (#PR V)
200. ~
25 WM
——ym S——
0 L
q
|
(#] T R ad 1 v R
) 100 200 300.
TIHE (S)
Fig. 5. The values of stress intensity factor due to internal pressure 300 bar and thermal
shock, flaw 2.
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Fig. 6.

K (HPR VH)

200. —
She £5 MM
——335 Mn
- 30 KM
100 . -
Ol 1 r T T T v —
0. 100. 200. 300.
TIME (S)

The values of stress intensity factor due to internal pressure 600 bar and thermal
shock, flaw 3.

The calculated stress intensity factor for flaw 3 is presented as a function of crack up
temperature for pressure loads of 300 bar and 600 bar (including thermal transient) in Fig. 7

together with the estimated fracture initiation toughness values of the weld material provided
by the Prometey Institute.

Fig. 7.

K

KIC (MPR V)

200. -

100. -
600 BAR
300 BAR

0. hd 1 L T T BRR
0. 10

. 200. 300.
CRACK TIP TEMPERATURE (°C)

The caiculated stress intensity factor for flaw 3 as a Junction of crack tip
temperature for different pressure loads (including thermal transient) logether
with the preliminary fracture initiation toughness values of the weld material
provided by the Prometey Institute.
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FLAW BEHAVIOUR

According to the measurements and other observations, no crack initiation occurred in tests 1 -
5. In tests 1, 2 and 3 the crack was actually a blunt notch. In tests 4 and 5 a sharp crack was
inroduced but constant pressure was not maintained during the tests due to leaks. According
tc the measured strain and crack mouth opening displacement values the crack already tested
in test 5 initiated and propagated in test 6. The crack initiation occurred at the time of round
155 s from the start of cooling. In test 7 no ¢! tions of crack initiation could be observed
on the basis of the measurements.

On the basis of the macroscopic examination of the fracture surface (see Appendix) following
conclusions were made:

« Before test 6 the initial depth of the crack has been approximately 30-40 mm
in the middle area of the crack. The initial crack length has been 350 mm.

- « The crack has initiated and arrested during test 6. The fracture surface reveals
brittle or brittle/ductile morphology.

« Considerable amounth of crack propagation has been developed in both ends of
the crack ("tunneling’).

POST-TESTS CALCULATIONS

Numerical post-test calculation was made for studying the case of test 6, in which crack
initiated to grow and amrested. In the finite-element calculation the ADINA-T and ADINA
codes were used. The VITVIRT code (Talja 1987) was used to calculate J-integral values.

The temperature field was calculated using a fine meshed line model. The inside surface of the
vessel was assumned to be insulated. The heat transfer between the vessel wall and the coolant
was modelled for the outside surface. The heat transfer coefficient h between the cooling water
and the vessel cutside surface is presented in Table 4. These values were determined on the
basis of pre-test experiments (Prometey) and the measured surface temperatures. These values
are consistent with those presented in literature (e.g. Kordisch et al. 1990). The calculated
temperatures are compared to measured ones in Fig. 8.

Tabie 4. The heat transfer coefficient between the cooling water and the vessel wall.

| h (kW/(m“))

The three dimensional model is presented in Fig. 9. Only the straight part of the vessel was
modelled (length of the model was 385 mm), because the end effects were small (Talja &
Keindinen 1991). The flaw was modelled having a constant depth and quarter-circular ends. The
appropriate symmetry boundary conditions and the axial traction due 1o intemal pressure were
modelled and the measured pressure-time-dependency was used. Fig. 10 compares the
calculated crack opening displacement to the measured one in the middle of the crack.

Fig. 11 compares the calculated hoop strain far from the crack to the measured one.
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also presented.

J-integral values were calculated using the VTTVIRT-code (Talja 1987) in which the
calculation of the J-integral is done by the virtual crack extension method. The stress intensity
factor was calculated assuming a plane strain condition and small scale yielding, thus

k= | £ 7 @)
1-v2

283



The calculated stress intensity factors in two locations are compared 1o the preliminary material
fracture toughness data in Fig. 12, The reasons for that the <tress intensity factor value
according 1o the finite-element calculation exceeds the analytical value are the larger crack area
in the finite-clement model and the linear elasticity in the analytical calculation.
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Fig. 12. Calculated stress intensity factors (tests 6) and the preliminary material fracture

toughness data.

