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IAEA Specialists' Meeting on the

Integrity of Pressure Components of Reactor Systems

Foreword

The IAEA Specialists' Meeting on the Integrity of Pressure Components of
Reactor Systems was held at Paks, Hungary on 25-29 May, 1992. 53 delegates
representing 16 countries or organizations were present.

The purpose of the meeting was to provide an international forum for discussion on
recent results in research and utility practice in the field of integrity of pressurized
components of reactor systems

The Chairman for the meeting was Acad. L. Myrddin Davies from the UK, the
IAEA Scientific Secretary was Mr. L. Ianko and the organizing committee consisted of
Mr. Ferenc Gillemot and Mr, Peter Trampus.

The meeting was opened by the following speakers.

M. Davies Chairman

J. Balogi Deputy Director of NPP Paks

E. Bujdoso Hung.Comm. of Atomic Energy

F. Gillemot Atomic Energy Research Inst.

P. Trampus Organizing Committee

L lanko Scientific Secretary

The papers were arranged into a number of sessions and the session Chairmen and
Co-Chairmen were:

Plenary session
Chairman: M. Davies
Co-chairman: P. Trampus

S e s s i o n 1 . Integrity assessment of pressurized components

Chairman: K. Kohashi
Co-chairman: F. Gillemot

S e s s i o n 2 . Integrity assessment of pressurized components

Chairman: M. Brumovsky
Co-chairman: Gy. Mucskay



Session 2. (cont.)
Chairman:
Co-chairman:

G. Engl
I. Havas

Session 3 . Integrity assessment methods

Chairman:
Co-chairman:

Session 3. (cont.)
Chairman:
Co-chairman:

K. Wichman
F. Oswald

Th. Duroy
I. Artinger

Session 4. Assesment of Material Degredation an

Chairman:
Co-chairman:

Session 4. (cont.)
Chairman:
Co-chairman:

S. Rosinsky
I. Becker

J. Guinovart
E. Czoboly

The list of delegates and scientific programme are shown as Appendix 1 and 2.

The meeting included a visit to the Paks Nuclear Power Station.

The meeting was sponsored by the

• Hungarian Atomic Energy Comission

• Nuclear Power Plant Paks

• Atomic Energy Research Instititute (Budapest)

The proceedings edited by

F. Gillemot

G.Uri
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IWG-LMNPP Activities on Nuclear Power Plant Life
Management

A.D. Boothroyd, L Ianko
Division of Nuclear Power
International Atomic Energy Agency
May, 1992

ABSTRACT

By the dose of the year 2000 approximately 160 NPPs will be more than 25 yean old.
The question of NPP life extension as an alternative to decommissioning will therefore be
of growing importance worldwide.

Many technical, economic and safety aspects of NPPs ageing and life extension have
been discussed at different IAEA meetings and have been included in the IAEA
Programme of Activity. The main problems which have been discussed are: economic
analysis, safety analysis methods for time-dependent phenomena, classification of
components, methodology for effective management of the lives of critical components,
establishment of data bank from information available in all countries. The activities
planned by the IAEA International Working Group on Life Management of Nuclear Power
Plants ( IWG-LMNPP ) include information exchange, meetings of several lands,
development of publications and a data base. The purpose is to enable Member States with
an interest in using nuclear power in the future to learn and gain a better understanding of
the means available to protect and enhance the economic operating fife and safety of their
plants. The Agency co-operates closely with other international organizations to promote
better understanding of all problems concerning NPP life management.

IWG-LMNPP ACTIVITIES

The purpose of this report is to provide description on the past and ongoing activities
which have been planned and are conducted within the framework of the International
Working Group on Life Management of Nuclear Power Plants.

The International Working Group on Reliability of Reactor Pressure Components,
which has been in existence for over 20 years, has carried out activities in the area of
materials of reactor pressure boundary components. The Working Group men decided to
put a greater emphasis on ageing and life management and changed its name to
International Working Group on Life Management on Nuclear Power Plants, also revised
the aims and scope of its activities, which focus on aspects of reliable plant Ufe management
(including specialists meetings, technical assistance, publications on aspects relating to
maintaining reliability of specific plant components and Co-ordinated Research
Programmes).
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• Directions of the IWG-LMNPP activities as adopted are:

• establishing a methodology to rank plant components according to their impact
on planlifetime;

• defining the specifications for a suitable database for merging operating
experience and classifying the consequences of operating events on the plant
components lifetime

• achieving a better understanding of the ageing phenomena and their
mechanisms,

• completing work on pressure boundary integrity surveillance programmes and
their analysis.

It should be noted that the IWG-LMNPP during the reported period continued its
work in accordance with the Agency's Programme A2.02 "Nuclear Power Plant Ageing
and Life Extension".

The Life Management Process is a complex team effort involving many areas of
technology. The scope of IWG programme covers many of these technologies with a
particular emphasis on plant availability. This programme also goes a long way in
promoting safe operation, but there are some additional activities sponsored by IAEA's
Safety Division.

The major role that the International Working Group has been taking is in the
provision through research programmes of generic information of Nuclear Power Plant
Life Management. In the technology area this consists of a wide variety of subject areas.
Reports on Proceedings of Specialists' Meetings on many of these topics have been
produced or are in preparation. A list of meeting topics held over the past five years are
listed in Appendix 1.

The key components to be considered will depend on the type of design, but generally
include:

1. Reactor pressure vessel

2. Heat transport piping

3. Containment and other concrete structures

4. Steam generators and other heat exchangers

5. Electrical insulation

6. Pump bearings and seals

The methodology used to assess the condition of a component depends of course on
the component. It's role and the design and safety criteria applied and the margins available
have to be determined on a case-by-case basis at each plant. Methodology is an area where
IAEA has documents in preparation in both the safety area and for reliable achievement of
high availability.
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Understanding the phenomena which occur and the consequent degradation
mechanisms is an extensive area of work. Radiation embnttlement of reactor pressure
vessel steels has been the major area of concern but thermal degradation, corrosion and
fatigue are also very significant In the monitoring field, non-destructive examination
techniques and fracture mechanics are subject areas which are major contributors to the
process.

In accordance with the recommendations made by participants at the last meeting in
March 1990, there were a number of meetings to be organized within the framework of the
IWG-LMNPP activities:

Specialists Meeting on "Sub-Critical Crack Growthty, was held 14-18 May 1990,
in Moscow.

The purpose of the Specialists Meeting was to provide opportunities for discussion on
the topic of crack growth phenomena and methods of its investigation to improve the state
of knowledge of the topic and thus also improve nuclear power plant reliability, availability
and safety. Papers presented emphasized that sub-critical crack growth affects the lifetime
of components in nuclear power plants, for example, reactor pressure vessels, steam
generators, piping, etc. The proceedings are available.

Specialists Meeting on "Radiation Embrittlement of Nuclear Reactor Pressure
Vessel Steels", was held 26-28 September, 1990, in Balatonfured,Hungary

The purpose of die Specialists Meeting was to provide an international forum for
discussion on recent results in research and utility practice on surveillance and radiation
embrittiement, allow better understanding of the mechanisms of embrittlement, the effects
of chemical and environmental factors, and to improve knowledge on the topic and thus to
give directions for further investigations. The proceedings is published as ASTM STP
1170.

Specialists Meeting on "Nuclear Power Plant Lifetime Assurance" was held 10-12
October 1990, Stockholm, Sweden.

The purpose of the meeting was to provide a forum to allow a better understanding of
ageing phenomena of key reactor components and the effects on environmental factors and
to improve knowledge of the topic of plant lifetime management. There were 64
participants representing 14 countries and 3 international organizations

The participants of the SPM concluded, that this meeting has contributed to better
understanding of ageing degradation process and methodologies for lifetime assurance of
NPP components. The proceedings are available

Specialists Meeting on "Nuclear Power Plant Components Maintenance, Repair
and Replacement for Plant Life Management", 23-26 September 1991, Madrid, Spain

The purpose of the meeting was to review the experience gained in the area of repair
and replacement. There was a special focus on various repair and replacement techniques
as well as on manufacturing and qualification of spare parts. Regulatory aspects, Codes and
Standards were considered - taking into account the development after the commissioning
of the plants. The proceedings are available
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Specialists Meeting on "Thermal and Mechanical Degradation", 19-21 November
1991, Abingdon, UK

The purpose of the Specialists Meeting was to provide an international forum for
discussion on recent results in research and utility practice in the field of thermal and
mechanical degradation effects in NPP reactor materials. Contributions gave results in
practice, experimental, thermal and environmental surveillance programmes. The
proceedings are available.

Coming back to the IWG specialists meeting programme, it should be noted that the
meetings were well organized and provided valuable material which after pubUshing will
present a useful information package

According to the Agency' Programme the process of TRS "Radiation Embrittlement
of LWR Pressure Vessel Steels" updating is under way. At the initial Editorial Board
Meeting (November 1989, Vienna) chapters and the scientific scope were worked out.
Since part of the reports was completed, the last Editorial Board Meeting (September
1991, Vienna) paid attention to the consideration of the proposed chapters and their
authors It was also agreed that the title of the book should be "The Effect of Neutron
Irradiation on Reactor Pressure Vessel Steels".

Technical document of the "Methodology of Assessing Plant Ageing Phenomena"
is planned to be completed on the basis of two consultants reports "Nuclear Power Plant
Ageing and Life Extension", "Ageing Mechanisms of Reactor Key Components and
Its Monitoring" and papers presented at the IAEA Specialists Meeting "Nuclear Power
Plant Lifetime Assurance" (October 1990, Stockholm, Sweden). After the final
reviewing the document will be submitted for printing.

Meeting of the International Working Group on Life Management of NPPs (17-19
February 1992, Austria, VIC)

The objective of the meeting was to summarize and to discuss recent developments in
the field of Nuclear Power Plant Life Management, including understanding of ageing
mechanisms, monitoring, mitigation, managing ageing and to identify future direction in
IWG-LMNPP activities Recommendations of the Group are used in the definition of
activities to be included in Agency programmes.

Phase III of the Co-ordinated Research Programme on "Optimizing Reactor
Pressure Vessel Surveillance Programmes" went into its final stage. The task of Phase
III is to meet the principle goal of optimizing reactor pressure vessel surveillance
programmes and related methods of analysis for international application.

The following countries are participating in Phase III: Argentina, Austria, CSFR,
Belgium, Germany (orginally both the GDR and FRG), Hungary, India, Japan, Finland,
France, Spain, Switzerland, UK, The Russian Federation and USA
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The CRP meeting in May 1989 (Vienna) decided to organize a data base for the
collection of uniform raw data from the national standard and optional projects. The basic
idea of the Phase III data base is to collect the original measured data in a form that permits
international evaluation and in the future eventual re-evaluarion by newly developed
methods The data base is made for IBM PC and the basic software used is Dbase III or
Dbase IV. The national reports are carefully studied and the data included into the
database are validated. The final meeting was held in November 1993 in Vienna.

In response to requests by the Member States having operating nuclear power plant for
assistance, to facilitate exchange of information on key components behaviour on a wide
international basis, a programme on the development of reactor component ageing data
base has been established by the IAEA

The objective of the programme from the beginning was the advancement in
understanding of degradation mechanisms encountered in nuclear power plant operation.
Initially the focus of the programme was the major degradation mechanism, irradiation
embrittlement of the reactor pressure vessels. The scope of the programme has now been
expanded to include nuclear power plant components important to safety and reliability of
operation (Fig. I)

It has been recognized that data availability is a key aspect for effective life
management and resolution of ageing related issues. The service life and reliability of a
nuclear power plant, are directly related to the quality and availability of the relevant
information. Management, technical, operations, maintenance and administrative staff
require timely, relevant, accurate and adequate information to make decisions which are
essential for plant life management

There are a number of benefits relating to the management of ageing which are made
possible by an effective NPP data collection, record keeping and evaluation:

• The capability to make predictions of future NPP component performance and
remaining service life which would provide a basis for predictive maintenance
i.e., for decisions on the type and timing of preventive actions (such as
maintenance, refurbishing and replacement).

• The ability to identify and evaluate component degradation, failures and
malfunctions caused by ageing effects which would provide a basis for
corrective actions and also enhance the understanding of ageing mechanisms
and help the development of effective methods for timely detection and
mitigation of ageing effects

• The ability to identify new emerging ageing effects before their impact on plant
safety, reliability and service life

• Comprehensive information on plant operating and maintenance experience
which is anecessary input for licensing decisions concerning continued
operation of NPPs and licence extensions.

• An improved feedback to designers on the performance of plant components
underactual service conditions which could serve as a basis for more effective
management of ageing in the design of future plants

10
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The document "International Data Base on Ageing Management and Life
Extension (Data Base Specification)" is being prepared.

It was recommended that the IAEA should coordinate the development of an
International Reactor Vessel Material Surveillance Data Base as the first step of the Data
Base on Ageing Management. A programme to develop such a data base should have the
following objectives:

• Integrate surveillance data gathering from IAEA member countries to assist
reactor operators in accounting for the effects of neutron irradiation damage of
vessel materials when characterizing the condition of reactor vessels.

• Establish guides for data collection, compilation, verification, maintenance, and
documentation to ease the task of data retrieval and manipulation within a
multinational data base management system.

• Develop a multinational data base of vessel material surveillance data using a
standardized format for ease of data transfer and utilization.

• Maintain the data base and provide accessibility to IAEA partners for future
"life management" research activities.

• Following the completion of the CRP-3 Data Base and the International
Reactor Vessel Material Surveillance Data Base, these two data bases should be
joined into one common data base containing both power reactor data and test
reactor base.

Below are the Specialists' Meetings which have emerged from the IWG programme
for 1992.

1. Specialists Meeting on "Integrity of Pressure Components of Reactor Systems"
(25-29 May 1992, Hungary, Paks)

The purpose of the meeting is to review the experience gained in the area of integrity
of pressure components of reactor systems (approaches to assessments of reactor pressure
components integrity, deterministic and/or probabilistic analysis, monitoring of material
properties degradation, assessment of degradation mechanisms).

The Specialists' Meeting is aimed at technical personnel from utilities, service
companies, regulatory bodies and appropriate research institutes It will give the possibility
to specialists from various countries to exchange information, new results in research and
development which will increase the body of knowledge in the topic concerned and
provide practical methods to achieve higher level of NPP reliability, availability and safety.

2. Specialists Meeting on "Experience in Monitoring Ageing Phenomena for
Improving NPP Availability" (8-11 June 1992, Plzen, CSFR)

The purpose of the meeting is to review the experience gained in the area of
monitoring ageing phenomena with special focus on Ageing Mechanisms of Key Structural
Components, Methods of Monitoring Such Ageing and Life Management Approaches and
Examples from Current Reactors.

The meeting will be held in cooperation with the International Working Group on
Control and Instrumentation.

II
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3 Specialists Meeting on "Fracture Mechanics Verification by Large Scale
Testing" (26-29 October 1992, Oak Ridge, Tennessee, USA).

The meeting will be held in cooperation with the OECD/NEA.

The meeting will address the application of all forms of fracture mechanics
methodology and its verification on structural integrity. It will include correlations between
small and large specimens and components. The scope is planned to include all pressure
boundary components with special emphasis on vessels, piping and closures, the analysis
should cover normal operation, upset and accident conditions.

APPENDIX 1

Irradiation Embrittlement of RPV Steels SPM

Fracture Mechanics Verification by Large Scale Testing SPM

Inspection of Austenitic Dissimilar Materials and Welds SPM

Corrosion and Erosion Aspects of Pressure Boundary Components SPM

Optimizing RPV Surveillance Programmes CRP

Repair Aspects and Procedures SPM

Water Chemistry and Corrosion Problems SPM

Reliability of Reactor Pressure Components Symposium

Defect Detection and Sizing SPM

Crack Initiation and Arrest in Theimal Transients SPM

Sub-Critical Crack Growth SPM

Time and Load Dependent Material Performance other than SPM
Irradiation Effects

RPV Behaviour under Transient Conditions Caused by Thermal SPM
Shock

Acoustic Emission and other Methods of ISI of RPVs SPM

Residual Stresses in Structural Materials and Components of NPPs SPM

Nuclear Power Plant Lifetime Assurance SPM

Thermal and Mechanical Degradation of Reactor Components SPM

Methodology for Ageing Management of NPP Components Important TRS
to Safety (unpublished)

12



Boothrovd. Ianko: IWG-LMNPP Activities..
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CEC SELECTED STUDY CONTRACTS

J. Guinovart,
CEC Comission DGX1I-D1

Introduction

The Commission of the European Communities CEC is assisted in its actions regarding
fast breeder reactors by the Fast Breeder Coordinating Committee which has set up two
Working Groups The Safety Working Group and the Working Group Codes and
Standards WGCS. The latter's initial mandate (1974) was to:

• Draw a list of codes, standards and regulations related to design, construction
materials and inspection of FBR components.

• Define points of similarity and analyse problems posed by discrepancies.

• Define fields in which additional theoretical and experimental data are required.

• Later (1978) this mandate was extended by the requirements to try to reach
consensus on points of dissimilarity with the goal of a progressive
harmonization.

The WGCS has three sub-groups called Activity Groups:

• -AG1 Manufacturing Standards and In-service Inspection.

• -AG2 Structural Mechanics.

• -AG3 Materials

The WGCS is composed of about 15 members representing utilities, industry and
research organzations. The three AG's have a size of 10 to IS permanent members,
ocassionally independent experts participate in the works. Six countries have been up to
now represented: Belgium, France, Germany, Italy, the Netherlands and the UK. The
members are nominated by their organizations, the Chairmen are elected by the members
themselves and the CEC takes care of the secretariat.

An annual budget of the order of 0.8M ECU (1M US $) is available for study
contracts. The WGSC meets twice a year, each of the three AGs three times a year, mostly
for two days. At these regular meetings tbe members:

• define the priorities for future activities.

• choose the studies to be funded each year and the organizations to perform
them (mostly each study contract has several partners from different countries
in order to make pooling of data and the elaboration of proposals for
harmonization easier).

• monitor the progress of on-going study contracts.

• review the final reports and decide on the pub 1 ication.

At this point we should stress that only less than 25% of the studies are of an interest
restricted to FBRs Most of the study contracts concern problems of interest to all types of
reactors and very often even non-nuclear applications {conventional power plants,
chemical plants, etc.)

In this paper, three recent outstanding studies developed in the framework of the
Working Groups Codes and Standards are briefly described.

14
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COMBINED ANALYSIS OF AUTOMATED PULSE ECHO AND TIME-OF-
FLIGHT DIFFRACTION DATA

Authors: TBonn KI) Ashton HWinstanleyfrom AFA Technology (RJsley, UK).

This report presents the results of a practical study aimed at improving inspection
capability for austenic welds from the combined analysis of automated pulse-echo and time-
of-flight diffraction data on realistic defects in representative of real LMFBR welds.

Four specimens (figures 1, 2, 3, and 4) contained simulated fabrication or service-
included defects. Each defective specimen was accompanied by an identical defect-free
control specimen

Description of Specimens

-A buttered T-butt Manual Metal Arc (MMA) weld in Type 316 ss plate containing a
circular patch under the side arm to simulate a lack of fusion defect at tbe weld to buttering
interface. This specimen was fatigued by tensile loading of the side arm to encourage the
growth of cracks from the edge of the patch into the butteriug to simulate service-included
secondary cracing from a fabrication defect Specimen 1.

• An unbuttered T-butt MMA weld in Type 316ss plate containing a surface-
breaking fatigue crack propagated along the side arm weld fusion face by bend
loading of the side arm. Specimen 2

• An asymetric prep straight MMA butt weld in Type 316 stainless plate
containing a surface-breaking fatigue crack propagated in the weld by three
point bending. Specimens 3

• A ferntic-to-austenitic transition weld specimen contained a simulated service-
induced fatigue crack. Specimen 4

• Inspetion Methods

• (Specimens 1 and 2 only) o° pulse-echo inspection with 6 d B drop sizing
using a 2.25 MHz probe.

• (Specimen 3 only) Standard two probe TOFD inspection using 5 MHz and
producing 60° wave beams in steel. It was not possible to apply the two probe
TOFD technique to the T-butt specimens due to the positions and orientations
of the defects in them.