DISCUSSION AND FUTURE PLANS

The behaviour of a model pressure vessel made of a steel 15X2MFA has been studied in a
pressurized thermal shock loading. Seven PTS tests were performed with the same model
pressure vessel using five different flaw geometries. According to the measurements and a
post-test ultrasonic examination of the crack front, the successful sixth test led to remarkable
crack extension followed by crack arrest. Due 1o the lack of the relevant material property data
at the time of preparation of this manuscript only some preliminary conclusions can be made:

* Generally good agreement was observed between the calculated and measured
values.

* The crack initiation time corresponded the time at which the calculated stress
intensity factor reached its maximum.

* Main crack extension was observed near the crack ends. To clarify this effect
the actual crack shape should be modelled more precisely.

* The circumferential weld located ar the midlength of the vessel was much
tougher than the base material.

The analyticai stress intensity calculations showed that in the case of a PTS loading the crack
geometry (aspect ratio (a/c)) has a strong effect on the arrest behaviour: a short crack has a
clear tendency 1o arrest hecause the K, value decreases with increasing crack depth. In the case
of a long crack, the situation is the reverse: an initiated crack would more probably penetrate
the wall or at least extend significantly.
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The differences between calculated and measured crack mouth opening displacement values
stem from two reasons. One is the uncertainty in the measurement due to large strains. The
other is the real initial depth of the crack which varies from 30 to 40 mm. In the analysis crack

depth was 30 mm.

The three-dimensional finite-element analysis will be repeated using a deeper crack. Also, the
measured material toughness properties, which are available in the beginning of October 1992,
will be used in the results interpretation. The conditions for crack arrest will also be studied
in the near future.

The next PTS-test will be performed using a cladded model vessel. The results of the test and
analyses will be available next year.
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LARGE-SCALE THERMAL-SHOCK EXPERIMENTS WITH CLAD AND
UNCLAD STEEL CYLINDERS®

R. D. Cheverton
Oak Ridge National Laboratory
(Oak Ridge, Tennessee

Abstract

Flaw behavior trends associated with pressurized-thermal-shock (PTS) loading of
pressurized-water-reactor pressure vessels have been under investigation at the Oak Ridge National
Laboratory for nearly 20 years. During that time, twelve -shock experiments with thick-
walled (152 mm) steel cylinders were conducted as a pan of the investigations. The first eight ex-
peniments were conducted with unclad cylinders imtially containing shallow (8-19 mm) two-
dimensional and semicircular inner-surface flaws. These experiments demonstrated, in good
agreement with linear elastic fracture mechanics, crack initiation and arrest, a series of initia-
tion/arrest events with deep penetration of the wall, long crack jumps, arrest with the stress inten-
sity factor (Kp) increasing with crack depth, extensive surface extension of an initially short and

shallow (semicircular) flaw, and warm prestressing with Ky € 0.

The remaining four experiments were conducted with clad cylinders containing initially
shallow (19-24 mm) semielliptical subclad and surface flaws at the inner surface. In the first of
these experiments one of six equally spaced (60°) “ideniical” subclad flaws extended nearly the
length of the cylinder (1220 mm) beneath the cladding (no crack extension into the cladding) and
nearly 50% of the wall, radially. For the final experiment, four of the semielliptical subclad flaws
that had not propagated previously were converted to surface flaws, and they experienced exten-
sive extension beneath the cladding with no cracking of the cladding.

Information from this series of thermal-shock experiments is being used in the evaluation
of the PTS issue.

*Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory Commission
under Imeragency Agreement 1886-8011-98 with the U.S. Department of Energy under Contract DE-ACOS-
BAOR21400 with Martin Maneta Energy Systems, Inc.