• (specimen 4 only) Both multi-probe pulse-echo and Time-of-FIight Diffraction
were used for this test

Multi-probe several probes with overlapping focal regions were used for full depth
coverage to the weld (4 and 5 MHz frequencies, 0°, 45°, 60° and 70° beam angles)

Pulse-echo defect sizing was mainly by the 6 dB drop method Maximum amplitude
technique was also used where diffracted signals from the defect tis could be identified

Time-of-Flight Diffraction defects identified by the pulse-echo inspection were sized
by the standard two probe TOFD technique using 10 MHz probes mounted on perspect
wedges to produce 45° or 60° angled compression wave beams in the specimen.

A X-Y scanning mechanism linked to a MKI Zipscan automated inspection system was
used for the ultrasonic probes in specimens 1,2, 3 and pulse-echo test on the specimen 4. A
MK3 Zipscan was used for the TOFD test on the specimen 4.

15
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Conclusions

l.Test Specimen 1 contains a simulated lack of fusion defect which did not present a
difficult test of detection or sizing techniques The intended secondary fatigue cracks were
not detected. The value of Test Specimen 1 in a round robin exercise will depend on which
type of defect is required -the circular patches are still reasonably realistic representations of
lack of fusion defects

2. Test Specimen 2 contains an easily detectable fatigue crack which may test some
sizing techniques due to its proximity to the edge of the side arm and the limited inspection
access

3 Test Specimen 3 contains a tight fatigue crack which was both difficult to detect and
size due to relatively high ]evels of gram scatter noise and other spurious signals from the
weld As such it should offer a severe test of ultrasonic inspection capabilities and is
considered suitable for inclusion in a round robin test

4. Test Specimen 4. The use of multi-probe high sensitivity Pulse-echo scanning with
optimized probes greatly increases inspection confidence and aids interpretation of
inspection data. Pulse-echo and TOFD techniques offer complementary defect detection,
sizing and characterization Possibilities which can be combined to improve inspection
capability for realistic fabrication an in-service defects.

SIMPLIFIED ELASTIC PLASTIC FATIQUE ANALYSIS OF SMOOTH
STRUCTURES

Author: Dr Hiibel (Siemens, Germany)

Introduction

Engineering structures subjected to high cyclic straining play an important role in many
areas as power plants and turbines.

Due to stringent safety requirements, nuclear power plants must be designed carefully
with respect to such events. This is particularly true for Fast Breeder Reactors cooled by
liquid metal (LMFBR), the high heat-transfer coefficient of which gives rise to high thermal
loads, well in excess of the proportionality limit of the material. As a result of start-up and
shut-down events and service-level variations, these thermal loads are cyclic in nature.

Basically, the structural response beyond the proportionality limit can be calculated
using rigorous inelastic analysis methods, where stresses and strains are calculated on a
step-by-step basis throughout a given load history. To account for nonlinear
material behaviour, equilibrium is found iteratively in each step Detailed knowledge of
the material behaviour, expressed in mathematical form as constitutive equations, and a
specific load history of the different loads are required. Since this can oftenu not be
provided, and since such analyses are extremely complicated and expensive with respect to
computer time, manpower, and real time, rigorous inelastic analyses cannot be used as a
standard procedure, especially not in the early stages of design. Consequently, simplified
inelastic methods of analysis are needed, which can be used to estimate the inelastic
behaviour of a structure on the basis of fictitious linear elastic analyses.

Fatique failure is one of the predominant failure modes to be guarded against when
designing nuclear power plants. A fatique-damage assessment requires knowledge of strain
ranges occunng in a structure. The concept of "design by analysis" adopted by various
Design Codes allows a determination of elastic-plastic strain ranges by making use of
plastic strain concentration factors. This means that a strain range determined by fictitious
elastic methods, is multiplied with a plastic strain range enhancement factor Ke, provided

16
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by Design Codes, to use in fatigue analysis In this respect, the background of some factors
Ke, found in Design Codes is being reviewed in this report

Plastic strain ratige enhancement in simple structures

Two different material models. Bilinear and Ramberg-Osgood stress-strain
representations, to describe nonlinear elastic-plastic stress-strain behaviour are discussed.
Both are sufficiently complex to describe the essential feature of material hardening, they
are at the same time however sufficiently simple for hand calculations and thus closed form
solutions for many simple structural geometries, and allow a relatively easy understanding
of structural behaviour in more complicated situations.

Some simple structures are used for studying the basic features of plastic strain
enhancement Three different kinds of bars are analysed - one of constant cross-sectional
area along the length, one of two differet but constant cross-sections and one of linearly
varying cross-section Two cantilever beams, one with I-profile, the other with a solid
rectangular cross-section, are also studied For the most part, displacement-controlled
loading is studied, since force-controlled loading produces trivial results for the majority of
the geometries mentioned above. In all cases, the bilinear material model as well as the
Ramberg-Osgood model are used.

Tbe loading (and thus the fictious elastic stress) is considered to be applied
monotonously, the factor K being a plastic strain enhancement factcor. In the absence of
progressive deformation of any kind (e.g. due to a ratcheting mechanism) during a loading
cycle (i.e. the stress-strain hysteresis loop is closed, the strain amplitudes are identical in
two consecutive half-cycles), the factor Ke derived for monotonous loading can be
interpreted as a plastic strain range enhancement factor. Only the fictitions elastic stress is
to be replaced by the fictitions elastic stress range and the material parameters (yield stress
E , B, n) now describe either the loading or the unloading (or reversed loading) path of the
stress-strain hysteresis loop after transformation of the origin of the axes to one of the two
extremes of the stress-strain hysteresis

The plastic strain enhancement factors for the simple structures considered can vary
between zero and infinity.

For displacement-controlled loading and bilinear (or Ramberg Osgood) stress-strain
representation K at the most highly stressed location ofthe structure grows from unity to a
maximum value with increasing load level, and then decreases, tending to unity again at an
infinitely high load level (or grows monotonous]y from unity to a maximum value with the
Ramberg-Osgood material model If the loading is force controlled, Ke increases
monotonously with tbe load level, approaching a constant value (or tends to infinity with
the Ramberg-Osgood material model) at an infinitely high load level.

The principal difference between the two models used here is that plastic strains in a
real material are almost inevitably overestimated by the Ramberg-Osgood model at
moderate stress levels and underestimated by the bilinear model at near yiejd-stress levels.
As a result, the Ramberg-Osgood material model tends to overestimate tbe contribution of
the lower stressed parts of a structure to accomodating a displacement-controlled load,
which in turn leads to an underestimation of the plastic strain enhancement factor at the
most highly stressed location. Accordingly, the plastic strain enhancement factors for force-
controlled loading are systematically overestimated by the Ramberg-Osgood model (vice
versa with the bilinear model). To be conservative, the bilinear model should be preferred
for modelling the elastic-plastic behaviour of a real material uuder displacement-controlled
loading (at least in the range of load levels realistic in the design of Fast Reactors)

Summarising, we observed that the plastic strain enhancement depends strongly on the
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• geometry of the structure

• kind of loading

• load level

• material model and hardening parameters

Particularly for displacement-controlled loading, Ke may vary significantly from one
geometry to another, and usually has values somewhere between stress-controlled and
strain-controlled loading. On the other hand we have also studied cases where the plastic
strain enhancement was lower than under strain control.

In view of this situation, it is deemed unlikely that any one, simple, conservative, but
not overly conservative method can be established which provides plastic strain
enhancement factors for use in all these circumstances.

Conservatjveness of Neuber's approach if used for smooth structures

Plastic strain enhancement at notches has been studied widely in the literature Many
approaches are available for estimating the elastic-plastic strains at the notch root for
various notch geometries and kinds of loading. For the present purpose it is sufficient to
concentrate on the one most widely used, i.e. Neuber's approach, wbich forms the basis for
a number of more sophisticated methods and which is often adopted in Design Codes as
will be discussed later.

Neuber's approach states tbat the product of stress and strain is invariant under
fictitious elastic or elastic-plastic conditions. This relation was derived early for shear-
strained sharp notches in a prismatic body, however it is often used for any type of notch
and even sometimes proposed for general use (i.e. also for smooth geometries), although
this cannot be justified theoretically.

Local elastic-plastic notch behaviour cannot be related to the global behaviour of
smooth structures. In general, the plastic strain enhancement according to Neuber's
approach differs greeatly (i.e. is sometimes conservative and sometimes not conservative)
from those values derived for the simple smooth structures It can be shown that Neuber's
approach is often not conservative in the region of prartical interest, i.e. for moderate
hardening and moderate stress-levels.

Review of Design Codes

The plastic strain range enhancement factors stablished in the Design Codes for
smooth structures are discussed and compared in the report.

When the plastic strain range enhancement factor is plotted the curve RCC-MR
assumes here that cyclic primary stresses are negligible and that no advantage is taken of
the approach allowing a more favourable strain range enhancement factor when the loading
is, at least in part, strain controlled. As mentioned earlier, the Ramberg-Osgood model
predicts plastic-strais even at very low stress levels, so that the factor Ke exceeds 1 even for
stress ranges Sn /3Sm below 1.

It is shown that different Design Guides acomodate plastic strain enhancement in
smooth structures in significantly different manners. Some Design Guides don't consider
enhancement at all while others indicate a factor Ke which increases more or less steeply
with the stress level to a maximum value or even infinity.

Some Design Guides adopt Neuber's approach. This is potentially not conservative.
The TRD and AD-Merkblatt, however, use Neuber's approach with a perfectly plastic
material model, the yield stress being wbich is extremely conservative for materials with
kinematic and isotropic hardening.
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The RCC-MR adopts Neuber's approach with a Ramberg-Osgood model based on the
fully saturated cyclic behaviour. This amplifies the fact that Neuber's approach applied to
smooth structures is not conservative in terms of plastic strain range enhancement, because
the gradual increase in cyclic hardening shortly after having monotonous behaviour is not
reflected. Fully saturated cyclic behaviour may not occur in practice. On the other hand, an
additional factor Ku is incorporated, which takes on approximately values similar to Ke
Neuber under the conditions assumed here

The TRD and AD-Merkblatt adopt Neuber's approach but do not take into account the
geometry of a structure and the kind of loading applied. Material behaviour is, however,
taken into account, but in a very simple manner (perfect plasticity).

The SNR-300 Design Guide cannot reflect realistically Fast Reactor structural
geometries and typical loading, since its plastic strain range enhancement factor is taken
from the ASME Code, Section III, which is a LWR Design Guide. Material behaviour is
taken into account (n,m,3Sm ) However, it is stated that n and m are not well founded.

The N-47 and the Monju Design Guide (general route) do not account for plastic
strain range enhancement in smooth structures at all.

The geometry of a structure and the kind of loading are not considered in Neuber's
approach as used in the RCC-MR. However, an additive correction for biaxial stress slates
is introduced. The relevance of material data is recognised but use of the cyclic curve (in
practice the fully saturated one) is not conservative.

Tbe route in the Monju Design Guide for low-level long-term primary stresses
provides an obviously empirical plastic strain range enhancement procedure. The geometry
and loading of typical Fast Reactor structures are not reflected expucitely, but a series of
structural experiments indicates that the approach is conservative.

Typical Fatigue Problems in LMFBR 's

Fatigue problems encountered in LMFBR's arise usually in structures which are thin-
walled and axisymmetric. They may be smooth or notched, and may or may not exhibit
stiffness discontinuities. The loading situation is usually characterised by high cyclic thermal
loads at low primary stresses, which may be constant or cyclic too.

The origin of the thermal stresses can be manifold. There are, for instance, axial
temperature gradients, stationary or travelling of constant or varying shape and magnitude
(e.g. fluctuating sodium level problem in the reactor vessel). Furthermore, sudden axial
temperature gradients occur if a sodium temperature transient arrives at a structure having
components with different thermal inertia (usually accompanied by differences in stiffness,
eg pipe-to-flange connection)

Radial temperature gradients are associated with temperature transients too (e.g.
through the wall of a pipe) Thermal stresses also occur if mean thermal expansion is
prevented and if the boundaries of a structure are subjected to thermally induced
displacements (e.g. piping system).

It should be emphasised here that all these kinds of loading are dorrunantly carried by
bending stresses in real structures,, and not by membrane stresses. Recalling the simple
structures, in particular comparing the bar of two parts subject to axial elongation with the
cantilever beam subject to a deflection, it becomes evident that this is of great significance
to plastic strain enhancement

Finally, a fatigue problem can be induced by thermal striping, but then normally at the
high cycle end of the fatigue curve where plasticity is not involved.

Since displacement-controlled loading was studied in detail in simple structures and
since thermal strioine is not associated with Dlastic strain enhancement onlv loadings due
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to radial and axial temperature gradients shall be examined closely. Such cyclic loads are
not only related to fatigue but may also give rise to cyclic strain accumulation if the
structure can develop a ratcheting mechanism, which is however not the subject of the
present report. Plastic strain range enhancement due to unequal strain amplitudes tn two
consecutive half-cycles, associated with ratcheting, will not be considered.

Simplified Methods

Design Codes do not reflect plastic strain enhancement of smooth structures
sufficiently well. Some methods were proposed recently, providing procedures for
quantifying plastic strain enhancement of smooth structures, without however having found
their way into Design Codes to date. They are simplified methods in the sense that they
provide or at least strive to provide) information on the elastic-plastic behaviour of a
structure sufficiently for performing fatigue analyses so that rigorous elastic-plastic analysis
can, in general, be avoided. They may be used also to help in deciding whether a rigorous
analysis, if unavoidable, is likely to demonstrate that fatigue limits will not be exceeded.

Two methods proposed for improving Design Codes are discussed. Both postulate that
three different effects should be treated separately by assigning a separate plastic strain
enhancement factor to each of them, one factor to account for multiaxiality in kinematically
determinate states of strain (Poisson's ratio effects), one factor to cover nocht effects, and
one factor to account for the global behaviour of smooth structures (including stiffiiess
differences).

The most important differences between these two methods are found in the
fundamentals of the factor to account for global behaviour and in the interaction ofthe three
different factors. The author proposes a catalogue of different factors Ke for different
geometries and kinds of loading. The cantilever beam under displacementcontrolled
loading, which shall be the first entry in such a catalogue, seems suitable for almost all
fatigue problems in Fast Reactors. Roche proposes a procedure based on the assumption
that no redistribution of stress occurs due to plastic straining (Kachanov). A catalogue may
be required here also to indicate for which geometries and kinds of loading this assumption
is appropriate.

Both methods have their advantage and their disadvantages The report helps to
identify the areas in which the methods can be applied with confidence and to direct further
work for improving them as necessary.

MECHANICAL BEHAVIOUR OF DISSIMILAR METAL WELDS

Author: Mr. Escaravage, Framatome France.

This study is the revised final report of CEC Study Contract N°_ RAP-090-F
performed under WGCS/Activity Group 3: Materials Most AG3 work concerns
comparisons of material specifications and evaluations of material data to be used in design
and construction codes

This report addresses the problems of dissimilar metal welds connecting an austenitic
stainless steel component to a ferritic steel component. In LMFBRs such welds appear at
the juncion ofthe austenitic stainless steel vessel with the ferritic steel roof and in sodium
and water or steam pipes. The ]atter are exposed to high temperatures in the creep range. A
wide range of austenitic stainless steels and ferritic steels (carbon steels, low alloy steels and
alloy steels) are covered, the study encompasses more than 20 different weld metals
(austenitic stainless steels and nickel base alloys)
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The report begins with a presentation of the materials, geometries and welding
procedures treated in the study. Follows a review of service experience from examinations
of dissimilar metal welds after elevated temperature service, in particular failed welds.
Resuils of laboratory tests performed for reproducing service failures are then disscussed.

A further section is devoted to a review of test results on fatigue behaviour and impact
toughness for dissimilar metal welded joints when creep is not significant. Finally, the
problem of residual life assessment is addressed.

A set of recommendations concludes the report. They concern tbe material selection,
welding procedure, life prediction and testing of dissimilar metal welds.
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THE PISC III PROGRAMME - A STATUS REPORT
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S. Crutzen
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ABSTRACT

The PISC programme is presently in its third phase: PISC III, which involves
several actions dealing with :

- expertise on real defects;
evaluation of the effectiveness and reliability of NDE procedures when applied
on : full scale pressure vessels, safe-ends, stainless steel piping welds, steam
generator tubes;

- validation of mathematical models;
- identification and evaluation of human factors.

This third phase is also a validation exercise of the second one (PISC II) on heavy
steel sections inspection. Final reports will not be ready before October 1993.

INTRODUCTION

The PISC Programme has the general objective of assessing procedures and
techniques in use for the inspection of pressure components (in particular the vessel
and piping).

The Series of projects for the Inspection of Steel Components carried out since
1974 under the auspices of the CEC/JRC and the OECD/NEA is a major international
effort to better assess the capability and reliability of Non-Destructive Inspection
procedures of structural components.

The Ispra Joint Research Centre which, in its roles of Operating Agent and
Reference Laboratory, manages the programme and provides with the participants of
EC countries approximately 60% of the programme funding, the other 40% come via
contributions in kind from the non-EC participating countries. OECD/NEA provides
the Secretariat of the PISC Managing Board, consisting of representatives of 14
countries (8 EC and 6 non-EC countries).

The programme is now in its third phase (PISC III); the activities concentrate on
the validation of the PISC II results (e.g. modification of the ASME Inspection Codes)
on real structures containing service defects and the extension of the PISC
methodology to most important structural components made of different materials.
Most of the PISC test assemblies and structured pieces are representative of (or are
coming from) nuclear reactor components.
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PROGRAMME RESULTS

PISC I results showed shortcomings of some usual industrial ISI procedures;
PISC I was in fact analysing the existing ASME 1974/1977 procedure [1]. PISC II
RRT results [2] (as well as some trials of PISC I) showed that:

a) improvement of the usual industrial NDE was possible; consequently,
some changes of the ASME procedure were proposed: i) 20% DAC
instead of 50% DAC; ii) use of techniques adapted to the defects to be
detected: e.g. "0 deg SEL probes;

b) several ISI procedures existed that met the requirements; for such
procedures, no change was obviously required; optimization from an
economic industrial reliability point of view was however necessary.

PISC II parametric studies on the effect of defect characteristics [3] showed the
importance of defect parameters like the type of defects (planar or volumetric, Figure
I), the crack tip aspect, the position in depth, the angular position and the surface
roughness These results were in fact the exact quantification of the trends shown by
the PISC II RRT on welded assemblies. As a conclusion, it was understood that,
compared to the welded assemblies, the blocks fabricated for the PISC parametric
studies and containing cheap "realistic" artificial defects were good and even often
conservative for the performance evaluation of NDE techniques in thick walled
components.

In 1986 in light of the PISC results, the US ASME Boiler and Pressure Vessel
Code Section XI was modified to reduce the recording level to 20% DAC and to
require 70° longitudinal wave probes.

Work in the US and elsewhere together with the results of PISC have established
the unreliability of ultrasonic testing and the need to achieve improvement in inspection
reliability [4 to 13]. One means to achieve the needed improvements is "performance
demonstration". The studies mentioned above established that performance
demonstration could be applied effectively and economically.

The ASME Section XI Code, in 1990, introduced a new Appendix VIII to codify
performance demonstration as a means of improving inspection reliability, similar
approaches have and are being pursued in several other countries. The experience and
expertise developed in the PISC exercises can contribute significantly to the
development and implementation of this concept of performance demonstration [14].

PISC m PROGRAMME STATUS

PISC III, the third phase of the PISC series insists on the capability demonstration
with assemblies of real geometry containing realistic defects. The PISC methodology is
also extended to all major parts of the primary circuit of the LWR reactors. Moreover,
the work done on the austenitic steel testing is of real value for the inspection of
LMFBR components. Eight programme Actions have been established. They are
identified in the Organization Scheme (Table I).

The present stage of PISC III work is that Round Robin Testing activities have
been or are presently being performed in several of the PISC III Actions. The final
work to be undertaken in all the eight Actions has been defined and most of the
necessary test samples and other resources have been obtained. The uncertainties that
prevailed during 1986/87 concerning the level of budgetary support have partly been
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resolved by accepting delays for the AST (Austenitic Steel Testing) and for the SGT
(Steam Generators Tubes Testing) actions. Resources from the CEC and from
participating organisations (participation in inspection, and contributions in kind) are
now assured to carry out the essential elements of most of the planned actions.