The submitied manuscript has been authored by a contractor of the U.S. Government under Contract No. DE-
ACOS-BAOR21400. Accordingly, the U.S. Government retains a nonexclusive, royalty-free license to publish or
reprocduce the published form of this contribution, or allow others 10 do so, for U.S. Government purposes.
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THERMAL-SHOCK EXPERIMENTS WITH LARGE, CLAD AND
UNCLAD TEST CYLINDERS

I. INTRODUCTION

The pressurized thermal shock (PTS) issue pcnainin% 10 pressurized water reactors
(PWRs) has been under intensive investigation by the Nuclear Regulatory Commission (NRC),
reactor vendors, and utilities since the early 1970s, and these efforts resulted in issuance, by the
NRC, of the PTS Rule! and Regulatory Guide 1.154 (Ref. 2). As an aid in formulating the rule
and Regulatory Guide, the NRC sponsored the Integrated Pressurized Thermal Shock (IPTS) Pro-
gram, which involved development of probabilistic models and the subsequent calculation of the
frequency of vessel failure for three specific plants.3-5 The validity of the deterministic nmu of
the probabilistic fracture mechanics model included in the IPTS methodology was establi toa
large extent on the basis of a series of thermal-shock experiments conducted with thick-walled steel
cylinders.® These experiments were conducted without cladding, which normally exists on the
inner surface of PWR pressure vessels and presumably influences the behavior of flaws in the
proximity of the cladding. An “acceptable” method for including cladding in the IPTS studies was
to account for its relatively low thermal conductivity in the thermal analysis and its relatively high
coefficient of thermal expansion in the stress analysis, and to assume that initial flaws penetrated
the cladding (surface flaws) and that the cladding had the same fracture toughness properties, in-
cluding irradiation effects, as the base material. More recently, there has been a desire to obtain a
better understanding of the role of cladding. To address this need, “typical” cladding material has
been irradiated,” clad-plate®? and clad-beam? tests with mechanical loading have been conducted.
and thermal-shock experiments, simular to the earlier ones, but with ¢ladding on the inner surface,
have been conducted. !

There has also been a growing interest in the effect of constraint on fracture toughness for
PTS-related conditions. The IPTS studies indicated that most flaws resulting in calculated failures

were very shallow (crack depth <15 mm), and beam experiments!? indicate that such flaws may
have elevated toughness (relative to plane-strain values) associated with them (attributed to reduced
constraint). Yet, there is some concern that out-of-plane tensile stress, a relatively high yield
stress, and/or a steep gradient in stress13.14 could, at least to some extent, negate the elevation.
The thermal-shock experiments tend to address these phenomena because shallow flaws, steep
stress gradients, a relatively high vield stress, and a biaxial stress state are involved.

Another area of recent inteérest pertains to the possible existence and effects of low-
toughness sites, which, in principle, could result in a structure effective crack-initiation fracture
wughness as low as the crack arres” toughness of the matenial surrounding the low-toughness
site. )3 The thermal-shock experiments tend to address this subject because of the extensive length
of crack front involved, which increases the chances of a low-toughness site existing, However,
no welds. other than the cladding (weld deposition). were included in the test cylinders, and it may
be that low-toughness sites are more likely to exist in welds than base material.

The purpose of this paper is 10 review and compare the thermal-shock experiments with
and without cladding, particularly in light of present interests in flaw-depth, stress-gradient, yield-
stress, and stress-state effects on effective fracture toughness and the concern over low-toughness
sites. Detaled analyses of the experiments are still being conducted, and thus this paper does not

represent a final evaluation. Presumably there is more 10 be learned from these experiments as our
msights and analytical tools are improved

I e B e LBl B s
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2, OBJECTIVES OF THERMAL-SHOCK EXPERIMEN1S

As indicated in Figs. 1 and 2 and discussed in Ref. 11, a linear elastic fracture mechanics
(LEFM) analysis of 8 PWR vessel subjected to PTS loading indicates (1) essentially a biaxial stress
state; (2) steep gradients in temperature, stress, stress intensity factor (Kj) and critical values of K
corresponding to initiation (incipient propagation) (Kjc) and arrest (Kia): (3) a series of initiation
and arrest events. (4) initiation of very shallow flaws; (5) arrest with Kj increasing with increasing
crack depth (in a standard crack-arrest test Ky decreases with increasing crack &pth); (6) warm
prestressing (WPS) with K < 0; (7) the possibility of long crack jumps that might introduce
dynamic effects; and (8) at least in the absence of cladding a short surface crack could extend on
the surface to become a long flaw with an increased potential for propagating radially. These indi-
cated events and features raised questions about the applicability of lab-specimen Ky and Ky, data
for PTS analyses (constraint effects associated with shallow flaws and steep stress gradients;
arrested crack fronts: arrest with dKj/da > 0) and about whether warm prestressing, dynamic
events, and extensive surface extension would take place under PTS conditions. Obtaining
answers 10 these questions was a major part of the objective of the thermal-shock program.