The objectives of each of these eight Actions of PISC III the status of work and
the expected implications on Licensing concerning Regulatory and Code type Attitudes
are as follows.

Action No 1 (Real Contaminated Structures) seeks to collect results from
specific investigations and limited round robin tests (RRT) on real service induced
defects in materials and structures of the primary circuit of light water reactors
(LWRs) The hot cell facilities at JRC-Ispra are fully equipped for non-destructive and
destructive work on a collaborative basis.

Contaminated and cracked austenitic steel of primary circuit pipes from
Switzerland have been inspected to give a full demonstration of the whole resources
available [15].

Further samples are available from Spain, Sweden, USA and Finland. Several of
these components, after certification in the PISC hot cells, have been allocated to the
Reliability exercise of Action 4 (Austenitic Steel Testing).

An important objective of Action 1 is the study of real defects from an NDT
response point of view with the hope to establish a correlation between real and
artificial realistic defects. The validity of test assemblies and of mock-ups depend on
the realism of the defects artificially introduced. The chances to improve NDT
performance at reasonable costs depend in part on the possibility to introduce defects
in test assemblies which would be absolutely artificial for possible parametrization and
cost control. These artificial defects called "realistic" must produce the same physical
phenomena as the real ones for the NDT technique considered and thus appear as real
defects to the operator.

The "design" of realistic defects can only rely on a defectology study of damaged
components coming from plants which have been operated so that the components are
contaminated.

These PISC facilities installed for NDT performance appraisal in genera)
(presently at JRC Ispra and at JRC Petten) provide also PISC members with the
possibility of expertise on real damaged structures and this service could be of help for
other OECD and CEC programmes such as TMI.

Action No. 2 (Full Scale Vessel Tests) validates the results obtained by
procedures in the PISC II exercise but using more realistic inspection conditions.

The Full Scale Vessel (FSV) funded by the Federal Minister for Research and
Development (BMFT) and installed at the Staatliche Materialprufungsanstalt (MPA),
Universitat Stuttgart, Germany is being, used. It is made of a BWR full scale vessel to
which have been added modular full scale PWR components. Nine teams participated
from 1988 to 1990 in Phase 1 concerning the sizing of selected defects in order to
establish the capability of sizing techniques; sizing results from the German national
programme are also included.

Eight organizations participated in Phase 2. This phase was aimed at the validation
of ASME type procedures by an international team using an ISI automatic scanner
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base material, the weld and several natural flaws (exclusion is made of the PWR
components which were built in 1987 and 1988)

Action No. 3 (Nozzles and Dissimilar Metal Welds) completed in March 1991
The round robin tests of 4 safe-ends representing some of the most difficult technical
aspects of In-Service-Inspection. In this work a Japanese-Italian BWR assembly of
nozzle plus safe-end, an American BWR assembly with two nozzles and safe-ends and
a Spanish PWR safe-end were inspected in 13 countries (Figure 3).

The results so far evaluated by the PISC data analysis group show that the
capability exists for effective inspection of the configurations considered. However
some flaws characterized more by their position in the assembly (located in cast
material like weld or buttering) than by their morphology present difficulties for their
detection. The outcome of the exercise is likely to discuss four features.

- identification of capable techniques for defects detection and sizing;
- indications on the most difficult cases to consider for exercises and or

performance demonstration mock-ups and on the way to manufacture
such mock-ups at low costs;

- evaluation of the false calls probabilities and their justification: one of
the safe-ends was free of any intentional defects:

- due to the realism of Assembly 20; its materials characteristics (base
material defects of the 1970s); its weld realism (usual industrial
automatic and manual welding of the 1970s) information of value is
generated in view of plant life management and plant life extension. It
attacks the problem of whether NDT has the capability to provide the
Licensing Authority with a well documented status of the structure.

Action No. 4 (Austenitic Steel Testing) applies the PISC II methodology to the
primary circuit piping of LWRs. Round robin tests for the capability assessment and
parametric studies started in 1990; some reliability evaluation of the testing procedures
will be considered [17]. Wrought pipe samples were offered by the USA, Japan and
France, moreover, large cast samples have been ordered by JRC {Figure 4). Twenty
five teams have registered their intent to participate in one or more phases that will
extend into 1992. Large assembbes are still in fabrication for the RRTon cast austenitic
steel

The programming of this Action No. 4 of PISC III suffered very much because of
the non-timely availability of resources necessary to gather the raw material,
manufacture assemblies and introduce real and realistic defects. The orders placed to
get material were also executed with long delays due to the character of these orders:
small quantities (5000 Kg.) of "exceptional castings". As a result this Action has failed
some 18 months behind the planned schedule.

The criteria used in the design of this action are similar or even more elaborated
than those considered for Action 3. Safe-end Inspection. It is thus hoped to get a
substantial impact of Action 4 for the improvement of Codes and Practice for the
inspection of Austenitic Steel Components in general; wrought or cast.

Action No. S (Steam Generator Tubes Tcstiire) involves in its present phase
round robin tests of individual tubes of steam generators containing realistic and
artificial defects. The PISC Management Board has carried out a reassessment of the
technical details to be considered taking into account the results coming from the Surry
steam generator studies in the USA. Preparatory work to acquire tubes and introduce
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and validate defects has been carried out from April 1988 to October 1989 (tubes with
defects have been obtained from France, Japan, UK, the Netherlands and the United
States). The Management Board has received advice from CSN1 (Principal Working
Group on Primary Circuit Integrity) on the defects types and characteristics of most
importance with respect to safe operation. Thirty teams from 11 countries will
participate in the RRT planned until 1993. The validation of defects has involved
experts of Belgium, France, Germany, Italy, Japan, Spain, United Kingdom and United
States of America. The Reference Laboratory (JRC Ispra) is preparing many artificial
defects in tubes Orders have been placed from the Operating Agent to get realistic
corrosion defects by CEA, MITSUBISHI, CEGB, KEMA

Emphasis has been put on corrosion defects (IGA, SWSCC, PWSCC) at three key
locations: Tube Sheet (above the rolbng zone), Tube Support Plates, U-bend transition
[18].

The RRT started in January 1990 (figure 5). The particular character of this action
with training boxes containing artificial but realistic defects with all information on
presence, location, size, characteristics, ET signals, given by the reference laboratory,
is welcome by the participants and appears to be an effective demonstrative exercise on
the validity of performance demonstration.

Evaluation of results as discussed by the group of specialists of Action 5 leads to a
better understanding and perhaps harmonization of acceptance (plugging) criteria, at
present, for the scope of results presentation only.

Action No. 6 (Mathematical Modelling on NDE) has the objective to validate
experimentally mathematical models and perform parametric studies in order to assess
the importance of defect characteristics. Sixteen organizations in eight countries have
registered their intent to participate in studies to assess mathematical models of
ultrasonic inspection by validating the models with experiment and assessing the utility
of these models in terms of limits of valid application, satisfactory and efficient
computer performance and accuracy. Fifteen models have been offered for possible
study. An important objective is to promote the practical application of models as an
aid to more effective and efficient inspection procedures and interpretation of results.
The Modelling Group of PISC III has selected (April 1989) three models that were
studied by the Reference Lab for validation in 1989 (2 UK and 1 German models) as
well as models to be studied in 1990 and in 1991 (1 UK and 2 French ones) [19].

Parametric studies are an essential source of data for verifying models; the studies
commenced in PISC II have been extended in PISC III, four reports on the effect of
defect characteristics on the ultrasonic signal response, one report on the effects of the
cladding and two reports on the effects of the equipment characteristics are completed.
This work was carried out in the United Kingdom, France, Belgium, Italy and at the
JRC-Ispra.

The validation of the three first models has given now the assurance that models
can be used to replace experiments (in some well limited conditions) without
imperfections or errors due to the transducer characteristics, to the various calibrations
and normalization operations, to the imperfection of artificial defects, onto the
secondary effects like wave mode transformation often depending on defects sizes.

The Modelling Group of PISC III has decided to start new studies :

- calculation of the tip (edge) signals from smooth ultrasonic reflectors;
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- prediction of the signals detected from a smooth crack very close to the
surface.

These studies are validating the approach of the realistic defects (artificial) in
simple blocks for techniques capability verification.

A further step already considered outside of the Nuclear Industry is the use of
models for inspection procedures capability evaluation and hence performance
verification (CEC-BRITE).

Action ftp. 7 (ffuman Reliability Studies) seeks to evaluate the influence of
human interpretation of inspection results, equipment malfunctions and human
interaction on the overall inspection procedure.

Perhaps the most important result obtained in the recent reappraisal of the PISC II
results was that UT effectiveness was dominated by human reliability aspects [20].
Different teams using the same techniques and procedures could produce consistently
different results and this difference accounted for much of the considerable scatter in
effectiveness. Analyses of the reasons for such differences are still in progress as part of
the PISC III programme, bet an important parameter is thought to be that of the
attitude of the management of the inspection team. This reveals an important area for
the attention of Regulatory inspectors, as well as stressing the need for personnel
certification and quality control of the inspection process itself.

Other systematic observations are being carried out at Risley UKAEA through the
inspection by industrial UT operators of special assemblies and components used in
PISC Actions {Figure 6). Some of them are inspected under conditions reproducing
practical industrial reality such as temperature, humidity and time constraints in a
mobile laboratory. The detailed objectives of this Action are as follows [21]:

- to study and identify the causes of variability between inspectors in
calibrating their equipment, inspecting defective components and
interpreting ultrasonic data in clean, laboratory-type inspection
conditions;

- to study the influence of industrial inspection conditions on inspection
performance to identify the significant factors and to aid the development
of relevant safeguards.

Present results show the dominating influence of human factors when compared
with the one of equipment, procedure or even defect characteristics. It is expected that
the unreliability of inspection will often depend for more than 50% on the human
attitude. An essential move is the one of automatisation of inspections and elimination
of human influence even for equipment setting.

The PISC HI programme will thus give information on the best ways to carry out
such assessment of human reliability and will direct attention to the key factors that
influence it. In particular, the PISC ED work can give initial indications on the relevant
parameters to be observed, on the way to make economically appropriate specimens,
on the use of medical/observational techniques and on the development of special tests
and simulation exercises.

Another aspect emphasised by this work is the need for careful regulatory
specifications of the quality observance aspects of personnel participating in ISI and of
the surveillance needed to ensure that site-application effectively reproduces the
techniques used in the Procedure Demonstration work.
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Action No. 8 (Support to Code and Standard C/S Organizations) proposed
by the Management Board and approved by OECD-NEA and CEC-JRC gives direct
support through the PISC group of experts to C/S organizations. Such a proposal has
been supported by all PISC members and involves three aspects :

- Informing the relevant Codes and Standards Technical Committees of
PISC results and PISC related programme results.

- Critical rev/ew1 by PISC members of technical documents on request from
national and international technical groups.

- Preparation of technical reports by PISC members related to Codes and
Standards problems, for the benefit of National, CEN, ISO and IIW
technical groups which elaborate standards.

The organization and support of Action 8, involves mainly the Operating Agent.

THE CONTRIBUTION OF PISC TO NDT PERFORMANCE DEMONSTRATION

As mentioned earlier, an approach which has great potential for encouraging the
improvement of NDT effectiveness is that of performance demonstration. Such a
concept has been worked on in USA for several years and a similar concept of
Inspection Validation was recommended by the UK Marshall Committee [22] [23]. In
other countries including Germany, France and Japan specific examples of
performance demonstration have been developed. The results of PISC have given
major encouragement to the further use of performance demonstration, both by
emphasising the need for ensuring effective procedures and by demonstrating how
such performance demonstration and its associated test assemblies can be achieved
effectively and economically [24].

Inspection techniques are or will soon be able to furnish in a reliable way the
information needed for the structural integrity assessment of "Status of the structure"
considering the presence, location, size and characteristics of defects. Such information
is relevant to Structural Integrity Assessment and thus to Plant Life Management.

The effectiveness and reliability of future inspections will depend very much on
the way in which "performance demonstration" is used both as a Quality Assurance
tool and as a Harmonisation tool. From the PISC exercises, it appears that the first
question to be raised is whether, the inspection techniques proposed are intrinsically
capable of the desired effectiveness. A critical aspect of assessing inspection capability
by performance demonstration is the ability to propose appropriate and affordable test
pieces to be used in the procedure demonstration of the inspection techniques. With a
view to the inspection teams and the various techniques, such test pieces have to
contain defects which simulate both commonly occurring situations as well as those
similar to limiting cases that could be imagined during actual plant inspections. One
solution, which has been attempted several times, is to accumulate samples removed
from actual structures containing real defects; the objection to these however is that
they always represent particular cases, which are possibly not the worst nor the most
difficult that could arise in reality. An alternative or complementary approach is to
design and manufacture in realistic assemblies artificial defects which produce the same
physical phenomena as those from conservative real defects for the specific NDT
technique considered. Some advantages of this latter approach are:

- the possibility of more certain characterisation;

29



Crutzen, Engl, on the PISC III...

- possible parametrization of the tests, including the provision of limiting
cases;

-possible guickaice to experimenters for better understanding;
- non-contaminated assemblies used for effectiveness assessment;
- more relevant selection of structural geometry and material.

To be convincing, however, this second approach must demonstrate a good
correlation between the artificial "realistic" defects and a large number of real
situations.

The PISC II methodology has led to considerable development in this second
approach and i*s results have throughout been associated with this approach. The
experience of PISC II showed that using appropriate methods, artificial "realistic
defects" introduced in blocks and structures can provide affordable and reproducible
demonstration test samples [25],

Mathematical models, involving a better understanding of the physical
phenomena, indicate which artificial defects can be used to replace natural ones for the
validating of NDT techniques and the training of inspection teams.

Experience and expertise in fabricating effective test blocks and in conducting
blind capability tests have been developed in the PISC programme [14][24]. This
experience and expertise can contribute significantly to the implementation of
Performance Demonstration in areas such as:

- simplified performance demonstration procedures based on simple test
blocks;

- large coverage of possible cases by the use of artificial realistic defects
(based on PISC knoM'-how) instead of only the particular cases that can
be covered by real defects;

- lower cost of assemblies by an order of magnitude;
- the possibility of using identical approaches for performance demons-

tration at three levels
• plant owner for its own verification
• inspection company to validate its procedure:
• licensing/regulatory authority or its agents to verify Safety targets;

- possibility to develop, within the PISC network of laboratories, a long
standing capability of using third parties for manufacturing of blocks and
defects, combining reproducibility of repeated similar samples with
confidentiality and the "double blind" approach.

• interpretation of inspection results (i.e. how to handle false calls verses
mislocations, etc.).

Three applications of the general principle of Performance Demonstration result
from the PISC Round Robin Tests:

A. Use of thick steel section blocks containing well specified realistic defects to
certify the capability of inspection techniques for thick walled pressure vessels.
The typical case is the one of LWR pressure vessels and the defects can be
introduced by special low cost machining.

B Certification of Steam Generator tubes inspection with Eddy Current Testing or
Ultrasonic Testing The various defects tested during the PISC RRT are suitable
for the evaluation and verification of the inspection techniques capability for
corrosion defects (PWSCC, SWSCC, IGA, ..) in the different types of alloys
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used in the past (Inconel 600) or for the new steam generators (Inconel 690,
Incaloy 800).

C. Piping testing certification or thin walled pressure vessels inspection certification:
a. Welds sections in austenitic steel piping of four categories:

- wrought-to-wrought welded assemblies which pose inspection problems
when defects are present or propagating in the weld material;

- wrought-to-cast welded assemblies which pose problems when defects
are in the weld or in the cast material which is often characterized by a
very important texture;

- cast to-cast welded assemblies generally very difficult to be inspected;
- dissimilar metal welds generally assembling up to four different metal

structures/textures and thus combining the diffictdt situations of the
three preceding cases.

The exercise now ended on Safe-ends inspection has given sufficient know
how to define the necessary performance demonstration mock-ups in each
of the four cases here above.

b. Simplified validation blocks like the ones described above but made of
carbon steel would be relevant to thin walled pressure vessels.

Application C on piping and simple vessels is not limited to nuclear applications
but is more general. It would provide the industrial welding industry with a simple tool
for the "Harmonization" of Inspection Codes and Standards and thus would be a real
contribution for the availability of Standards concerning the replacement of
components. Similarly in many cases of piping, pipe welds, piping components (e.g.
elbows, straight sections, per>etrations, nozzles), valve casings, and simple pressure
vessels, the PISC RRT on "Safe-Ends" and on Piping has shown how to fabricate
realistic simple assemblies which would properly simulate difficult industrial
inspections. In this way Performance Demonstration or Validation or Certification or
simply capability evaluation of inspection techniques can be easily organized by PISC
or by others using the PISC know how.

Such assemblies containing realistic artificial defects are also ideal samples on
which inspection procedures can be optimised and personnel can be chosen and trained
so as to reach the necessary performance with a reduced number of techniques and
therefore a reduced inspection effort.
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Figure 1 - Categories of defects. Detection probability of ASME type
procedures with recording level at 20% DAC as a function of the defect
through wall size (for the three categories of defects:

a. fatigue cracks (smooth, planar iur ultrasonic wave length, sharp crack edges);

b. hybrid defects or rough defects like hot tears;

c. volumetric defects (slags, pores, calibration holes like ASME 9.5 mm diameter
side drilled holes or 3 mm flat bottom holes).

Calibration made on c. type defects can be a correct equipment setting but is not
a performance demonstration for category a (e.g. fatigue crack) detection.

Figure 3 - PISC III Action No 3 (NDW). Assembly No. 20 with three
nozzles and safe-ends of the BWR type. No. 21, No. 22, No. 23.

Assembly No. 20 is also a key element for any evaluation of new inspection
possibilities of old plants considered for life-extension (May 89) (offer and manufacture
from USA, Japan, Spain).
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Figure 2 - RWE/MAN (Germany) central mast manipulator used with
UT electronics and crew of MAN and SIEMENS, on the full scale
components at MPA (University of Stuttgart, FRG) for Action 2 Phases 2
and3(198q-1990).

Figure 4 - PISC III Action No. 4, C A S Tl. Large castings ready for
assemblies manufacturing when the last budget allocation will be
available. Offer and manufacture from France, JRC, Japan, Spain.
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Figure 5 - Box of Steam Generator Tubes containing realistic and
artificial defects for the RRT on loose tubes.

Figure 6 - PISC III Mobile laboratory for human factors ;identification.
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OVERVIEW OF USNRC PLANS ON IRRADIATION
EMBRITTLEMENT CORRELATIONS (REG. GUIDE 1.99)

Prepared by: Allen L. Hiser, Jr.
Presented by:Keith Wichman
Office of Nuclear Reactor Regulation
US Nuclear Regulatory Commission

Viewgraph 1. OVERVIEW OF RESEARCH PROGRAM

• New research program entitled
"Improved Irradiation Embrittlement Correlations"

• Contractor is Modeling & Computing Services, located in Newark, California
• Principal Investigator is Dr. E. Eason
• Program initiated March 1992, to end March 1995

- Statistical work to be complete early 1994
• Program Objectives

- Develop improved correlations for estimating irradiation embrittlement of
RPVsteeis, both transition temperature shift and upper shelf drop.

- Incorporate results into regulatory documents as appropriate (Reg. Guide
1.99 and PTS Rule 10 CFR 50.61).

Viewgraph 2. IMPROVED IRRADIATION EMBRTTTLEMENT CORRELATIONS

TASK 1 : Working Database Development

TASK 2: Statistical Analysis of Data

TASK 3: Assistance to NRC Staff-
incorporating results into regulatory documents

Viewgraph 3. SCOPE

• Establish a "working" irradiation embrittlement data base
- US surveillance data (PR-EDB at ORNL)
- US test reactor data collected by ORNL
- Collect non-US surveillance and test reactor data
- Russian data

• Apply advanced statistical methods (Pattern Recognition) to determine the critical
parameters and relationships between parameters for predictingirradiation
embrittlement

• Calibrate the parameters using available irradiation data; analyses wii! be done with
all data, and with only US data to detect any statistical bias.

Viewgraph 4. INDEPENDENT VARIABLES CONSIDERED

Material Type: Base Metal or Weld
Irradiation Parameters: fluence, T|, t|, ATT|
Annealing Parameters: T a , t a , ATTa

Chemistry: Cu, Ni, P, S, Si, Cr, Mo, Mn
Charpy Test Results: T(C v = 30), CVUSE

38



Hiser, Wichman on USNRC Plans on Irrad....