The objective also included, of course, a determination of the behavior of flaws in the pres-
ence of cladding. By comparison with an unclad vessel, the presence of cladding (1) reduces the
severity of the PTS thermal shock (relatively low thermal conductivity) and thus tends to reduce the
potential for propagation of flaws; and (2) introduces high thermal stresses near the surface
(relatively high coefficient of thermal expansion) and thus tends to increase the potential for propa-
gation of surface flaws. As suggesied in Refs. 16-18, the cladding provides a crack-mouth clos-
ing force for subclad flaws (Fig. 3) that reduces K relative to that for a surface flaw. The crack-
mouth closing force is essentially equal to the stress in the cladding times the thickness of the
cladding, and for severe thermal-shock loading conditions this stress is the “yield” stress. The
possible benefit of cladding for a subciad flaw, relative to a surface flaw and in terms of reducing
K| for the portion of the crack front in the base material, is dependent on the extent of stretching of
the cladding over the crack. As the stretching increases, the benefit decreases. Because of com-
plexities associated with modeling of the crack tip at the clad/base interface, the accuracy of the cal-
culated extent of stretching is quite uncertain. Thus, an experimental determination 18 necessary
and was included in the scope of the thermal-shock experiments with a clad cylinder. 1!

Another cladding-related phenomenon that is difficult 1o model at the present time is the
tendency for either a surface or subclad flaw 1o propagate beneuth the cladding. If subclad propa-
gation (tunneling) is restricted. limiting the length of the flaw, the potential for radial propagation
will be less.

3. DESCRIPTION OF EXPERIMENTS

31 Test Cylinders

Nine thermal-shock experiments (TSE-4, 5, 5A, 6-11) are discussed in this paper. Each
was conducted with a test cylinder fabricated from ASO8 steel with class-2 chemistry. Three dif-
ferent heat treatments were used, the difference being in the tempering temperature following
quenching in water from the austenitizing temperature (860°C). At the ume of quenching, the
cylinders were oversize so that final machining would preclude significant residual stresses. The
length of the cylinders was sufficient to eliminate significant end effects in the central portion of the
cylinder. New, unclad, test cylinders were used for each of the first five experiments (TSE-4, 5,
SA. 6. and 7), and one additional cylinder, clad on the inner surface, was used for TSE-8, 9, 10,
and 11. Two cladding materials were used for the clad cylinder (Fig. 4), and both were applied by
the strip-cladding, submerged-arc process. Stainless steel 304L was applied to a 90° segment,
while the remaining 270° was clad with Inconel 600. All test cylinders but the one for TSE-4 were
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the same in length and outside diameter. The test cylinder for TSE-4 was smaller and had a small
enough ratio of diameter to wall thickness to preclude deep penetration of the flaw. A summary of
descriptive material is provided in Table 1, and more detail is given in Refs. 6, 11, 19, 20, and 21.
Photographs of a clad and unclad test cylinder are shown in Figs. S and 6.

Table 1. Summary of test conditions for ORNL thermal shock experiments

Experiment

TSE-4 TSE-5 TSE-5A TSE6 TSE-7 TSE-89,0,11

Cyhnder dimensions, mm

Outside diameter 533 991 991 991 991 991

Wall thickness 152 152 152 76 152 152

Length 914 1220 1220 1220 1220 1220

Ciadding thickness 56
Cylinder material

Designation AS08, Class 2 chemistry

Tempering wemperature, °C AQA 613 679 613 704 620

RTnpT, °C 75 o 10 6 -1 66

Yield stress at 22°C, MPa 900 682 581 682 449 520
Flaw (inatial)

Type LsP LS, S§¢ LS LS  SCS¢  SESf SESCS

Orentation axial axial, corcum.  axial axial axial axial |

Length, mn 914 1220, 10 1220 1220 37 114, 38 }Fiz. 7

Depth, mm 1 16 1 7.6 14 19
Thermal shock

Initial wemperature of cylinder, “C 288 96 96 96 96 96

Initial temperature of coolant, °C -25 -196 ~196 ~196 ~196 -196

Quench modium W/A¥ LNk LNy LN N3 LNz
AQ = as quenched. 4SCS = semicircular, surface. FW/A = water/alcohol,
BLS = long, surface. €SES = semielliptical, surface. AN = liquid nitrogen.
€8S = shon, surface JSESC = semielliptical, subclad.
3.2 Flaws

Initial flaws for the experiments were “shallow” (€19 mm) and were generated with the
electron-beam, hydrogen-charge technique,?? which results in a sharp, arrested crack for the initial
flaw. All intended flaws were oriented in an axial direction. For experiments TSE-4, 5, SA, and
6, the imended initial flaws were surface cracks that extended the length of the test cylinder with
uniform depth. The flaw for TSE-7 was a semicircular surface crack. The test cylinder used for
TSE-8,9, 10, and 11 had multiple flaws with arrestor holes in close proximity in an attempt to
control interaction effects after flaw extension. As indicated in Figs. 4 and 7, there were six,



equally spaced (60°), 6/1 semielliptical, subclad flaws for TSE-8. Followinﬁ TSE-8, two semi-
circular surface flaws were added, and following TSE- 10 four of the subclad flaws in the Inconel-
clad area were converted to surface flaws by slitting the cladding, these latter flaws had not propa-

gated previously.
3.3 Experiment Technigue

To simulate radiation embrittlernent and otherwise provide appropriate conditions for prop-
agation of flaws, it was necessary to use a low-1 ure thermal-shock medium and, for some
experiments, a low-tempering temperature {both of which contributed to low-fracture toughness)
and a severe thermal shock (high stress intensity factors). This is not surprising when we recall
that flaw propagation in PWR vessels is predicted only when considering high fluences, high cop-
per and nickel concentrations, lower-bound fracture toughness, and severe transients.

The desired thermal-shock conditions were achieved for TSE-4 by heating the test cylinder
10 288°C and quenching the inner surface with an alcohol/water mixture at - °é For all succes-
sive experiments the test cylinder was heated to 96°C and quenched with liquid nitrogen (-196°C).
For the latter experiments, the ends and outer surface of the test cylinder were thermally insulated.
After heating, and with all instrumentation attached, the test cylinder assembly was lowered into a
tank of liquid nirogen. (A special surface coating was used to promote nucleate boiling, which
provided the necessary high heat transfer coefficient.) The thermal shock was delayed, until full
submergence of the test cylinder, by a gas bubble, trapped in the cavity, that was released afier
complete submergence was achieved. This procedure resulted in a very uniform thermal shock to
the inner surface.

Instrumentation included 15 thermocouple thimbles with 12 thermocouples each for mea-
suring the temperature distribution in the wall during a transient; weldable strain gages, as crack-
opening-displacement gages, for detecting the times of initiation/arrest events, and, indirectly, for
determining crack depth; and ultrasonic instrumentation for detecting time of events and crack
depth.

After the final experiment with a specific test cylinder, the flawed region was removed and
the fracture completed, by mechanical means, at liuid-nitrogen temperature 1o reveal the fracture
surfaces. In some cases, examination of the fracture surfaces was aided by scanning electron
MICTOSCOPY.

3.4 Specific Purpose of Each Experiment

Generic: 1o demonstrate that linear elastic fracture mechanics (LEFM) is valid for appli-
cation 1o PTS loading. One way of doing this is to compare the thermal-shock-experiment critical
values of K| corresponding to the initiation and arrest events with Kj¢ and Ky, data measured with
standard specimens. This could be an oversimplification, however, if, for instance, out-of-plane
stress, a relatively high yield stress, and/or very steep stress gradients, all of which were character-
istic of the specific thermal-shock experiments.® nullified lack-of-constraint cnhancement of frac-
ture toughness associated with the shallow flaws tested under uniaxial, shallow-gradient-stress
conditions. 12

TSE-4: to demonstrate initiation and arrest. It was not anticipated that more than one ini-
tiation/arrest event would take place because of the stiffness of the wall (low ratio of radius to wall
thickness).