Viewgraph 5. MODEL VARIABLES

• Proposed Dependent Variables

- Entire Cv_ vs. Temperature curve
-Transition Temperature Shift (@_ 30/t-Ib) due to irradiation
-Upper Shelf Energy Drop due to irradiation

• Independent Variables To Be Considered:

- Material Type (Weld, Base metal)
- Fluence, Flux
- Irradiation Temperature
- Chemical Composition
- Mechanical Properties

Viewgraph 6. ANALYSIS APPROACH

• Identify correlations among independent variables
• Pattern recognition and transformation analysis

- Rank variable importance
- Determine functional forms for important variables

• Surface fit to models, using non-linear least squares
• Analysis approach used previously to correlate J-R curve data with Charpy

upper shelf energy, chemistry and fluence (NUREG/CR-5729, May 1991 )
• Analysis approach used recently with US annealing recovery data, to support

Yankee Rowe review
- Preliminary letter report submitted in June
- Looking to increase data base from non-US sources
- Will publish a final report using all available data

Viewgraph 7. EVALUATION OF ANNEALING RECOVERY DATA

• US test reactor data, principally, building on Macdonald data base +

• Final model had PERCENT RECOVERY as a function of
- Annealing Time
- Annealing Temperature
- Irradiation Time
- Irradiation Temperature
- Copper Content
- Irradiation-induced Shift

• No statistical difference between weld and base metal
+ ASTM STP 870
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Viewgraph 8. DATA FROM NON-US SOURCES

WHY? To broaden the range of variables (principally chemistry), and possibly pick
up some factors that are not distinguishable using US data only (possible
advanced reactor applications)

• Looking for the following types of information
- Surveillance data
- Test reactor data
- Annealing recovery data

• Specific data
- Material information
- Chemistry
- Irradiation information (fluence, flux, temperature)
- Raw Charpy test data (ENERGY AND % SHEAR VS. TEMP)

• Format
- Prefer magnetic media (floppy disks) in the EDB format
- Will take reports if necessary

• Confidentiality of data source can be assured if necessary
• Data will be supplied to IAEA international surveillance data base activity, if

the donor so wishes

FOR MORE INFORMATION, CONTACT

Mr. Allen L. Hiser, Jr.

USNRC
Office of Nuclear Regulatory Research
Mailstop217CNL/S
Washington, D.C. 20555 USA
Phone: 301 -492-3988
Fax: 301-492-3586

Figure 1. Schematic of Analysis Iteration
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Plenary Session

Chairmen's Report

Chairman: M. Davies
Co-Chairman: P. Trampus

Mr. Ianko (IAEA) gave an overview of the IAEA
International Working Group on Nuclear Power Plant Life
Management. Besides describing the content and relevance
of the work of the Group he outlined the past and future
specialise meetings, the composition of the Working
Group, the Co-ordinated Research Programme on neutron
irradiation effects on pressure vessel steels, the
current work on databases and the publications of the
IAEA.

Mr. Guinovart (CEC) described some studies developed
with the framework of the CEC Working Group on Codes and
Standards. Within the timing constraints of the
presentation he described work being developed for in-
service inspection using combined analysis based on
Pulse-Echo and TOFD Techniques and structural analysis
where a comparison of simplified elasto-plastic fatigue
analyses of smooth structures enforced by Codes and
outlined the basis of the proposed methods. The
mechanical behaviour of dissimilar welds was carried out.
The geometry and manufacture of defects for NDE exercises
on evaluation was a feature raised during discussion.

Mr. Engl(Siemens/KWU) presented a paper on the
status of the PISC III programme based on the recent PISC
Report N° 17 (Programme for the Inspection of Steel
Components) and outlined the history of the PISC Project.
He mentioned the financial constraints on the programme
but also extolled its virtues -when taken with other
similar exercises- representing an extensive data base
and thereby its potential supportive impact to Codes and
Standards.

Mr. Wichman (USNRC) presented a paper on plans for
developing the correlation of data on irradiation
embrittlement with particular respect to the Regulatory
Guide 1.99 and the PTS rule (10 CFR 50.61). He described
the data requirements from non-US sources and indicated
the origin of possible sources - which included Russian
data. He indicated the availability of the data. ru
discussion it was noted that the Eastern European and CIS
data may not be compatible with the existing data set and
current and past "Western" data - because of material and
irradiation variations including irradiation temperature
leading to mechanistic differences which may preclude the
treatment of the data as "one family" of data.
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IAEA Specialist's Meeting on
The Integrity of Pressure Components of Reactor Systems

Paks, Hungary, 25 May, 1992

Integrity assessment of pressurized components

Session 1
Chairman: K. Kohashi
Co-chairman: F, Gillemot

Papers:
4. Blauel, J. G; Hodulak, L.; Kordish, H.; Nagel, G.; Schmitt, W.;
Siegele, D.: (Germany) An updated and extended safety analysis for the
reactor vessel of the NPP Stade /KKS/

5. Brumovsky, M.: (CSFR) W E R Reactor Pressure Vessel Integrity
Assessment, Comparison and Experimental Verification

Session 2
Chairman: M. Brumovsky
Co-chairman: Gy. Mucskay

Papers:
6. Trampus, P. et at: (Hungary) RPV Integrity Assessment at NPP Paks

7. Gerard, P. ; Fabry, A.: (Belgium) Integrity Assessment of DOEL 1
and 2 Reactor Pressure Vessels

8. Hugot, G: (France) Evaluation of In-service Ageing of Heavy PWR
Components

9. Zuzo, M.: (CSFR) Regulatory Requirements Point of View Integrity of
Pressure Components of Reactor Systems

Session 2 (cont.)
Chairman: G. EngI
Co-chairman: I. Havas

Papers:
10. Zdarek, J.; Pecinka, L ; Kadecka, P.: (CSFR) Leak Before Break
Concept. Application for the W E R 440/230

/ / . Bartholome, G; Wellein, R.: (Germany) Leak-before-break
Behaviour of Nuclear Piping Systems

12, Cincura, I.; Hermansky, P.; Hrazsky, M ; Mikus, M.:(CSFR)life-
time evaluation of Bohunice V1 NPP primary loop components
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AN UPDATED AND EXTENDED SAFETY ANALYSIS
FOR THE REACTOR PRESSURE VESSEL OF THE
NUCLEAR POWER PLANT STADE (KKS)

by
J.G. BLAUEL, L. HODULAK, H. KORDISCH, G NAGEL*. W. SCHMITT, D. SIEGELE
Frcnmhofer-Institutfitr Werkstqffmechanik, D-~800 Freiburg, Wohlerstr. 11, FRG
*Preussen Ekktra AG, D-3000 Hannover 96, Treskowstr. 5, FRG

ABSTRACT

Two specific problems within the safety case of RPV Stade have been reanalysed:
brittle fracture initiation and arrest under strip type emergency core cooling conditions and
safety margins against ductile failure from deep cracks as postulated by the rules. For EOL
material conditions exclusion of initiation is shown for cracks of more than twice the size
which is safely detectable by NDE; the Weibull-stress concept is used for the interpretation
of the warm prestressing effects. For arbitrarily postulated large cracks it is demonstrated
that they are arrested within 3/4 of the wall thickness; therefore no critical crack size exists
for RPV Stade under strip cooling. Growth in depth of an assumed 3/4 t circumferential
flaw in the EOL embrittled girth weld could occur only at upper shelf temperatures and by
loads higher than about twice the service pressure; leak before break was demonstrated in
a constraint modified JR-curve crack growth analysis. But no transient or the plant itself is
able to provide the necessary high loads. The LEFM and EPFM proofs are summarized in
a multibarrier safety scheme.

Keywords: RPV-safety analysis, strip type ECC, fracture mechanics, LEFM, EPFM,
crack initiation, crack arrest, final load carrying capacity

1. Introduction

The safety report for RPV Stade first published in 1985 [ 1 ] included a brittle
fracture analysis for emergency core cooling which is still valid without changes. In
answering questions of the authorities this report has been supplemented by detailed
analyses concerning safety against brittle fracture by strip type cooling and against failure
after arrest. The results reported here confirm the proof of safety of 1985.

2. Load Assumptions and Material Data Base

In the case of emergency core cooling (ECC) the formation of strips of low
temperature water flowing down from the nozzles along the wall of the vessel can precede
rotationally symmetric cooling. Up to now this process was taken into an account in the
analysis by assuming an abrupt thermal shock from service temperature to 20§C applied to
the inner surface of the vessel. To replace this simplifying assumption new methods of
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thermo-hydraulic analysis have been applied, which are based on and verified with
national and international experimental results, to determine the locally and time
dependent distributions of temperature, heat transfer and pressure at the inner vessel wall.
These data where then taken as an input to a stress-strain and fracture mechanics analysis.
The analyses were performed for a spectrum of leak sizes including a variety of feeding
conditions.

The materials referenced are the girth weld in the belt-line region and the
neighbouring base material. The weld material is leading in irradiation embrittlement. The
fracture toughness for load cases in the brittle fracture regime are determined following
the RTNT)T-concept using the curves of the KTA-rules and of the ASME-code,
respectively. The conservative character of the curves is confirmed by available measured
data of the fracture toughness of KKS weld material (Fig. I).

240-

200-

l 1 2 O i

40-

0

30

KicSCCtoASMEIII

/

+ calcuWadbydtnugt
mechanics (2]

• measured

•100 too 200 300

Fig. 1: Fracture toughness of weld metal of RPV-KKS, measured and
calculated from tension test results; comparison with ASME III reference
curves
+ i = onset of stable growth
(+) 0.5 = after 0.5 mm stable growth

The crack resistance in the ductile fracture regime is described by J-R-curves,
determined using a method developed in the US-HSST-program which is based on
measured Charpy and tension data. The conservative character of these curves is
confirmed by evaluating tensile test results from irradiated KKS-material with damage
mechanics concepts [3].

For all material data the azimutal variation of the neutron fluence caused by the core
geometry and its radial variation caused by self-attenuation of the vessel wall are taken
into account. The results of the fluence calculations are verified with measured fluences
from the irradiation surveillance positions on the cladding and from external monitors.
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As a consequence of continuously improved NDE-methods the safely detectable
crack depth for RPV-KKS is smaller than 2 mm. For the fracture mechanics based
exclusion of initiation of crack growth according to KTA-rules the smallest applicable
crack size is 4x50mm2.

3. Analysis of Strip Cooling

For the fracture mechanics evaluation transients from events on the hot or cold leg
side corresponding to leaks between 20 and 200 cm2 have been considered. Using results
of thermohydraulic analyses as in [4] transient temperatures in the vessel wall were
calculated by the FE-program ADINA-T [5] with a two-dimensional model of one or two
quadrants of the vessel, depending on the symmetry of the cooling. The temperature of the
medium and the coefiScients of heat transfer were entered locally and time-dependent. The
stresses were calculated using ADINA [5] with an axiatly homogeneous elastic-plastic
three-dimensional FE model of the cladded vessel. The axial displacement was held
constant on the circumference resulting in insignificantly higher stresses compared to the
complete modelling of the cylinder. The applied loads were the calculated temperature
distributions and the time-dependent pressure; welding residual stresses were added
analytically.

500
200 cm2 leak (hot leg)

40 80 120 160 200
temperature T [°C]

280

Fig. 2: Axial stresses cx

in the center of cooling
strip of 200 cm2 hot leg
transient at a depth of 10
mm below inner surface
of cladded vessel, i. e.
center of postulated 4 mm
deep crack

Fig. 2 as an example shows results of the stress analysis for the hot leg-side 200 cm2

leak. These results are valid for the most unfavourable condition "without strip joining" for
which it is assumed that the cooling strips from two neighbouring inlet nozzles stay apart
and that a maximum of cooling of the vessel wall takes place by highest heat transfer
coefficients. Stresses are evaluated for the center of the cooling strip for a depth of 10 mm
below the vessel surface which is the center of an underclad crack assumed with a depth of
4 mnr> in the girth weld, touching the interface to the austenitic clad. The variation of the
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stresses reflects the effect of the thermohydraulic events in the downcomer of the vessel.
This 200 cm2 leak transient caused the highest axial stresses o v

The assessment by LEFM-methods was performed in two steps following the
procedure also used in former analyses. The vessel wall cannot be considered free of
defects because NDE-methods are not able to detect flaws below certain sizes. Therefore,
following the requirements of KTA-rules and ASME-code in the first place exclusion of
crack initiation (barrier 1) for twice the flaw size, safely detectable by NDE had to be
investigated. Secondly crack arrest within 3/4 of the wall thickness (barrier 2) had to be
proven using postulated circumferential cracks of arbitrary depths. For this purpose two
flaw models were applied

• model 1 : crack in the ferrinc girth weld, 4 mm deep, 50 mm long, touching
the interface to the clad, which is in complete contact with the vessel wall and
free of defects

• model 2: circumferential surface crack of constant depth a, clad postulated
broken.

For model 2 the stress intensity factors are calculated using weight functions [6] and
the maximum stresses for the defect free vessel from 3D-FE calculations. For model 1 a
method was developed also using the weight functions approach and considering the
effect of the clad and of finite crack sizes. The applied analytical relationships are verified
by finite element calculations for one transient.

The results reported in the following are valid for the end of life-fluence of 1,7.
10l9/cm2. They are presented in two ways:

• load path Kt = Kr (temperature) for an a = 4 mm, 2c = 50 mm crack compared
with the EOL fracture toughness K,c = K1C (temperature)

• lines for initiation and arrest m diagrams crack depth/wall thickness (a/W)
versus time (t) into the transient. (W includes a clad thickness of 8 mm.)

KKS- 200 cm* transient
KK toi S3 (Mb SA). • - I.7CI9 IVOT*

2a - «. J c - SO mm. untntei Ottdino. wUt rmiOit) Mi*
Fig3 Initiation diagram for
200 cm2 (hot leg)
transient

Fig. 3 gives results for
the 150 cm^-transient,
yielding the smallest distance
between the load path and
the Krc-curve. A broken line
has been used for the
decreasing part of the load
path to indicate that crack

-100 too
Mmpentura T (*C|
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initiation is excluded by the warm prestress (WPS) effect.

For decreasing load paths because of effects of blunting and high local compression
stresses fracture mechanics parameters like K and J are no longer valid. But - as proposed
in the so called "local approach of the French group BEREMIN" [7] - the Weibull stress a
w may be still evaluated as a meaningful crack tip loading parameter. Although aw
determines the probability of cleavage failure it can be also interpreted in deterministic
terms. This is demonstrated in Fig. 4 for a typical ECC load path: the valid correlation
between <rw and K as deduced from the FE-analysis for the increasing part is used to
convert values of ow for the decreasing (K-) part into equivalent stress intensity factors;
these "new" values KT(aJ are much smaller than the "old" ones from the J-analysis and by

that they quantify the experimental
findings of the WPS-effect.

Fig.4. Evaluation of equivalent
8-

s •

/
1
1

1

K|«V,1-

/

"7

/

- - \ ,

\

—i—A-

(aw) fr°m Weibull stress a© for
the regime of invalid J-values
because of decreasing (thermal)
load during an ECC event
(assumed crack depth 4 mm)

From the results of all transients
evaluated (Fig. 5) follows exclusion of
crack initiation for a crack of more than
twice the size of the crack size safely
detectable by NDE of 4 x 50 mm.
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Fig.5. Summary of minimum distances of load paths from the EOL
fracture toughness curve for the ECC tranzient investigated
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For the second step of the analysis concerning the independent arrest barrier, no
credit is taken of the fact that the vessel has been proven to be free of defects by NDE.
The initiation and arrest analyses conducted for arbitrarily postulated crack sizes and a
broken clad demonstrate that the allowable arrest crack depth of 3/4 of the wall thickness
was clearly kept (Fig. 6). The maximum arrest depth resulted from the 20 cm transient

KKS - 200 cm2 transient (Fig. 7) inducing low stresses but also
K^ASME) for SG (with SA),«-t.7Ei9rvem2 j o w v a i u e s o f crack tip fracture

2 c - - , broken dadtfng, with res. stresses " »"»"~ r

toughness after very long cooling times.

0 30 60 90 120 150
tints t alter onset of transient [mm]

Fig. 6. Arrest diagramm for 200 cm2
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Dt leg) transient v , arf,nrri:n£r Fig.7. Arrest diagramm for 20 cm2
A crack depth is classified critical according » transient

to KTA and ASME, if it leads to initiation and if <h o t i e 9 ) t r a n s i e n t

the developing crack is arrested only in a depth of more than 3/4 of the wall thickness.
Thus the result of the second step of evaluation proves that there is no critical crack size
for the vessel of KKS.

4. Margins of Safety Against Failure
The demand was to determine the load carrying capacity of the RPV containing an

arrested crack after an emergency cooling event. Conservatively a circumferential crack
with the maximum allowable arrest depth of 3/4 of the vessel wall thickness (144 mm) was
postulated and an aspect ratio of a/2c = 1/6 was assumed. To complete the analysis in
analogy to the safety proof for normal operation also an axial (t/4) crack of 48 mm x 288
mm was investigated [8].

Elastic plastic 3D-FE calculations were performed for the determination of the critical
pressure to initiate crack growth and analyze crack extension up to penetration through
the vessel wall. In parallel to this costly effort also more simplified analytical methods were
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qualified and applied. In particular the critical sizes of the through cracks were determined
by analytical methods based on the K- as well as on the J-concept. To qualify the
analytical methods and to clarify the influence of residual stresses additional FE-
calculations were performed.

Since the high pressure required for possible crack reinitiation and crack extension
could only be furnished by the plant itself the service temperature was chosen for the
investigations representing upper shelf behaviour of the material. Thus the result of the
analysis is generally valid for the upper shelf regime. For the assessment of the axial crack
also the toughness of the base material had to be considered. The influence of multiaxiality
of the stress state on stable crack extension was considered likewise. The results received
are again valid for an EOL-fluence of 1,7. 1019 n/cm2, taking into account the self
attenuation of the vessel wall.

s-

service
pressure

onset of yialdng

,,Snear elastic
/ (without defect)

f/ZXi elastic-plastic
(with axial V4 defect)

2 * 6 a 10
radial displacement [mm]

12

Fig.8. Calculated global behaviour of vessel
internal pressure vessel radial displacement;
analytic estimates of onset of plastic flow
and gross yielding are hatched

Fig.8. shows radial displace-
ment over internal pressure for a
node at the upper rim of the mod-
eled vessel with axial crack. In addi-
tion, a theoretically determined lin-
ear relationship of (elastic) radial
displacement and pressure is shown.
The regimes of pressure correspond-
ing to onset of plasticity and to plas-
tic collapse are hatched in the dia-
gram for homogeneous material be-
haviour and ideal plasticity. They
were determined from published
analytical solutions. The results
agree well. The presence of the t/4
crack has only little effect on the
collapse behaviour of the vessel.

20 40 60 80 100 120
length of crack fronl (mm)

140 160

Fig.9. J-integral along front of
postulated t/4 axial flaw up to
initiation
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The distribution of the J-integral along the crack front of the t/4 crack is shown in
Fig. 9 for all load steps calculated up to initiation. As expected the lines are smooth and
they show a maximum at the deepest locus and a decrease to the free surface. Considering
the self attenuation of the vessel wall material an initiation toughness of J; = 89,7 N/mm is
evaluated at a depth of 48 mm and the crack will therefore start to grow in a ductile stable
way at a pressure of p; = 30.4 MPa.

Fig. 10 shows the calculated
contours of the crack up to the
last evaluable load step (pmA ~ 47
MPa); stress multiaxiality is taken
into account by using constraint -
modified JR-curves in the
analysis. The crack has extended
in depth from 48 mm to 126 mm
and in axial length from 288 mm
to 364 mm. Therefore, even after
deepening over more than 1/2 of
the wall thickness the postulated
t/4 crack has only insignificant
effect on the collapse load
calculated analytically for the
defect free vessel. The validity of
the procedures used ends when
reaching the collapse load.

203 160 120 80
•*— crack length Jmm)

40

Fig.10. Development of postulated t/4 axial
flaw until plastic collapse.