TSE-S: to demonstrate a series of initiation/arrest events with deep penetration of the wall
and with warm prestressing limiting the number of events.

TSE-8A: the same as that for TSE-S, with the addition of arrest with dKy/da > 0. The
fracture toughness was purposely greater than for TSE-5 (RTnpt = 10°C for TSE-5A compared to
66°C for TSE-5).
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TSE-6: 10 demonstrate that as a result of a very long crack jump, dynamic effects would
not be large enough to drive the flaw completely through the wall. A thinner wall (higher radius-
to-wall-thickness ratio) was required to achieve the long crack jump.

TSE-7: 10 demonstrate that in the absence of cladding an initially short surface flaw
would extend on the surface in a single event 10 become a long flaw.

TSE-8: 10 evaluate the behavior of subclad flaws.

TSE-9: 1o evaluate the behavior of shallow, semicircular, surface flaws in the presence of
cladding. The intent was 10 1erminate the experiment after the first event so that the fracture con-
tour associated with the first event could be determuined. (The occurrence of a subsequent event
might prevent that determination. )

TSE-10: to evaluate the behavior of shallow, semicircular, surface flaws in the presence
of cladding. As opposed to TSE-9, the duration of the transient was 10 be sufficient for all pos-
sible events to take place.

TSE-11: t evaluate the behavior of shallow, 6/1 semielliptical, surface flaws in the pres-
ence of cladding.

4. RESULTS AND DISCUSSION

4.1 Temperature Transients

The temperature transients achieved (Figs. 8 and 9) were such that within 2 min the inner-
surface temperatures dropped 270°C for TSE-4 and 170-240°C for the subsequent experiments,
The rather large vaniation for the latter experiments was not intentional but was due in part to unin-
tended variations in the surface coating that must be used to enhance the fluid-film heat transfer co-
efficient. The initial rate of decrease in surface temperature was greater for the clad test cylinder
because of the insulating effect of the cladding, and was greater yet for TSE-4 because of forced-
convection cooling. In all cases, the initial difference in temperature between test cylinder and
guench medium was about the same (~300°C),

4.2 Fracture Behavior

The evaluation of the actual flaw behavior involves a calculation of Ki, Kjc, and Kiy. To
minimize uncertainties, these parameters were calculated using the measured temperature distribu-
tons. Also, some fracture-toughness data were obtained specifically for the test-cylinder mate-
rials, and these data were used in conjunction with an existing data base?3 1o obtain best-estimate
values. LEFM two- and three-dimensional (2-D and 3-D) finite-element models were used for cal-
culatung Ky values for TSE-4, 5, SA, 6, and 7, but for TSE-%, 9, 10, and 11 elastic-plastic fracture
mechamcs (EPFM) models were used to account for the large amount of plasticity in the cladding.
Values of KKy mentioned below are consistent with this approach.

421 TSE-4

During TSE-4 there wes one imtiation/arrest event (Figs. 10 and 11). 1t took place at 152 ¢
into the transient, and the best-estimate value of Ki/Kyc at the time of initiation was 1.06. A second
mitiation event was prevented by WPS. The flaw extended 10 mm and arrested with dKy/da = 0.

As indicated by the set of critical crack depth curves (Fig. 11),° there is reasonably good agreement
between predicted (using actual temperatures) and actual flaw behavior,

* Asetof critical-crack-depth curves consists of & plot of crack depths corresponding 10 initiation and arest
cvents and incipient WPS (K = 0), all as a function of ume in the transicnt.
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422 TSE-5

During TSE-5 there were theee initiation/arrest events associated with the intended long,
axial flaw, and WPS prevented a fourth event (Figs. 12 and 13). As indicated in Fig. 13, the sec-
ond event was delayed, indicating an elevated toughness and thus resulting in a rather long crack

jump. The long jump introduced the possibility of dynamic effects, but the good be-
tween calculated (static analysis) and actual arrested crack depth indicates dynamic effects were not
significant.