For the 3 t/4-deep circumferential crack in the midth of the girth weld a model
representing half of the circumference of the vessel was built up.

With the first load step a pressure of 16 MPa was applied, which then was increased
in 20 steps up to an instability pressure of 46.7 MPa when the validity of the procedures
used ends. The result is the same as for the axial crack: The postulated deep
circumferential crack also has only insignificant effect on the analytically estimated plastic
collapse load. The distributions of the J-integral at the crack front for the calculated load
steps up to initiation are smooth and show a maximum at the deepest locus and a decrease
to the free surface. Considering the self attenuation of the vessel wall material for a depth
of 144 mm an initiation toughness J; = 92.6 N/mm is evaluated. Then the crack is
predicted to grow in a stable way at a pressure of pt = 28.9 MPa.

Fig. 11 demonstrates the sequence of the crack contours up to leaking calculated
considering the multiaxiality of the stress state. After the last evaluable load step (p; = 46.6
MPa) the crack has extended from 144 mm to 186 mm in depth and from 864 mm to 878
mm in circumferential length.
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Fig.11. Development of 3t/4 circumferential crack under
internal pressure loading up to plastic collapse.

To investigate crack instability along the crack front the calculation was repeated in
the next before last load step. Crack extension depending on local J-integral, constraint
and toughness variation from irradiation was considered, but the load was not increased.
Thus an upper estimate of the change of crack loading dJ^da was gained for each locus
of the crack front. This was compared to the corresponding change of the material
resistance di^/dz, likewise dependent on locus and constraint taken from the calculation.
Fig. 12 compares both curves. The stability condition dl^/da^dl^/da is fulfilled with
exception for the deepest point of the crack front. But an eventual instability in depth
direction would not be contradictory to the leak before break statement. That there is
indeed leak before break is confirmed also by analytical calculations. They furnish a
pressure of 57 MPa for a critical length of the through crack of Ic^ = 918 mm, exceeding
the circumferential length 2csUb = 878 mm determined numerically for the stable crack
extension at 46.6 MPa.

analytical calculations of crack initiation and stable crack extension under-simpli-
fied assumptions agreed
well with the corres-
ponding complete FE-
results. The analytically
calculated pressure for the
onset of crack extension
was only 5 % low. A three
dimensional FE-analysis for
a through crack to confirm
the analytical J-integral
calculation demonstrated
the conservatisme of the
analytical methods.

The
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Fig.12.Analysis of crack stability by comparison of 8
Jappl /8a and SJmat/8a along last crack front before
break through
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5. Summary and Conclusions

5.1 Strip cooling

From the limited abilities of NDE to safely detect flaws below certain sizes there is a
gap in the proof of the pressure vessel to be free of defects. For this situation the LEFM
analysis proved the exclusion of crack initiation also for crack sizes above the detection
threshold of the NDE. With this result the safety against brittle fracture according to the
first criterion (exclusion of crack initiation) as demanded by the KTA-rules and the
ASME-code is already proven. Despite the flawless state confirmed by NDE, additional
arrest analyses were performed, applying the methods of LEFM. All crack extensions
evaluated were arrested within the allowable depth of 3/4 t. By that the proof of safety
against brittle fracture according to the second criterion (crack arrest) as demanded by the
KTA-rules and the ASME-code, is confirmed, also if the result of NDE is totally
neglected. A critical crack depth according to KTA and ASME does not exist.

5.2 Margins of safety against failure

For the axial t/4-surface flaw, orientated symmetrically to the girth weld, crack
initiation in radial direction is only possible for internal pressures higher then about 30
MPa. At collapse load of about three times the service pressure (p^ re = 47 MPa) the
original crack has developed from 48 mm to 126 mm in depth and from 288 mm to 364
mm in axial length.

The 3/4 t circumferential surface flaw in the girth weld would not initiate below a
calculated internal pressure of 28.9 MPa. The crack extension would be preferably in
radial direction. If the plastic collapse load is reached the crack penetrates through the wall
at a calculated pressure of 46.6 MPa. This corresponds to an extension in circumferential
length from 864 mm to 878 mm at the inner surface.

The original crack sizes were postulated according to the rules (1/4 t, 3/4 t). The
results of the arrest analyses demonstrate the conservativity of those crack sizes.
Additional FE-analyses and analytical calculations for cracks assumed to have penetrated
the wall at three times the operational pressure confirm the leak before break behaviour of
the vessel.

5.3 Closure

The results confirm the safety, against brittle fracture for the vessel beyond the
demands of the rules. They can be integrated into an extended multi-barrier concept for
the pressure vessel as shown in Fig. 13 .
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anticipated event (?)

4 x 50 mm detect
thermal shock transient

crack initiation

through wall cracking

load carrying capacity A

re-initiation (
forp>pB t!

7

\
\

barrier '/////,

barrier: exclusion of initiation
(without/with WPS)

barrier: arrest (bottle and ductile)
fora<0.75t

1BH barrier; leak before break
(limited aack growth in ip
direction}

barrier: exclusion of re-initiation
(limited system pressure)

barrier: leak before break

Fig.13. Multibarrier safety concept of RPV Stade
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WER REACTOR PRESSURE VESSEL INTEGRITY-
ASSESSMENT COMPARISON AND EXPERIMENTAL
VERIFICATION

y
MILAN BRUMOVSKY

SKODA Concern, Nuclear Machinery Plant, 316 00Phen, CSFR

ABSTRACT

Paper deals with the most important problem that determines whole reactor pressure
vessel lifetime - its integrity , with the aim to the W E R reactors .

Principal approach for the assessment of W E R reactor pressure vessel integrity and
thus also its lifetime is discussed, mainly from the point of view of comparison of
approaches, given in the Soviet Code as well as in the ASME Code, Section III and XI.
Similarities and differences are shown and discussed and some numerical comparison for a
typical vessel and operating conditions is also given. As two different approaches are used
in these Codes - i.e. initiation and/or arrest - their advantages are also discussed and
compared.

Principal parameters from the Code - fracture toughness curves - are compared with a
large set of experimental data.

Discussion is continuing also with respect to the possible application of the ASME
Code for W E R reactors and some recommendations for necessary activities are also made.

Keywords :VVER reactors, ASME Code, USSR Code, brittle fracture, transition
temperature, irradiation embrittlement, R T ^ ^ Tk0, fracture toughness, postulated defect

I. INTRODUCTION

Resistance of any materials or structures, including nuclear reactor pressure vessels is
an objective property, but its assessment is strongly dependent on used approach, methods
and subsequently also Codes. Different resulting lifetime assessments can be received using
the same approaches and methods, but different Codes, as each Code includes different
input data, material properties, safety coefficients etc. Thus, speaking about resistance
against brittle fracture can be done only mentioning also used Code. As different Codes are
used in different countries, their comparison is not easy and obvious. Moreover, design of
any reactor pressure vessel strongly depends on appropriate Code which contains not only
requirement on its design but also on assessment of its resistance against brittle fracture, i.e.
design and Codes are very closely connected and cannot be analysed separately, or using
other Code than was used for design without any additional very deep analysis not only of
used methods and approaches but also of main principles put into Code construction.

Reactors of "Western" LWRs ( PWR, BWR ) are designed and assessed according to
the original ASME Code /I/ or its national modifications ( KTA, RCC-M etc. ) while
"Eastern" VVER reactors { PWR type ) use Soviet ill or CMEA /3/ Codes. In both cases,
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reactor pressure vessel lifetime is fully determined by its resistance against brittle fracture (
even though an assessment of resistance against fatigue damage is also carried out ), which
is analysed on the basis of Linear Elastic Fracture Mechanics.( In principle, there are only
small, non important differences between Soviet and CMEA Codes, thus our analysis will
be dealing with ASME and Soviet ones.) But, some differences between these Codes exist,
mainly in the following definitions :

-Soviet Code uses an static initiation aproach ( K,c) only, while ASME Code is
based primarily on dynamic initiation^ KIH=KW ), and only for emergency conditions uses
static initiation /arrest approach,

• different transition temperatures are used : Tk0 in
Soviet Code and RT̂ ,,. in ASME Code,

• different postulated crack length (i.e. crack
shapes) are defined : three depths for Soviet Code
and six ones in ASME Code (for most of important
vessel thicknesses their depths are equal, i.e. one
quarter of wall thickness),

• Soviet Code puts safety factors directly into
allowable values of fracture toughness, while ASME
Code there are explicitly expressed using only one
initial allowable fracture toughness curve for all
operating conditions,

• different materials are used in both type of reactor
pressure vessels - material properties are not
transferable.

Thus, performing calculations, it is possible to obtain different results even for the
same operational conditions and for the same reactor pressure vessel design - a short
comparison will be given in this paper.

Comparison of both approaches and of calculation procedures as well as of obtained
results for some chosen operational conditions will be made using tables and diagrams.
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fracture toughness:

safety factors

reference temperature:

postulated defect :

Kj (stress intensity factor)

Soviet/CMEA Code

KlC

nK. 5T

Tk0

a = S/4

a/2c = 2/3

Kj = formulae

ASME Code

K I R = K I d / X I C , K I A

nK
R TNDT

S < 100 mm : a = 25 mm

100<S<300mm:a = S/4

100 < S< 300 mm :a=S/4

S > 300 mm : a = 75 mm

a/2c = 1/3

Kj = graph

Fracture toughness defined as a lower bound curve of all experimental data
Soviet/CMEA Code

Identical for allowable curve for
emereencv conditions Allowahle curves
for other conditions are constructed
using safety factors

ASME Code

Identical for all conditions (safety factors are
used in calculation of Kj values)

Operating conditions:

Normal

Hydrotest

Emergency

Soviet/CMEA Code

8T = +3O°C-HKICh

nK = l-5,

ST = +30°C -> [Kjcb

8T = 0°C -> [K]Ch

for all a<S/4

ASME Code

K\ = 2*(K[m+Kih)Drimarv +
+(Klm+^Ib)secondary ^ K [ R

KT=1.5*(KTm+KIh)Drimarv +

"'"(Klm+KThJsecondan ^ KrR

KT=1.4*+(KTm+KFt+Kir) < K T r

for all a <, 1.0 inch
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allowable fracture toughness values:

Soviet/CMEA Code

[KTC]i = 13+18 exp(0.02TR)

(normal operation)

[KlCh = '7+24 exp(0.018 TR)

(hydrotest)

[KTC]3 = 26+36 exp(0.02 TR)

(emergency)

these formulae are valid for all RPV

materials, i.e 15Kh2MFA, 15Kh2NMFA,

22K,and 10GN2NMFA and their welding

joints for individual material and welding

joints are given less conservative formulae

ASMECode

KTR=29.43+13.786exp(0.0361TR)

(normal operation)

KTC= 36.48+22.783 exp(0.036 T R )

(emergency)

these formulae are valid for all RPV

materials with room temperature yield

strength lower than MPa, (i.e. for

steels ASTM A 533-B and A 508)

Remarks:
* it must be noted that all these fracture toughness curves, defined as lower

boundaries of all experimental data, were constructed using an "eye-ball"
method, thus use of them for any probabilistic analysis is very complicated or
even impossible, as no their probability level is known,

* comparison of all dependencies is given in Figure 1
* results of experimental validation of lower bound curves for WER reactor

pressure vessel steels - J5Kh2MFA and 15Kh2NMFA types and their welding
joints are shown in Figures 2 and 3, resp.

2. DETERMINATION OF STRESS INTENSITY FACTORS:

Soviet/CMEA Code

for: a <, 0.25S, a/c <: 2/3

Kf=(Mm« am+Mh*ah)*

*(w*a/Q2)0-5

M m = 1+ OAlHl-sUc)

Mh=l-0.64*(a/h)

Q2 = (1 + 4.6 (a/2c )l-65)0.5

for: a = 0.25 S, a/c=2/3

Ki= (0.7 am+ 0.45 oh )* (S)0-5

am = (l/S)J-ads

ASMECode

for:a = 0.25S, a/c=l/3

M m = see ASMECode
Fig.G-2214-1

Ki, = M, 8T
M, = sec ASME Code
Fig.G-2214-2
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3. DEFINITIONS OF TRANSITION TEMPERATURES

Soviet/CMEA Code

critical temperature of brittleness-T^o

Required critical Charpy energy value
depends on room temperature yield strenght
Requirement at T = T^o temperature

fMPa]
<300
300-400
400-550
550-700

(KCV) r

[J.cm-2]
30
40
50
60

(KVV
fj.cm-2]
24
32
40
48

Requirements at T = Tjco+3O°C temperature
KCV > 1.5( KCV )r= 75 J.cnr2

(KCV)min>52.5J.cm-2
(S.F. A)mjn > 50 % (fibrous fracture %)
KV>1.5(KV) r = 60J.cm-2

(KV)m i n>42J

ASME Code

transition temperature RT^DT

Criteria: T = RTjvfryr- temperature.
Independent from RPV steels quality
Energy value requirements are exists
Required critical Charpy energy value at
T = TNTYT temperature:
KCV > ( KCV )c = 50 J.crn"2

(KCV) rT ,in^0.7(KCV) r

(KV)mm 2r28J.cm-2

Requirements at T = T^ryr^3 0 0

C: temperature
(KCV)min > 85 J.cm-2
(KV)min>68J=5Oft.Ib
(dB)mjn> 0.91 mm=35 mils (lateral
expansion)

Differences between these critical temperatures, as determined experimentally for
15Kh2MFA and 15Kh2NMFA types of steels for WER,440 and W E R 1000 reactors, as
well as for ASTM A 533-B type of steel:

dT = RTJVJDX - Tfco « ± 10 °C

4. ASSESSMENT OF TRANSITION TEMPERATURE SHIFTS

Soviet/CMEA Code
KTfYi)=f(TR)
TR = T - T k

Tir = Two + STF + 6 T T + S T N

irradiation embrittlement:
8TF = A F ( F . 10-22)1/3
AF = f ( C u , P )
= upper bound F > 0.5 MeV
fatigue damage:
8 T N = 20 . A A = 2 Ni / S Ni
thermal ageing:
8TT = 0 for VVER RPV steels

AS;V/£ Code
KTR K T r = f ( T R )

T R = T - A R T ; A R T = R T + R T N D T + CT
(see Reg. Guide 1.99 Rev.2)
irradiation embrittlement
RT = f ( Cu, Ni, F ) = mean value
F > 1 MeV

fatigue damage:
not mentioned
thermal ageing
not mentioned
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5. COMPARISON OF CALCULATED ALLOWABLE TEMPERATURES

Typical situations for a reactor pressure vessel of W E R 440 MW unit has been
chosen as an example of calculation and comparison of both Codes. According to our
practice, a maximum allowable operating temperature TaR is denned as a maximum
temperature for which all requirements of the Code are just fulfilled, i.e. it is a temperature,
for which the following equations are valid .

Ki = K I C( i) Kj = Km K1C

Main parameters of the calculated reactor pressure vessel:

• wall thickness : S = 140 mm without cladding

• inner diameter; R = 1,815 mm

• defect is situated in a cylindrical part of RPV

a.) Normal operating conditions: (p = 12.5 MPa, cm = 153 MPa, at = 76 MPa)

Soviet/CMEA Code

K, = 52,8MPa.m05

T»R = + 39.6 °C

ASME Code

K, = 119,lMPa.m05

T«R = + 71.7°C

Difference of the results: Ta
R (ASME) - Ta

R (USSR) = + 32,1 °C

b.)Hydrotest: (p = 19.1 MPa, am = 234 MPa, at = 76 MPa)

Soviet/CMEA Code

K: = 74.0 MPa.m°5

T*R = + 48.1°C

ASMECode

K, = 191.5 MPa.m05

T«R = +94.4°C

Difference of the results: TaR (ASME) - TaR(USSR) = + 46.3 °C
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c.)Emergency cooling-(PTS): :(p = 12.5 MPa, ran = 153 MPa, at = 400 MPa)

Soviet/CMEA Code

K ( = 130.3 MPa.m0*

T«R = + 53.2 °C

ASME Code

K[ = 166.9 MPa.m0 5

T»R = + 51.2°C

Difference of the results: T^R (ASME ) - TaR (USSR) = - 2 °C
Remarks:

• for this calculation only initiation approach was used for both Codes
application, as no reliable data for VVER materials still exist

• use of initiation/arrest approach in the ASME calculations for W E R
materials will probably give an opposite result Soviet Code will be more
conservative

• It should be mentioned, that differences between calculated values of Kj, resp.
Ta

R, using both Codes, are based in the following input data and approaches .
- Kj values represents:
real calculated values calculated values multiplicaied

by safety coefficients
- for somewhat different shapes factor (a/2c ratio), which increase Kj values
according to the ASME Code by factor of about 1.20
- values 7°/^ represent for normal conditions and hydrotest:
static initiation dynamic initiation
- values 7°^ represent for emergency cooling - PTS:
static initiation static initiation

These calculated values are only examples that must not represent the whole situation
properly, but main tendencies will be similar even for somewhat different input data.

CONCLUSIONS

Comparison of approaches and calculation procedures for brittle fracture assessment of
reactor pressure vessels according to the ASME and Soviet Codes shows that.

-LEFM approach is used in both cases, in a very similar way,

-reference temperatures are defined by a different way, but their exact values are close
one to another ( within + 10°C )

-static fracture toughness curves (K1C) given in the Soviet Code are well supported by
large sets of experimental data received by testing base metal as well as weld metal with
different specimen thicknesses,

-different criteria! conditions of static vs. dynamic initiation lead to different results,
especially for normal operating conditions as well as for hydrotest, calculations of
irradiation embrittlement is quite different, for different materials and irradiation conditions
different formulae, fluences and approaches are used, thus direct application is not
transferable,
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-for normal operating conditions as well as for hydrotest the ASME Code requires
higher temperatures by about + 30 to + 50 °C than those required by the Soviet Code, thus
the ASME Code seems to more conservative one,

-these results will lead also to different "p-T" dependencies - according to the ASME
Code they will be more narrow than according to the Soviet Code,

-requirements for emergency cooling - PTS - conditions are very similar and their
differences are negligible,

-both Codes seem to be practical equivalent from the point of view, as the most of
their use for lifetime evaluation, as for the leading regimes - emergency cooling/PTS - their
initiation approach gives very similar results, on the contrary, using initiation/arrest
approach for emergency cooling analysis, the ASME Code will give less conservative
results,

-it is not possible to transfer the ASME Code directly to calculations of W E R reactor
pressure vessels, as no statistical important set of necessary additional fracture toughness (
dynamic KId> as well as arrest - K u ) of W E R materials exist till now.

Further development of closer international cooperations in the field of nuclear power,
mainly in safety assessments, leads to requirements of use of international, or broadly used
standards and codes, as well as procedures. Thus, question of assessment of W E R reactor
pressure vessels arose several times, mainly in connection with old WER-440 MW units of
230 type. This paper tries to show some main problems of such a use and application. It is
obvious that no formal or direct application of the ASME Code can be made, as well as
vice versa.

Thus, the following activities seem to be of the most importance for further
improvement of all reactor pressure vessel assessment with a higher interest into W E R
ones:

1. To carry out experimental testing to obtain necessary fracture toughness data -
dynamic, KId and arrest K^ - for W E R reactor pressure vessel materials

2. To create an international data base of all fracture toughness data ( static, dynamic,
arrest) received on specimens with different thicknesses from different manufacturers for
all pressure vessel materials used according to different Codes,

3. To evaluate a standard procedures for determination of a statistically based mean
and lower bound fracture toughness curves as well as for determination of a realistic
fracture toughness data distribution,

4 To organise a calculation example with a detailed comparison of the use of different
Codes for a typical W E R reactor pressure vessel, preferably of V-230 type, this example
should contain calculation of resistance against brittle as well as fatigue resistance.

5.To organise a calculation example similar to (4) but using a probabilistic fracture
mechanics approaches.

While activity (1) is connected directly with W E R materials manufacturers and/or
utilities, other three items - (2) to (5) - could be a part of next activities within the IAEA
project for W E R reactor analysis, as organisation from both sides - Eastern and Western -
should be attracted to their solutions. In this case, future activities within the IAEA IWG
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NPPLM can be also directed in this field, mainly items (2) and (3) m connection with the
proposed creation of an international database on reactor pressure vessel surveillance data.
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REACTOR PRESSURE VESSEL ASSESSMENT AT
PAKS NPP

P. Trampus et ah
NPP Paks
Hungary

Introduction:

This paper is a short summary of the surveillance and ISI testing; R&D activity at Paks
NPP or sponsored by Paks NPP.

The first unit of Paks NPP started its operation in 1982, that means the plant
performed 26 reactor years already.

Structural integrity of the reactor pressure vessel (RPV) has always got priority from
the very beginning till now and it is planned to continue in the future. The structural
integrity assessment is a calculation considering combined effects of operational and
accident/incident loads, degradation of material properties and effects of existinq flaws in
the structure.

The applied integrity assessments approach has considered that our vessels were
manufactured by Skoda Power Machinery Works, Plzen according to Soviet technical
documentation. Furthermore our activity was strongly influenced by the fact that Paks was
the first and for a long period the only nuclear power plant in Hungary.

Integrity related measures before and durioq construction of the power station:

• A research and development program, financed by the government was
organized and started for establishing the safe operation of the NFP: Many
leading institutes were involved into this R & D project. One of the most
important part of this program was the structural integrity related project for the
RPVs and other pressurized components.

• Research program was started in order to learn the embrittlement behaviour of
the vessel's structural material under irradiation (base metal and welding).

• A heat of 15H2MFA steel was produced and the basic mechanical properties
were determined including fracture toughness reference curves amongst others

• Three dimensional finite element computer codes were developped for
calculation of transient thermal and/or mechanical load, and to calculate stress
intensity.
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• Effects of Loss-of-Coolant Accident ( LOCA) was analized taking a postulated
semi-elliptical crack into accaunt, as large as one quarter of the wall thickness at
the belt-line region.

• Research programs has been started in the field of mechanized non-destructive
examination. This program includes the development of methods and
equipments used for acoustic emmission site testing during hydrotest.

• Research on fracture mechanics methodolody were also carried out and the
results are used to prepare the testing technology used for surveillance testing at
the hot cells of NPP Paks.

• The NPP set up an expert committee with members representing material
science, neutron dosimetry^fracture mechanics, stress and strain calculation and
non-destructive testing. These experts, -using their professional and institutional
background- referre the surveillance and non-destructive testing results, or even
they perform additional examinations or calculations if it is necessary. This
independent expert committee guaranties the reliability of the results. The
Hungarian authority have also licensed this body.

Integrity related steps after commissioning of the units:

• On the basis of experiences gained during the construction and the early
operational years, the first surveillance and ultrasonic testing results of the
RPV-s several steps has been already made to improve the l;evel of the
structural integrity. -

• The stress and strain analysis was shifted from large-break LOCA-s to the
small-break LOCA events, and to the pressurized thermal schock,( PTS )
calculations. In accordance with the recommendations of the main designer the
most critical PTS transient events were determined and thoroughly analized.
These are the rupture of steam generator heat exchanger- tube and the stuck
open of the relief valve.

• Attention was brought to determination of stress behaviour in the nozzle area in
case of emergency core cooling and hydrotests.

• In two cases, stress distribution measurement was carried out at selected
locations on one outlet nozzle during in-service hydrotest.

• The limits of the Russian-made ultrasonic system (USK-213) for RPV testing
were recognized after the very firts ISI testings. The reconstruction of this
external UT-system was realized under support from IAEA, and a Spanish-
Hungarian contribution.

• Parallel to the use of the external system, internal ultrasonic testing has been
performed in every fourth year by the staff of the manufacturer on a
contractual basis. Skoda Works uses a Swedish designed remote controlled
central mast manipulator (TRC=Reactortest).
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INTEGRITY ASSESSMENT OF DOEL 1 AND 2
REACTOR PRESSURE VESSELS

R. GERARD (*), A. FABRY (**)
* TRACTEBEL ENERGY ENGINEERING, Avenue Ariane 7,

B-1200 Brussels, BELGIUM
** SCK/CENBoeretcm 200, B-2400, Mol, BELGIUM

Abstract

Doel 1 and 2 are two-loops pressurized water reactors of 390 MW electrical output,
which were commissioned in 1974 and 1975 respectively. As in many other units of this
vintage, the weld assembling the two core shells (forged rings) displays a relatively
high copper content, detrimental to irradiation embrittlement sensitivity.

The surveillance program results are rather atypical, and the surveillance specimens
might not be fully representative of the vessel welds, which makes reliable predictions of
the embrittlement difficult.This raises the issue of reactor vessel integrity in case of
pressurized thermal shock, which is further complicated in these units by a relatively
unusual safety injection system, with direct injection in the downcomer along the
vessel wall.

The present paper describes the approach used to demonstrate the integrity of the
reactor pressure vessels.

The first part consists of the assessment of the material degradation under service
exposure, which involves:

Evaluation of surveillance program results;
Charpy and mini-tensile specimens reconstitution ,in particular to optimise the
use of surveillance material;
Chemical analyses;
Microstructural examinations;
Damage modelling (copper precipitation vs. other embrittlement.factors) and
micromechanics.( effect on fracture toughness).

The second part is the thermal-hydraulic and fracture mechanics analysis and the
definition of mitigating measures (flux reduction, safety injection preheating, hardware
modifications).

The approach used and the corrective actions that have been implemented (or will be
implemented in the near future), have made it possible to demonstrate successfully the
integrity of the pressure vessels in case of pressurized thermal shock.
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1. Introduction

Doel 1 and 2 are two-loop PWR's of 390 MW electrical output, of
Westinghouse design. They were the first commercial nuclear units to be commissioned in
Belgium, in 1974 and 1975 respectively, and their vessels were manufactured in 1970-
1972, at a time when the detrimental effect of copper and other residual elements on
irradiation embrittlement sensitivity was not yet well known in the industry. The vessels
were manufactured in Belgium by Cockerill, according to the usual procedure at that time,
which was to use copper-plated wire for submerged arc welding.

When the first surveillance capsules of these units were withdrawn after three years of
operation, it became obvious that the weld was much more sensitive to irradiation
embrittlement than expected. The RT^^ was still far from critical, but this raised
nevertheless much concern about the future evolution of the embrittlement and it was
decided to withdraw another capsule at Doel 1 and two at Doel 2 (the lead factors
being different, this would yield results for two different fluences), while at the same time
the chemical composition of the welds was investigated, in particular their copper content
since its effect was now well known. The results from these surveillance capsules were
rather reassuring, since the measured shifts of the RT^yj- were lower than for the first
capsule, while the fluence was much higher.
This atypical behaviour raised many questions, and one of them was the representativity
of the weld surveillance material, since chemical analyses had evidenced a large scatter
in copper content. Furthermore, the embrittlement behaviour was not fully consistent
with the usual copper embrittlement, and this led to various investigations relating to
the assessment of the material degradation under service exposure. A low leakage
core loading pattern was ako implemented in order to keep the end-of-life fluence as low
as possible.

At this time, (around 1983-1984) the pressurized thermal shock problem had become
a general concern in the industry and this was of course also the case for Doel 1 and 2.
This concern was enhanced by a specific feature of these units, which is a rather unique
safety injection system, injecting for one part in the cold leg, as usual, and for one part
directly in the downcomer along the vessel wall. This causes locally a very severe thermal
shock, the heat transfer being enhanced by the high velocity of the S. I. flow.
Deterministic thermal-hydraulic and fracture mechanics calculations were performed for
various worst-case PTS transients, with very conservative assumptions regarding the
embrittlement. These analyses could not demonstrate the integrity of the pressure
vessels for all the pressurized thermal shock transients considered, and this led to the
design of hardware modifications reducing the severity of the thermal shock. In parallel,
the knowledge of the material degradation had progressed significantly, showing
that the assumptions of the PTS analyses were exceedingly conservative and yielding
additional margins that allow to be confident in the possibility for these units to reach the
end of their design life and even to contemplate life extension.
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2. Description of the reactor pressure vessels

Inside diameter:

Thickness of the core shell:

Thickness of the stainless steel cladding:

Normal operating pressure:

Operating temperature: inlet:

outlet:

3327.0

178.0

5.0

15.7

287.4

317.1

mm

mm

mm

MPa

°C

°C

Base material:forged steel Soudotenax 56 (similar to A5O8 C1.3)

Weld: submerged arc weld - wire Unionmelt 40 (SAF: Soudure Autogcne Francaise)
Flux- Unionmelt 89 (SAF) Root passes deposited with electrodes Ductilend 55
(ARCOS)

Cladding: deposited using the strip welding technique - strip of quality 304L

Chemical composition of base material (analysis on product, weight %)

Base

Weld

C

0.147

0.066

Co

0.012

Cr

0.58

0.08

Mn

0.96

1.31

Ni

0.79

0.12

P

0.01

0.016

S

0.01

0.013

Si

0.25

0.33

Mo

0.35

0.48

Cu
0.085

0.12
to
0.48

Final heat treatment of the vessel: 8 hours at 600 "C

3. Assessment of material degradation under service exposure

It has been mentioned previously that the representativity of the weld surveillance
material inserted in the surveillance capsules could be questioned, since the wire and flux
batches used for these welds could be different from those used for welding the pressure
vessel shells. This is particularly evident if we focus on the copper content of these welds.
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3.1 Chemical analyses

Six blocks have been manufactured together with the vessels to provide material
for the surveillance specimens. Their copper content has been determined- afterwards,
and yielded the following results: for five block out of six, the copper content of the weld
was between 0.12 and 0.18 %, while the weld in the sixth block had a copper content of
maximum 0.35%, between large variations between the upper part and lower part of the
weld. This wide variability within a same weld made it clear that it would be useless to
take samples from the real vessel weld for analysis, because .it could not be guaranteed
that the value measured near the inside wall would be representative of the whole weld.

All weld Charpy specimens have been taken out of a block with a copper content
of 0.13 % for Doel 1, and 0.18 % for Doel 2.

Fortunately, the heat effected zone Charpy specimens from Doel 2 have been taken
out of the block with a high copper content, and this led to the development of a
reconstitution procedure for Charpy specimens and tensile specimens which allowed to
obtain informations on the behaviour of the high copper weld.

3.2 Surveillance program results

Apart from this question regarding the representativity of the weld specimens,
the surveillance results themselves are quite atypical. Three surveillance capsules have
been withdrawn in Doel 1 and three in Doel 2, the maximum fluence reached being
approximately 3.5 1 0 ^ n/cm^, which is the expected end of life fluence. A conventional
evaluation of the results, using than fitting of the Charpy curves and the shift of the curves
at the 41 joules level to determine the increase in RTJSJDX yields the results given on Fig. I

for the weld, where the
measured shifts are com-
pared to the estimations of
the Regulatory Guide 1.99
rev. 2 formula [71 (including
margins, the curves given of
this figure should be upper
bounds for welds with this
Cu and Ni contents). It is
clear that the shift of the
RTJSJPT was higher than
expected for the first cap-
sules, indicating a very fast
embrittlement.For the next
capsules however, the shift
r e m « n s approximately con-
stant, except for the second
capsule of Doel 1 for which
t h e s h i f t i s m u c h l o w e r- lt «

or *i j wo so* snt SHIFTS

so

23

(IOE*» H/CH-2)

FIG.1 .Doel 1 and 2 weld surveillance results
comparison of 41J and 50% SFA shifts
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also noticeable that the shift measured at the 50% shear fracture appearance reference
level is much lower than at the 41 joules level, especially for Doel 2 (Fig. 1)

The results for the base material on the other hand are not unusual (Fig. I).
100

75

50

ac-

FLUENCE 19 N/CN"2)

FIG J.Doe! 1 and 2 base material surveillance
results (41J shift)

Another interesting result is
the fact that the increase in yield
stress or in hardness of the weld
is much lower than could be ex-
pected from the generally
cepted correlations with
shifts (see fig. 10 and 11). Some
tensile specimens were from the
high copper block, and the yield
stress obtained for these specimens
is not higher than for the low cop-
per specimens, which is again
contrary to the generally accepted
influence of copper. This limited
evidence of insensitivity to cop-
per content was of course wel-
come, since the extrapolation of

the surveillance results on the basis of the "chemistry factor" of the Regulatory Guide 1.99
rev. 2 would clearly yield unacceptable values of the R T N D J . for the high copper
material. However, this limited evidence had to be confirmed by other means. This
was done by reconstituting broken Charpy specimens from HAZ, which were taken out of
the block with a high copper content. After welding end tabs to the half specimen taken
out of the weld and machining, a new Charpy specimen is obtained (the detailed
procedure and its qualification are described in paragraph 3.3 hereafter). Although the
reconstitution procedure seems to introduce energy losses for this particular material,

which tends to increase the 41 joules
shift, the results obtained on the high
copper reconstituted weld specimens
from two capsules of Doel 2 demon-
strate the embrittlement is only
weakly influenced by the copper
content (see Fig. 12)

The R T N D T shifts are slightly
higher for the high copper material,
but some of the difference may
robably be attributed to the re-
constitution procedure itself, as may
be seen on Fig. 3 where the 41 J
shifts obtained for reconstituted low

•-»* » rv •.. rLB?? <10Er1J *"""Zi copper weld material are also identi-
FIG.3. Doel 1 and 2 weld surveillance f:eH
results (41J shift)

m
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ISO Another interesting result of the
surveillance program is the behaviour of
thermally aged specimens. Charpy
specimens of base material, weld and
HAZ have been placed in a container
fixed on the manhole cover on the cold
leg side of a steam generator. They have
been submitted to the operating tem-
perature (287 °C), but not to irradiation,
and were used to evaluate the thermal
ageing of these materials at operating
temperature.

They were withdrawn after 8 years
of operation, or approximately 63000
hours. The test results showed that there

FIG.4. Doel 1 weld. Thermally aged
(63000 hours at 290°C)

was indeed an effect of thermal ageing on the weld material, the shift of the Charpy curve
measured at the 41 J level being approximately 29°C, while the USE drop was 14 Joules
(Fig. 4).The effect on the base material is more difficult to assess, since there are only 5
specimens from each shell, and there does not seem to be a shift of the curves, while the
upper shelf energy level is markedly increased by the thermal ageing.

Concerning the kinetics of this thermal ageing, the available information is limited to
an experiment on a specimen that was aged artificially in a furnace for 10000 hours at two
different temperatures (298"C and 330"C). The microhardness measurements show that
the hardness increases rapidly at the beginning (after 2500 h at 298"C or 1000 h at 330
"C) then seems to saturate (practically no further increase in 10000 hours)

This thermal ageing effect interacts with the irradiation embrittlement and could
explain why the RTJSJDX

 srufts of the welds for the first capsules from both units is higher
than expected.

This also raises the question of the irradiation temperature, since some temperature
monitors (with a melting point of 304 °C or 310 °C) were melted in every capsules except
the second capsule of Doel 1, which is precisely the one for which the shift is the lowest.
Of course, the melting of the monitors could have happened during the manufacturing of
the capsules, but it could also indicate exposure at a temperature higher than the expected
temperature of 287 °C.

3.3 Charpy and mini-tensile specimens reconstitution

The reconstitution technique of broken Charpy specimens was developed at
SCK/CEN using the stud welding technique, and the technical details may be found in
referencesfl and 2].
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The main steps of the method, depicted in Fig. 5, are:

removal of the rupture surfaces and the plastic zone;
arc welding of the first cylindrical stud;

milling of the first welded stud to 10 x 10 mm2;
arc welding of the second stud;

milling of the second welded stud to the 10 mm square size;
shortening of the reconstituted Charpy to 55 mm length;
machining of the notch;
dimensional control and addition of identification.

Temperature control weldings are executed on
dummy specimens equipped with thermocouples at
the beginning and at the end of a reconstitution
campaign, in order to check that the temperature in
the central part of the specimens remains under the
operating temperature of the pressure vessels, which
rules out any annealing of the irradiation embrittle-
ment.As mentioned before, this technique was used
extensively in the analysis of Doel 1 and 2 surveil-
lance results, first to obtain additional data on the
thermally aged materials (the aged specimens were
tested, reconstituted, and tested again), and also to
obtain high copper irradiated weld specimens, by
reconstituting the part of the HAZ specimens taken
in the weld. In each case, the length of the insert
(central part of the reconstituted specimen) was
between 15 and 22 mm, which is enough to rule out
interference between the plastic zones developing at
the notch during the Charpy test and the reconstitu-
tion welds.

J
F1G.5. Schematized procedure T h e technique has been extensively qualified on
for the reconstruction of Charpy v a r i o u 3 pressure vessel steels, unirradiated and irra-
specimens. diated, as well as on weld material, and the refer-
ence Charpy curve obtained by breaking full-size Charpy specimens at different
temperatures is generally well reproduced when testing reconstituted specimens (see Fig.
6 and 7).

In some cases however, and particularly for the weld material of the Doel 1 and 2
reactor vessels, the reconstitution technique seems to introduce energy losses leading to
a shift of the reconstituted curve, relatively small at the 41 J level, but also to a
modification of the slope of the curves (see Fig. 12; the unusual shape of these curves
is due to the separate fitting of the different energy fractions of the load trace). This shift
increases the apparent R T ^ Q J . shift under irradiation, and we have indications that it is
not influenced by the copper content of the specimens, hence the RTjsjpx shift of the
high copper material estimated on reconstituted specimens should be conservative. The
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reasons for these losses are still being evaluated, using the modelling techniques based on
the instrumented Charpy signals described in chapter 3.5

BASE MATERIAL
l »» "C REC • LWEC o BFC

3 «o

1 0

-'*> -KM - »

temperature ( aeg.C 1

FIG.6. Transition curve 18MND5
base material

EC REC •

• I 'O ion -SO O

FIG.7. Transition curve irradiated
base material

A method to reconstitute mini-tensile specimens from broken Charpy specimens
has also been developed in order to obtain unirradiated data at the temperature of the
tensile tests on irradiated specimens.

3.4 Microstractund examinations

A microstructural analysis of the unirradiated weld material (in the as-received and
thermally aged conditions) was performed by Harwell laboratory [3].

The standard metallography showed that the microstructure was bainitic and
contained a large number of precipitates and inclusions. Both transmission and scanning
transmission electron microscopy (TEM, STEM) have also been employed in the
examinations of these materials, the STEM being fitted with a field emission electron gun,
which has the advantage of offering chemical information by energy dispersive X-ray
analysis (EDX) on the nanometer scale.

The precipitates/inclusions are mainly carbides or silicates and their size distribution
peaks between 0 and 1 micrometer, but much larger inclusions have also been identified.

The main purpose of the FEGSTEM examination was to determine the amount of
copper in solution in the matrix (i.e. the copper available for precipitation under
irradiation). This matrix copper is lower than the bulk copper (which is measured by the
chemical analyses) because some of the copper has precipitated during welding (copper
sulphides) or during the post-weld heat treatment (fee copper precipitates). If these
analyses showed that the matrix copper content of the high copper specimens was much
lower than the bulk copper, this could be an explanation for the similar behaviour of the
low and high copper weld specimens under irradiation. Some copper sulphide and fee
precipitates have been identified, and the matrix copper for the high copper weld
specimens was 0.25% (vs. 0.33 to 0.35% bulk copper), while it was 0.13% for the low
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copper weld specimens (equal to the bulk copper within the measuring accuracy).
Although the matrix copper is significantly lower than the bulk copper in the high
copper specimens, it is still two times higher than in the low copper specimens and this
alone does not explain why their behaviour under irradiation is similar.

Within the errors of the technique, no difference in copper levels between the as-
received and aged materials has been observed.

Grain boundary analysis by STEM has shown that segregation of Mn, Mo and P to
the boundary has occurred, but here again no significant differences between the as-
received and aged samples can be seen.

Furthermore, additional TEM examinations of the fracture surfaces of Charpy
specimens, performed at the SCK/CEN on as-received, thermally aged and irradiated
specimens, have not evidenced any occurrence of intergranular fracture.

3.5. Damage modelling and micromechanics

3.5.1. Introduction

The well known, general principles of RPV steel embrittlement modelling in the
ductile-brittle transition temperature range are summarised on Figure 8.
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FIG.8. RPV Steel embrittlement modelling.
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These principles are implemented more particularly by making use of the information
contained in the instrumented Charpy-V notch impact test signal, i.e. load versus
time (deflection) traces recorded during the dynamic three-point bend event (strain
gages on hammer tup). At this time, the approach is limited to standard, unprecracked Cv-
bars

Numerous papers in the literature describe various applications of such approach
(e.g., ref. [12-16]).