An unintended and initially undetected surface flaw with a surface length of only 10 mm, a
depth of 16 mm, and a circumferential orientaticn (a cross crack in the EB-weld fusion zone used
to generate the long axial flaw) extended on we surface, bifurcating many times, to become a very
long flaw (Fig. 14). This confirmed a predicted behavior that was 1o be investigated in a later ex-
periment (TSE-7). Propagation of this flaw occurred after propagation of the long axiai flaw and
thus did not influence propagation of the latter flaw.

4.2.3 TSE-SA

During TSE-5A there were four initiation/arrest events with WPS preventing a fifth event
(Fig. 15). Following incipient WPS (Kj = 0), Ky/Kj. reached a maximum value of 2.3, and yet

initiation did not take place. Thus, WPS (no initiation with K; < 0) was demonstrated in a reason-
ably convincing manner, and once again there was good agreement between prediction and
expenment.

4.24 TSE-6

During TSE-6 there were two initiation/arrest events with a final arrest 95% of the way
through the wall (Figs. 16 and 17). The static LEFM analysis predicted the deep arrest, but there
was concern that dynamic effects might drive the flaw compietely through the wall. Apparently,
dynamic effects were negligible.

4.2.5 Comparison of fracture-toughness data from TSE-4, §, SA, and 6

A comparison of standard-specimen Kjc and Ky, data® with the critical K; values corre-
sponding 1o the initiation and arrest events detected during the ORNL thermal-shock experiments
and a similar French experiment?® (Figs. 18 and 19) shows good agreement and thus indicates that
LEFM is valid for PTS loading, assuming that the shallow initial flaws would not exhibit a sub-
stantially elevated toughness. Shallow-flaw data obtained with beams subjected to bending!? indi-
cate that the first initiation events for TSE-S and TSE-6 were at 100 low a temperature to exhibit
elevated toughness; however, for TSE-4, TSE-5A and the French experiment, they were not.
Even so. there is no evidence in Fig. 18 of elevated toughness. A possible explanation is that out-
of-plane stresses (nearly equal biaxial stresses under thermal-shock loading), and/or the relatively
high yield stress,** and/or the steep gradient in stress over the depth of the flaw resulted in a re-
duction in fracture toughness based on the single fracture parameter Kj (Refs. 13 and 14). This
possibility is under investigation at ORNL.

*The data used for the comparison discussed herein are those used 1o define the ASME lower-bound K and

Kjq curves 2
**The room-temperature yield stress for the shallow-flaw beams was ~420 MPa, which 1s low compared to
the values for the test cylinders (Table 1).
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The two relatively high data points in Fig. 18 correspond 10 the initiation events that pre-
ceded the two long crack jumps (TSE-5 and TSE-6), and in Fig. 19 it is not evident that the long
crack jumps had a significant effect on crack arrest (data points are within the scatter band).

Two other data points of particular interest in Fig. 19 are those corresponding to arrest with
dKy/da > 0. There is not a discernible difference between these data points and data obtained from
a standard crack-arrest test (dKy/da < 0). Thus, the latter data appear to be valid for PTS loading.

During TSE-5, 5A, 6, and 7, there were more than 12 initiation events involving crack
fronts totaling more than 1000 mm in length, and yet the existence of low-toughness sites is not
apparent; that is, Kj¢ values deduced from the experiments do not fall below the ASME iower-
bound Kj¢ curve. On the other hand, there is considerable overlap of the Kj¢ and Ky, scatterbands,
which implies that the lower part of the Kj¢ scatterband includes the effect of low-toughness
sites. 15 This is consistent with the notion that if a compact specimen containing a low-toughness
site fails, as opposed to exhibiting a pop-in, the existence of the low-toughness site results in a
relatively low value of Kj¢ but otherwise is not recognized. A pop-in eliminates the low-toughness
site without failure and presumably is not recorded as a Ky value. Thus, perhaps the ASME
lower-bound'Ky. curve includes essentially all low-toughness sites that can result in failures.

426 TSE.7

During TSE-7, the shallow, semicircular flaw experienced three major initiation/arrest
events and, during the first event, extended on the surface, bifurcating many times, to become a
very long flaw (Fig. 20). The pretest analysis, which could not include the potential for bifurca-
tion, indicated that the flaw would extend on the surface nearly the full length of the test cylinder in
a single event and subsequently experience two more initiation/arrest events with a fourth event
being prevented by WPS (Fig. 21). (The 2-D analysis presented in Fig. 21 is reasonably accurate
because the maximum value of Ky/Kjc for the semicircular and 2-D flaws of the same depth are
about the same, and the first event extends the surface length of the initial flaw.) (hus, there was
good agreement between prediction and experiment.