At least three critical temperatures and a related energy partitioning can
experimentally be determined to reasonable accuracy from the traces (Fig. 9):

Typical Signal
(Transition Temperature Range)

LOAD IkN) VELOCITY (m/s)

Typical Load Diagram
and Energy Partitioning

Stress

LSE (Lowtf •

0.6 1
TIME <ms)

»• EMrgy)

FIG.9. Use of instrumented Charpy-V load-time traces.
TD:"Brittleness temperature [13][14]= ONSET OF "ENERGY FRACTION A"
Plastic deformation becomes necessary to cause fracture above this temperature

TN:"Ductility" temperature= ONSET OF "ENERGY FRACTION B" (See below)

TO: ONSET OF Cv UPPER SHELF.i.e. temperature at which brittle initiation and arrest
loads coincide; at higher temperature, inflexion of the velocity-time -record allows to define the
shelf of "ENERGY FRACTION C" in Pachur's manner [15a]
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In 5a safety perspective, this last temperature is probably the most important
one.

The elastic and fast crack propagation energies are essentially uninfluenced by
embrittlement and are lumped together (LSE: lower shelf energy ).

Both TD and TD can be reasonably well assessed from un-instrumented energy,
lateral expansion AND fracture appearance Cv-data

Both TD and TO are physically grounded measures of the ductile-brittle transition
temperature (DBTT); to them are respectively correlated the transition temperature
TAT and TTC of the corresponding fractions, taken at 50% of their shelf. The 50%
fracture appearance transition temperature shift (FATT) is furthermore correlated (but not
exactly) to TTC and it has been recently found [15b] that the shifts in TTC induced upon
irradiation are proportional to the changes of the Pellini drop weight nil-ductility
temperature (NDT).

Often the 41 J Regulatory indexation "fix" (TT41) allows to more or less track the
changes of DBTT under various influences. On another hand, outlier behaviour of
TT41, such as the one displayed by the Doel 1-2 welds, the Yankee Rowe surveillance
plate (17],.is traceable to energy fraction B, labelled herein "tearing energy", as well as to
the interplay between the fraction parameters in the baseline (see discussion below).

This fraction B does indeed roughly correspond to the specimen capability to sustain
stable crack growth (tearing), eventually preceding conversion to brittle crack propagation
(cleavage) in the transition temperature range. This conversion stems from the
enhancement of the competition of "trigger" particles (generally inclusions) under the
strain field triaxiality prevailing in conventional Charpy-V specimens. It will be seen that
TTB bears no relationship to DBTT

For obvious reasons, and as experimentally confirmed [18], this energy fraction is
the principal cause of scatter observed in the Cv, transition temperature range.

Finally, the load-time traces allow to directly compare yield strength changes to TD
(TTA) changes, i.e. to probe for conformity with the Davidenkoff diagram [19] of Fig. 8,
and to eventually detect fracture stress changes.

3.5.2 Results and brier discussion

Tensile and Vickers hardness data for the Doel 1 and 2 welds concur in telling a
similar story:

• Violation of "known" correlations with respect to the 41J shift
• No influence of copper content (Fig. 10, 11)
• Significant role of thermal ageing (Fig. 11)
• Overprediction by established modelling concepts [20][21][22]

Note that on the various illustrations, "low copper" means the range 0.12-0.18 %,
"high copper" the range 0.26-0.37 % (bulk).
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FIG.10. Tensile test data for DOEL-l- FIG.11. Vickers hardness test data for
II welds DOEL-I-II welds.

The lack of copper effect is confirmed by the Cv-reconstitution results (Fig. 12). The
detailed evaluation of the load-time traces for the base metal PM2 on this figure is not
yet complete, but preliminary indication .supports the view that a same embrittlement
mechanism may be responsible for the shift of all the reconstituted data on this figure, as
compared to the as-received ones - developed more than a decade earlier, on the same
pendulum.
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FIG.12. Cv-reconstitution of irradiated DOEL surveillance results.
Evaluation of the surveillance program data using the energy partitioning approach

previously outlined is highlighted by Figures 13 to 16. Only are shown the results
considered final. Similar analysis of all other capsules -still in progress - reveals no surprise
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thus far, data processing is iterative because most teste were un-instrumented and must be
unravelled through the use of correlations still under development.
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a.) Thermal ageing decreases "TEARING" energy (B) and shifts post-
arrest load energy (C) of DOEL welds
b.) Irradiation shifts all energy fractions and decreases pre-maximum load
energy (A) of DOEL welds.

The present results are consistent with similar work concerning the Yankee
surveillance plate [17] and other RPV material [23].

Central features upon PWR irradiation conditions:

• Rapid and drastic loss of the tearing energy (fraction B)
• Similar shift of the parameters TD, TTA, TO, TTC, FATT - but much larger
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FIG.14. Energy partitioning: instrumented impact test of DOEL weld
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It is clear from Figure 14 that the 41 J "fix" temperature is controlled by the pre-
maximum load energy (A + LSE) in the baseline and aged conditions, while after
irradiation, some post-arrest energy (fraction C) is needed to reach 41 J. In other
materials, the baseline "fix" is determined by A + LSE + B, but it can also happen that for
both the baseline and irradiated condition, A + LSE exceeds 41 J.

The 41 J shift depends on the relative positions of the shelf and transition temperature
of the various fractions in the baseline. Therefore, a variety of TT41 behaviour ensures
and this is the major cause of scatter affecting the statistical evaluations incorporated into
the current Regulatory recipes.

In the case of Doel 1-2 welds - and
the Yankee surveillance plate -, this
explains the large, "outlier" 41 J shift :
what is inadequate is the toughness
indexation procedure, not the steel. But
while the Yankee surveillance plate
displays a "classical hardening" behaviour,
identical to the one of the ASTM reference
A302B plate [17], the Doel 1-2 welds are
true outliers, i.e. with respect to usual
modelling projections (Fig. 16). This can
be appreciated at a glance at Figure 17.
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3.5.3 Conclusions of the damage modelling and micromechanics analysis

• The 41 J Cv indexation of fracture toughness is not appropriate for Doel 1-2
welds (overconservative)

• The embrittlement of these welds is traceable to :
• thermal ageing
• unknown mechanism
• the role of the classical hardening (copper precipitation) is minimised by:
• the available copper being lower than the bulk copper, as evidenced by the
microstructural investigations (presence of copper sulphides and fee copper
precipitates)

• Competition with an unknown mechanism
• The shift of the fracture toughness should not exceed 60 to 70 degrees C at 4 to

5*1019N/cm2(E>lMeV)
• The prospects for a vessel life extension are excellent, but deserve further

research efforts

4. Assessment of pressure vessel integrity in case of PTS

At the beginning of the eighties, it had become evident from operating experience
that transients can occur in pressurised water reactors resulting in a severe overcooling
that causes thermal shock to the vessel, concurrent with or followed by repressurisation.
These transient are generally known under the name "pressurised thermal shock" or PTS.
The very high tensile stresses caused by the thermal shock at the vessel inside wall could
cause the initiation of a pre-existing flaw of small dimensions, which would arrest after
some propagation when it reaches a zone at a higher temperature, where the material
toughness is high enough to arrest the running crack. This crack could re-initiate later on
in the transient if the pressure is maintained, the toughness at crack tip decreasing due to
the progressive cooling of the vessel wall. This could ultimately lead to vessel failure after
a sequence of arrest-reinitiation events.

4.1 Doel 1-2 safety injection system

A specific feature of the Doel I and 2 units is that the high pressure safety injection is
divided along 4 injection paths, two of them directed classically to the cold legs, and two
of them injecting directly in the downcomer of the vessel, the flow being directed
downwards along the vessel wall by a deflector (see Fig. 21). This may be very good as
far as the core cooling is concerned, but is of course very detrimental in the PTS context,
the cold S. I. water being directed with a high velocity along the vessel wall. The two
safety injection nozzles of 87 mm diameter are located at the same axial level as the inlet
and outlet nozzles of the vessel, approximately 3.3 m above the critical circumferential
weld. Therefore, the velocity of the flow at the weld level has already decreased and the
width of the plume has increased, which reduces somewhat the severity of the thermal
shock on the weld. It remains nevertheless more severe than in the case of an injection in
the cold legs only. The thermal shock on the forging is not really of concern, since this
material is not very sensitive to irradiation embrittlement (Fig. 2).
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4.2 Methodology of the PTS evaluation

The specific safety injection features of Doel 1 and 2 made it impossible to refer directly to
the results of the generic American studies. The "screening criteria" proposed in 1982 by the
NRC [5) and introduced in 1986 in the 10 CFR 50 [6], define a limiting value of the RT^DT
under which the risk of vessel failure associated with a pressurised thermal shock is considered
to be acceptable".

< 132 °C for plates, forgings and longitudinal welds

< 149 °C for circumferential welds

These criteria are based on a probabilistic analysis that was made on "classical" three loops
units, with the safety injection in the cold legs. They are clearly not applicable in Doel 1-2
where the injection is made directly in the downcomer

It was decided at that time, in agreement with the Belgian safety authorities, to develop a
specific thermal-hydraulic computer code to assess the effect of the injection in the
downcomer, and to perform deterministic fracture mechanics analyses of various worst case
PTS transients.

4.3 Thermal hydraulic analyses

To properly assess the effect of the direct high pressure safety injection into the reactor
vessel downcomer, a two-fold approach was followed:

• development of a simple analytical mixing model, based on the fundamental
conservation equations and semi-empirical "entrainment" correlations i'l 1AMIX
computer code)

• tests on a half-scale mixing test facility, with the dual purpose of validating the
analytical tool under the specific geometry and of gaining direct insight of the
mixing phenomenon under representative conditions. The test rig design pressure
was 11 bars, allowing a maximum operating temperature of188 °C.

Jet teapera'ure
($.I. In downcoaer)

I I
1000

TIME (seconds)

FIG. 18. Temperature profiles for a small
break LOCA

A detailed description of the code and
test rig is beyond the scope of the present
paper and may be found in ref. [4.]

The average temperature and pressure
evolution in the downcomer were calculated
for various PTS transients with the help of
the RELAP-5 code. The TRAMIX code
was used to evaluate the so-called "non-
mixing penalty" which is the difference
between the average temperature in the
downcomer calculated by RELAP and the
temperature in the cold safety injection
stream at different axial levels in the
downcomer.
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Typical temperature and pressure evolutions for a "small break LOCA" transient are
shown on Figure 18, where the detrimental effect of the injection in the downcomer is clearly
noticeable. Apart from the temperature effect, there is also an increase in the heat transfer
efficiency due to the higher speed of the cold stream along the vessel wall compared to the
classical injection in the cold legs.

.4 Fracture mechanics analyses

Starting from time-histories of the pressure, fluid temperature and heat transfer
coefficients coming from the thermal-hydraulic analysis, the temperature and stress profiles in
the vessel wall are evaluated at different times in the transient and for discrete points in the
pressure vessel wall with the help of the TRTHERM computer code.

The TRACAS computer code has been developed to calculate the linear elastic stress
intensity factor Ki for several types of cracks (semi-elliptical or infinitely long, axial or
circumferential cracks). First, a polynomial regression is performed on the temperature and
stress fields using the least square method, then the stress intensity factors are calculated
classically using the weight function method [9,10,11], Typical profiles of the stress intensity
factor in the vessel wall are given at Fig. 19 at a discrete time of a PTS transient, these figure
also illustrates the detrimental effect of the injection in the downcomer (full lines) compared to
the "classical" injection in the cold legs (dotted lines).
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Knowing the temperature
and R T J J D T at every position in
the vessel wall (the RTJNJDJ

being calculated on the basis of
the contents in Cu and Ni and of
the attenuation of the fluence
through the vessel wall), the
K]£ (critical static initiation
fracture toughness) and K j a

(crack arrest toughness) profiles
through the vessel wall may be
determined at any time in the
transient, using the curves of the
ASME code, section XI,
appendix A. The stress intensity
factor is calculated for various
crack depths as a function of the
equivalent temperature Teq = (T
- RTjsJDT ) which allows the

direct comparison with K i c and Ki a which are also expressed in function of T - R T N D J . By
determining the intersections of the K\ curves for the various crack depths with K j c and Kj a ,
it is possible to build critical crack depths diagrams (see Fig. 20) and to determine the
sequences of initiation and arrest events for a given RTjyfDj, or alternatively to determine the
critical RTNDT. as a function of crack depth..
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Several "worst case" PTS
transients have been analysed by
this method (small break LOCAs,
steam line breaks, steam generator
tube ruptures). Parametric studies
showed clearly that the limiting case
was the circumferential crack in the
weld, and the rest of the study
concentrated on this configuration.
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The main assumptions were as follows:

• end-of-life R T N T J ; = 135 or 150 °C;
• infinite circumferential flaw;
• thermal transient at the weld level taken on the axis of the cold stream;
• the "warm prestressing" was taken into account only when Kl decreased

monotonically after reaching a maximum (which ruled out the transients
followed by repressurization);

• S.I. temperature of5cC(withoutpreheating) or 40X1 (withpreheating);
• crack propagation was accepted, provided the crack arrested before 70% of

the thickness of the vessel;
• the possibility of crack arrest in the root of the weld for shallow cracks

initiating in the small SAW part on the inside surface of the vessel was also
taken into account. The R T ^ J D J of the root (manual weld) is much lower
than the R T N D T °/the SAW> ^ t o the much ^awer coPPer content, and this
has been confirmed by the surveillance results.

The study showed rapidly that it would not be possible to demonstrate the integrity of
the vessel in case of PTS with a S.I. water at 5 °C and it was decided to preheat the safety
injection storage tanks to 40 °C. Taking this preheating into account, it was possible to
demonstrate ;.hat a crack would arrest before reaching 70% of the thickness of the vessel
for all the transients but one. For this particularly severe transient, the conclusion was that
it would lead to the failure of the vessel. This illustrates very well the raain drawback of
the deterministic study, which is that in order to envelop all the possible PTS transients, it
is necessary to design very severe accidents, which are of course very difficult to justify.
On the other hand, taking into account only realistic or even reasonably plausible
transients cannot demonstrate convincingly the integrity of the vessel in all the possible
situations.

The scenario leading to the failure of the vessel in the analysis was as follows: two
pilot operated relief valves supposed stuck open, which caused a very rapid cool down,
followed after 1600 seconds by the closing of the two PORVs and repressurization of the
circuit up to 17 MPa, without intervention of the operator to lower the pressure. The
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probability of occurrence of such an accident is negligibly small and its contribution to the
total risk of vessel failure in a probabilistic analysis would certainly be very low, but of
course this type of argument may not be used in a deterministic analysis. It is also worth
pointing out that such a transient would also lead to the failure of a "classical" vessel
satisfying the screening criterion of the 10 CFR50.61. Although the fact that only this
transient among all the transients analysed would lead to the vessel failure was not a bad
result, it remains that the integrity of Doel 1 and 2 reactor pressure vessels in case of PTS
could not be demonstrated using this methodology, so the alternative was as follows:

• either perform a probabilistic analysis, as described in the Regulatory
Guide 1.154 [8];

• or implement a major hardware modification to eliminate the injection in the
downcomer, which would make it possible to use the generic American
studies and to justify the integrity of the vessel by demonstrating that the end-
of-life RTNDT. is lower than the limiting value of the screening criterion.

This second possibility, which reduces physically the severity of the thermal shock by
a hardware modification, was preferred to the first one, which was only a "paper"
justification.

5. Hardware modifications

As already mentioned hereabove, a first modification that was implemented relatively
easily was the preheating of the SI water tanks to 40 °C, which reduces markedly the
severity of the thermal shock on the vessel wall while remaining compatible with the SI
requirements for core cooling. This was implemented in 1990 but was nevertheless not
sufficient to allow to demonstrate the vessel integrity for the worst case transient and
conservative assumptions used in the PTS analysis.

It was therefore decided to implement a more radical hardware modification, which
consist of restoring the Upper Plenum Injection (UPI).

In this configuration, the injection in no longer done in the downcomer, but directly
in the upper plenum above the core, through a hole in the internals. This was in fact the
initial design of these units, which was modified very late (the internals were already being
manufactured) as a consequence of NRC questions regarding the efficiency of the core
cooling with this configuration. The thermal-hydraulic codes available at that time did not
allow to demonstrate that this concept would guarantee sufficient margins, and hence it
was abandoned.

The progress in thermal-hydraulic codes now makes it possible to demonstrate that
the required margins are obtained, and the modification will be carried out during the next
outage of the units (summer 1992). Fig. 21 illustrates the principle of the modification,
which consists of machining a hole in the internals by electric discharge machining while
they rest on their stand in the reactor pool. A sleeve is then inserted in the existing
deflector and fixed by mechanical expansion to close the injection path towards the
downcomer and direct the S.I. flow in the upper plenum. The whole operation has already
been qualified under representative conditions on a mock-up.
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The singularity of the units being eliminated by this modification, it is now possible to
use the American regulations (10CFR50.61) to assess •the risk of vessel failure in case of
pressurised thermal shock. Since May 1991, the R T N D T to be compared to the screening
criteria must be evaluated by the formula of the Regulatory Guide 1.99 rev. 2, which yields
for Doel 1-2, assuming the most unfavourable chemical composition measured on
surveillance specimens (0.35% Cu and 0.125% Ni) and for the end-of-life fluence of
3.5*1019n/cm2(E>lMeV): RTJVDT = 126 °C

This value being well under the 149 °C allowed in the 1OCFR50.61 for a
circumferential weld, this demonstrates satisfactorily the integrity of the pressure vessel in
case of pressurised thermal shock.

6. Conclusions

The embrittlement behaviour of the Doel 1 and 2 reactor pressure vessels is rather
atypical, particularly for the circumferential weld assembling the two core shells:

• accelerated embrittlement for low fluence, followed by apparent saturation;
• increase in yield strength or hardness much lower than could be expected

according to the generally accepted correlations with the Charpy shift ("uon-
hardening embrittlement");

• almost no sensitivity to the copper content;
• possibility of thermal ageing at service temperature.

The safety evaluation has been performed strictly on the basis of the existing
regulations, based on the evaluation of the R T N D T by the shift of the Charpy energy
curves measured at the 41 joules level. A more sophisticated evaluation based on the
different energy fractions of the instrumented Charpy signal allows a better understanding
of the complex phenomena of in-service degradation and may cast some doubts on the
general validity of the 41 joules indexation procedure. This procedure is probably
overconservative in the specific case of the Doel 1 and 2 welds, and the shift of the
fracture toughness should be smaller than the shift of the Charpy curves at the 41 J level.

The reconstitution of Charpy specimens allowed to gain valuable information on the
behaviour of the high-copper weld material, that was not represented in the initial
surveillance program. As expected from the results of high copper tensile specimens, the
Charpy tests confirmed that the embrittlement of this particular material is only weakly
sensitive to the copper content. These results demonstrate the existence of additional
margins compared to the predictions of the R.G.1.99 rev.2

Although a deterministic PTS analysis based on worst case transients and on very
conservative assumptions concerning the R T N D T

 c o u id n o t demonstrate the integrity of
the vessels in case of PTS for all the transients evaluated, the results obtained on the high
copper weld material indicate that the RTJSJDT values used in the analysis were probably
exceedingly conservative. However, since we do not have informations on the
embrittlement of this material for the end-of-life fluence (but they should be available in
1993), a hardware modification will be implemented which will eliminate the safely
injection in the downcomer. This will make it possible to use the American regulations (10
CFR50.61) to assess the risk of vessel failure in case of pressurised thermal shock.
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The conservatism of the predictions of the Regulatory Guide 1.99 rev.2 for the high
copper weld material has been demonstrated (although there is no physical reason why this
predictive formula should give a good prediction in the case of this particular material, it
only shows that the real embrittlement is less than predicted). This margin, combined with
the additional benefit of the safety injection preheating, makes it possible to demonstrate
the integrity of the pressure vessels until the end of their design life.

A life extension may well be possible from the reactor vessel service degradation
point of view, but this should be confirmed by the analysis of the surveillance capsules that
will be withdrawn in the coming years.
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ABSTRACT

The main degradation processes of PWR NSSS are presented with some examples of
the actions undertaken in France to evaluate and monitor these degradations, in order to
allow for plant operation with acceptable safety and reliability conditions.