4.2.7 TSE-8

During TSE-§, one of the six flaws (flaw 3) experienced two initiation/arrest events, ex-
tending boh the length and depth of the flaw (Fig. 22). Although there were obvious stretch
marks in the cladding over the extended flaw, there was no penetration of the cladding. The
maximum value of Ki/Ky. along the original crack front at the time of the initial initiatior was at the
deepest point and was 0.8. The maximum values achieved for the other five flaws occurred
somewhat later and were nominally 1.0 (as a result of the extensive extension of flaw 3, there was
a loss of symmetry that increased K slightly for some flaws and decreased K; slightly for others).
This experiment demonstrated that even in the presence of tough cladding, a short flaw could ex-
tend in length beneath the cladding to effectively become a 2-D subclad gaw. Comparing TSE-8
with TSE-7 indicates that the presence of the cladding reduces the tendency for bifurcation and thus
the extent of “surface” extension.

The calculation of K; for the portion of the crack front in the base material required model-
ing of the crack front at the clad/base interface, and this was done using a crack-tip blunting
model. 1! The low calculated value of Ky/Ky. for the first event (0.8) indicates that stretching of the
cladding over the flaw was greater than calculated.

428 TSE.9 and TSE-10

TSE-9 and TSE-10 included two semicircular surface flaws, one of which extended
slightly during TSE-9. Immediately following this event, which was nothii\g more than comple-
tion of crack generation in the EB-weld fusion zone, the transient was termir,ated by withdrawing
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the test cylinder from the liquid nitrogen. Although of greater duration, the thermal transient for
TSE-10 was less severe (Fig. 9), and there was no further propagation. The maximum value of
KK during TSE-9 for the portion of the crack front in the material occurred at the clad/base
interface and was 1.3. This value, however, is based on the toughness of the base material in
essentially a quench-only condition, and it may be that the heat affected zone at the clad/base inter-
face was terhpered 10 a higher toughness. In any case, because the TSE-7 test cylinder was fully
temperated (RTnpT = - 1°C), and because the TSE-9 wransient was somewhat more severe (Figs. 8
and 9), it appears that the presence of cladding reduced the potential for propagation of the semi-
circular surface flaw. This is further supported by the lack of propagation during TSE-11, which
had a more severe transient.

429 TSE-11

The thermal transient for TSE-11 was substantially more severe than those for the other
experiments (Fig. 9). During the transient, the four 6/1, semielliptical, surface flaws propagated,
extending in length and depth without penetrating the cladding (Fig. 23 and Table 2). There was
some bifurcation that permitted flaw 6 to bypass the arrestor holes and extend nearly to the ends of
the cylinder. There is evidence in Table 2 that at 124 and 230 s initiation of one flaw triggered
others, presumably as a result of stress waves. Values of Ki/Kj at the times of the first initiations
were 1.1 (clad/base interface) and 0.8 (deepest point) at 86 s and 1.3 (clad/base interface) and 1.1
(deepest point) at 124 s, all based on RTnpT = 66°C. The extension of flaw 2 at 86 s was re-
stricted, as intended, by arrestor holes and thus had a negligible effect on the events associated
with the other flaws at 124 5.

Table 2. Events during TSE-11

Time (s)
Flaw
B6 124 192 230 390

2 Fa E

3 E E E E
4 E

5 E

6 E E

4F indicates initiation/arrest events.

Flaw 3, which had propagated during TSE-8, experienced four additional initiation/arrest
events, while the subclad flaw in the stainless-steel-clad region (flaw 1) and the two semicircular
surface flaws (flaws 7 and 8) did not propagate. The maximum value of Ky/Kj for flaw 1 prior 1o
WPS (~230 s) and prior to extensive propagation of other flaws (124 s) was 1.0, and it was at the
deepest point. For the semicircular flaws, the corresponding value was 1.5 at the clad base inter-
face (based on RTnpT = 66°C) and 0.8 at the deepest point.
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