During operation, PWR components are mainly submitted to mechanical and thermal
loadings, and to chemical and nuclear effects, the action of which can result in damages.

These damages can be of different origins. The most important of ,them can be
classified in three main categories according to the damage mechanism :

• Generalised damages lead to a general thinning of walls which can lower the
margins with respect to plastic instability. This type of damage can be due
either to wear, to generalised corrosion, or to erosion corrosion.

• IAHXII damages are related to the initiation of defects and or to the
propagation of existing defects. This type of damage can be caused either by
stress corrosion or by fatigue.

• The evolution of mechanical properties of materials during plant operation.
The most significant of them being caused either by thermal ageing or by
irradiation embrittlement.

As much as possible, theses effects are taken into account at the early design stage of
components since the proof of their safe mechanical behaviour is required by the regulation
and by the construction codes. In the case of a change of the operating conditions during
plant life the early justification has to be updated by a new analysis

During the operation stage, in service inspection and survey shall therefore have two
purposes :

First, to ensure that the operating conditions fulfil the requirements of design The
main parameters to survey include :

• the chemistry of primary and secotuiary fluid, which is a very important
parameter for the corrosion of materials with the associated possibility of
activation of corrosion products.

• the operation transients (pressure, temperature, flow rates) ; this surveillance
has to ensure that transients taken into account at the design stage are
conservative : another important point is their counting.

• the evolution of material properties such as irradiation embrittlement
surveillance of pressure vessel steel.
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Second, to ensure that no defect harmful for safe and reliable operation appears
whatever its cause

In addition with the conventional tools used for the survey (instrumentation, non
destructive examination) specific tools and methods are developed or improved , they rely
mainly on the analysis of operation feedback and on predictions. Some examples of these
applications are given in this paper.

1. GENERAL

During operation, PWR components are mainly submitted to mechanical and thermal
loadings, and to chemical and nuclear effects, the action of which can obviously result in
damages increasing with time.

2. FACTORS LIMITING HEAVY COMPONENTS LIFE DURATION

Among the different possible damage mechanisms, we shall limit ourselves to the most
significant ones in what follows : those which are capable to have a limiting effect on the
life duration of heavy components of PWR NSSS.

Some of these damages appear to be inescapable and are therefore taken into account
since the early stage of design. For this class of damages the object of the surveillance is to
ensure that the effect of their appearance was not underestimated.

Some other damages can also appear though unexpected. The object of corrective
actions is to ensure that they will be avoided in other locations of the plant and also to
survey their evolution where they eventually appear.

In what follows we will successively deal with generalised damages, local damages and
the in service evolution of material properties.

2.1 Generalised damages

These damages result in the thinning of walls affecting the margins with respect to
failure due to plastic instability. The involved mechanism include wear, generalised
corrosion and erosion-corrosion

• Wear phenomena generally appear at the level of pieces into contact which
undergo relative motion.

• For heavy PWR components main concerned areas are for example, control
rods and their guide tubes, steam generator bundle at the level of tube support
plates and at the location of ami vibration bars.

• Generalised corrosion phenomena are taken into account since the early-
design stage, in terms of corrosion thickness allowance. This allowance is only
significant on the secondary circuit with its uncladded ferritic steel
components. On the primary circuit a stainless steel cladding on all ferritic
components limits the amount of corrosion products prone to activation under
irradiation and therefore makes generalised corrosion negligible.

• Erosion-corrosion phenomena are basically chemical since they concern
carbon steel components submitted to circulating water or humid steam.

90



G Hugot: Evaluation of...

• Erosion-corrosion generally appears on the secondary circuit for instance on
the steam generators feedwater distribution torus and its J-tubes.

• Local damages
• These damages are related to mechanisms who induce the creation or the

propagation of cracks in localised zones. Major current encountered problems
deal either with stress corrosion phenomena or with fatigue crack initiation in
highly solicited areas.

• In what concerns stress corrosion, a typical exempla is related to steam
generators tubes.

• The problem is of major importance since it determines the life duration of the
exchanger. This subject could be the subject of an another paper by itself...

• The other well known phenomena concerns fatigue cracking. The mechanism
develops in two stages:
* the initiation of a crack in a highly solicited area,
* the propagation of this crack which can lead to leak or to fast fracture
according to the circumstances.

These stages of initiation and propagation can be encountered not only in a sound
structure but also in structures affected by pre-existing defects originated during fabrication
operations such as welding.

The involved phenomena are generally of mechanical and thermal origin.

2.3 Evolution of material properties

The appearance of damages can also be due to the evolution of mechanical properties
of materials during plant operation. The most significant of these damages can be caused
either by thermal ageing or by irradiation embrittlement.

In what concerns thermal ageing. PWR operating temperatures are rather low and
therefore short term ageing of materials should not be a major problem. It is not the same
when considering ageing over a long period, say over 40 years.

The other problem is the embrittlement of materials under fast neutron irradiation. It
mainly concerns the part of the reactor pressure vessel surrounding the reactor core, the
«core beltline». The changes in properties include increased ultimate and yield
strengths, increased transition reference temperature and therefore decreased notch ductility
reducing the margin with respect to failure by fast fracture.

2.4 Consumption of margins and incidence on life duration

The effects of the various damage mechanisms and of their possible combination are
to:

• reduce the available margins,
• reduce the available life duration, the criteria of acceptability of this margin

being determined,
• modify the operating conditions, when the actual ones do not satisfy airy

longer the safety requirements.
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In this last case, the life duration is strongly related with the rentability threshold for
extending the operation of the plant.

As it is roughly shown on Figure 1, it clearly appears that the available margin
decreases with time when making a comparison between the evaluations of critical defect
sizes and defect size due to ageing and to fatigue. Life duration is the duration during which
the margin remains acceptable.

But in fact the very moment at which the safety of a component goes from
«acceptable» to «unacceptable» is rather difficult to determine.

The decisions to be taken need to dispose of a set elements as comprehensive as
possible.

Some examples of the French practice are given in what follows.

FATIGUE
GROWTH

LIFE DURATION TIME

FIG.1. Effect of main fast fracture governing
parameters on life duration

3. TOOLS USED FOR THE EVALUATION OF IN SERVICE AGEING

During operation of the plant, the utility has to ensure the integrity of components and
systems. Basic methods for this evaluation can be broadly classified into three classes :

3.1 Surveillance of the respect of design parameters

Main parameters to survey are the following ones :

• Primary and secondary chemistry. It has an obvious impact on the eventual
corrosion of components. An additional risk is the activation of released
corrosion products which has to be restrained for obvious safety reasons.
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• Transients during operation (pressure, temperature, flow rate, ) . The
surveillance of these transients allows to verify that the actual operating
loadings are those who -were predicted since the design stage. In fact these
design loading generally appear to be overestimated since design data are
conservative ones.

• This conservatism allows to hope for a potential extension of life duration.
This verification is made possible by the «counting of transients during
operation». In addition the continuous surveillance of operating conditions
provides for real time evaluations of the fatigue of materials.

• This surveillance of loadings «seen» by the components can also be
ensured by means of local instrumentations. Sensors such as thermocouples or
strain gauges for instance can be installed in sensible areas, this method is
only applicable where local damages due to specific loadings are expected,
such as vibrations for instance.

• The evolution of mechanical properties of materials during plant operations.
The control generally consists of destructive testing on samples submitted to
loadings representative of those the component was actually submitted to. This
surveillance has therefore to be foreseen before plant operation.

3.2 Non destructive examination

Non destructive examination tests are for the most part performed during plant outage
and especially during regulatory pressure test for pressure vessels, which are submitted to a
pre established time schedule.

The object of these controls is first to ensure that no defect harmful for safe and
reliable operation appears whatever its cause, then to ensure that defects that were judged
acceptable during the past examinations remain still acceptable.

On a technical point of view, the tradition is to focus primarily on welded assemblies.
The controls can be surface controls or volumetric controls. A great deal of Research and
Development is currently being performed to enhance the possibilities of "classical
methods" and to develop new ones.

3.3 Experience feedback analysis and prediction tools

This subject should have been the first one to appear in this paper since as a general
rule it is the experience feedback which is the basis for the definition of surveillance and
maintenance programs.

The statistical exploitation of available data is of great value since it contributes to
improve the probabilistic forecasting models of behaviour of components and systems.

The use of all of the results can be somewhat different according to the purposes :

• - components can be replaced. The lessons then mainly consist in
optimisation of maintenance programs : replace the component not too early,
not too late.

• - components cannot be replaced. In that case they impose their life duration
to the whole of the plant: the re-evaluation of margins is of prime importance.
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4. SOME FRENCH EXAMPLES OF TOOLS FOR THE EVALUATION OF IN
SERVICE AGEING

4.1 Surveillance of the reactor pressure vessel embrittlement under irradiation

The wide internationally recognised practice is that the control of the effects of fast
neutrons on reactor vessel materials relies on destructive tests. These tests are carried out
on specimens of the actual material submitted to conditions representative of those which
the vessel actually experienced, i.e., neighbouring temperatures, neutron fluxes and spectra.
In fact the specimens are located inside the vessel along the core barrel of the reactor
internals. All of this is well known.

It is also of general practice that these data are used in setting heat-up and cool-down
procedures as well as pressure-temperature limits for hydrostatic and leak test. They are
also collected to update the stress concentration intensity curves in order to evaluate the
behaviour of the vessel under pressurised thermal shock.

These evaluations rely on assumptions of reference defects sizes which appears in the
construction Codes.

Some illustration of the French practice in this field are given in appendix A, which
introduces a new approach in the field of prediction of radiation embrittlement of pressure
vessel materials.

4.2 Operating transients monitoring system

It is widely known that many of plant operators or manufacturers have, or are still
going on developing, software systems in order to evaluate the margins relative to fatigue
damage under actual operation transients. This, in the general frame of optimisation of
equipment life management: surveillance schedule, repair, replacement...

For this purpose FRAMATOME developed an original tool with its Operating
transient Monitoring System, OTMS, known in French as «Fatiguemeter».

This tool automatically ensures :

• a real lime recording of the plant operating parameters,
• a count of the transients < <seen » by the NSSS
• a real lime monitoring of potential damages of structures by calculation of

stresses and usage factors
The achieved purpose is to :

• identify the equipments sensible areas,
• determine transfer functions between instrumentation available data and their

results in terms of stresses into the component itself,
• analyse stresses in sensible areas, and then to compute the fatigue damage

either by detailed analysis or by simplified transfer functions.
This is summarised on figure 2.
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FIG.2. Operating transient monitoring system

5. CONCLUSIONS

1. Damage mechanisms of ageing of heaving PWR components are mainly:

• the risk of cracking either by corrosion or by fatigue,
• the ageing of materials either by irradiation or by thermal ageing.

2. The purposes of tools for in service surveillance are to :

• remain within the envelope of the design files,
• re-evaluate the design files on basis of experience feed-back in order to

improve life duration,
• help to lake decisions.

3. Main methods for surveillance :

• NDE: search for defects,
• surveillance programs: material properties,
• counting of transients: fatiguemeter,
• methods currently under development
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APPENDIX 1

RPV RADIATION EMBRITTLEMENT FRENCH PRACTICE
Al

PREDICTION OF IRRADIATION EMBRITTLEMENT

ASSESSMENT OF REGULATORY GUIDE 1.99 Rev.2 FORMULA

• RG 1.99 Rev. 2 is over conservative for low residuals welds and may be
unconservative for base metals

• Detrimental Effect of Phosphorus not taken into account
• More Appropriate Predictive Formulae are Available for Modern Materials

RG 1.99 Rev. 2 Formula

ARTNDT=(CF) x F(0.28 - 0.10 log F)

with CF function of Cu and Ni contents.

ALTERNATIVE FORMULAE FOR IRRADIATION EMBRITTLEMENT
PREDICTION DATA BASE
Irradiation Embrittlement Results coming from:

Surveillance Programs
Test Reactor Experiments
Base Metal (Forging - 16MND5 material with Cu < 13%)
Weld Metal (mainly SA welds - with Cu <20%)
Irradiation Temperature = 288 CC
CVN Transition Shift measured at 68 J level.

METHODOLOGY
• Statistical Analysis
• Significant variables = Cu, P, Ni, Fluence

FORMULAE
• FIMgives mean value ofCharpy V-notch transition temperature shift
• F1S gives upper bound value

COMMENTS

IRRADIATION EMBRITTLEMENT SENSITIVITY OF RPV MATERIALS IS
NOW REDUCED DUE TO THE FOLLOWING MANUFACTURING PRACTICES:

• Specify low residual elements:
Base Metal Cu < 0.08%-P < 0.008%
Weld Metal Cu < 0.07%-P s 0.010%

• Avoid segregation on the inner side by the use of plates, or better, of core
shells forged from hollow ingots

SOME UNCERTAINTIES REMAIN REGARDING FOR EXAMPLE DOSE RATE
AND NEUTRON ENERGY SPECTRUM EFFECTS - RESEARCH STUDIES ARE
IN PROGRESS IN THE FIELDS CONCERNED.
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Regulatory Requirements Point of View Integrity of
Pressure Components of Reactor Systems.

by
Mr. MILO$ ZUZO,
CZECHOSLOVAK A TOMIC ENERGY COMMISSION
120 29 PRAGUE 2 -
Vinohrady, Slezskd 9,

ABSTRACT

This report contains regulatory requirements, solutions and experiences about assuring
integrity of pressure components of Reactor Systems. The report is dealing with NPP V-l
in Jaslovske Bohunice. It is one of older NPP in Czech and Slovak Federal Republic
(CSFR) with two reactors type 230.

The report consists of three parts.

• The first part shortly describe NPP V-l history in Jaslovske Bohunice with
main project defects, number of international missions and their conclusions
from point of view of the integrity of pressurized components of reactor
systems.

• The second part describes regulatory requirements for near future
operation and conditions for next five years. The base of the new regulatory
requirements is the European level of operational safety. To prevent NPP
Bohunice from decommission improvements are proposed Realisation of the
new requirements are planned for 1995.

• The third part contains a full size reconstruction, the completion of the
primary circuit by diagnostic and warning systems, and further development
oflSI for improvement the reliability of pressurized components.

In conclusion the report summarizes the results of safety assessments, the
nowadays technical upgrading works, and the new regulatory requirements.

Keywords: PWR, regulatory requirements, primary circuit, integrity of pressurized
components, reconstruction, diagnostic systems,

HISTORY OF THE PLANT IN Jaslovske Bohunice

1972 Start of operation NPPA-1
1977 Shut down NPPA-1
1978 Start of operation V-l unit 1.
1980 Start of operation V-l unit 2.

1984 Start of operation V-2 unit 1
1985 Start of operation V-2 unit 2
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SAFETY REVIEW GROUPS

Independent foreign experts were invited to perform safety analysis of NPP V-l The
main participants are selected as it follows:

• SIEMENS (current status, proposal for safety improvement program)
• Austrian Government Committee (operational safety evaluation)
• ASSET mission (Assessment of Safety Significant Events Team - IAEA)
• WESTINGHOUSE (evaluation of approach to seizmic questions)
• FFM (Fact Finding Mission - IAEA)
• SAFETY REVIEW MISSION (IAEA)
• SAFETY REVIEW MISSION Follow - up
• Complex operational safety evaluation also performed by Czechoslovak

Government experts groups. They task were to inform the CSFR Government
about the current status of reliability of NPP V-l.

Result of foreign experts missions, except Austrian Government Committee, was
positive. Practically all groups of experts agreed with continuing the plant operation, and
declared that instant shut-down of V-l reactors is not necessary. On the base of their
evaluation each group elaborated a the list of recommended measures, which should be
performed for safety improvement.

REGULATORY SAFETY REQUIREMENTS

DECREE No 5/91 - 81 measurements
On the base of foreign and domestic expert's recommendations, the Czecho-

slovak Government issued "Decision" about future operation of V-l Power Plant.

CSKAE prepared Decree No 5/91. Decree No 5/91 of CSKAE according to
Decision of CSFRT Government from 10 January 1991 is the list of 81 requirements,
which must be realized in a very short time, to improve operation safety.

Measures are concerning of following fields:

REACTOR PRESSURE VESSELS
STEAM GENERA TORS AND PRESSURIZER
MAIN CIRCULATING TUBES
reactor protection system
spray system
hermetic zone
safety injection

I&C
electric system
fire protection
seizmic reinforcement of technology equipment
secondary circuit equipment
personnel training
operation instructions and regulations
radioactive wastes
special regime
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SPECIAL REGIME & RECONSTRUCTION

According to the Decree No 5/91 of CSKAE all the 81 requirements must be realized
until the end of 1992 to get licence for further operation of V-l Power Plant. This is first
phase is called "small reconstruction". Many Czecho-Slovak and foreign firm are working
on the project.

If all requirements will be fulfilled in time, NPP V-l can get further operation
licence, up to end of 1995.

In 1992 the CSFR Government will take decision about the second phase, so called
"large reconstruction". During this phase Power Plant must be fully reconstructed by
the end of 1995, to comply with valid European standards.

New Operational Manual elaborated for NPP V-l. It is called "special regime".This
document concerns of many field in operating process, i.e.:

• operation regime, operating instructions
• troubleshooting, material tests
• equipment modification
• revisions, repairs
• operation planning
• personnel

V-l units are operated under the conditions of "special regime" since 1. 4. 1989. The
reason of its implementation is to reduce the risk of over design limit accidents i.e.
LOCA with diameter more than 100mm.

General principles of "special regime":

priority of nuclear safety requirements
high quality of operation management
high quality of maintenance
permanent knowledge about equipment technical status
maximum quality of revisions, tests, repairs
high professional and psychological level of personnel

permanent utilization ofbackfitting and experiences from another WER units
fast realization of safety improvements
strict technological discipline and fulfilling of all operation instructions.
Conditions of special regime are permanently u/xJated and supplemented with
new safety measures.
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DIAGNOSTIC SYSTEMS

• ALES (Akustisches leek Oberwachung system - SIEMENS)

• DAKEL -(Acoustic Emission System-made in CSFR)

• AE -(Acoustic Emission System - SKODA)

• MCP monitoring vibration - (VoJE-Tmava)

• SCS D-(Schwingung Oberwachung systeme - SIEMENS)

• Engine rotated measuring - (VUJE-Trnava)

• Loose Parts Observation System -(VUJE-Trnava)

• Humidity monitoring - (VUEZ-Tlmaae)

• Integrity Lifetime Monitoring - (EGU-Bratislava)

• Neutron Noise Measurement - (VUJE-Trnava)

• Main Circulating Pump Console Measurement (VUJE-Trnava)

SAFETY ANALYSES

• LBB (UJV-Rez, VUJE-Trnava, SKODA, JE-EBO)

• SEIZMIC LOADING - (UJV-Rez, SKODA, AVUT-Praha, EGP-Praha, SVOT-
Bratislava)

• REACTOR PRESSURE VESSEL SPECIMENS - (UJV-Rez, VUJE-Trnava,
SKODA)

• SG BOLT ANALYSES- (UAM-Vitkovice)

• PRESSURE PULZATION - (VUJE-Trnava)

• SG EXPERIMENTAL CAP - (UAM-Vitkovice, VUEZ-Brno)
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Leak Before Break Concept Application for the WER
440/230

./. ZJarek, /,. Pecinka, P. Kadecka
Nuclear Research Institute, Rez, Czechoslovakia

ABSTRACT

The Leak Before Break concept is now applied for the VVER 440/230 plants in
Czechoslovakia. Programm supported by large scale experiments is about 70 percent
complete. Results obtained will be discussed. Part of the programme is the assessment of
dynamic stresses due to seismic events. Evaluation of additional anti seismic measures is
discussed with suggestions for simplification.

Overview of Available WWER 440 type 230 Data

Czechoslovak programm

The application of LBB generally covers the primary circuit piping and components.
The assessment of these structures is crucial from the point of view of safety of the plant.
For WWER 440/230 type plant consideration also has to be given to the steam and
feedwater lines. In a Seismic Margin Review assessment the High Confidence of Low
Probability of Failure /HCLPF/ coefficients for these lines show lower safety margins /
lower HCLPF values / than for the primary piping. In addition to this a main steam line
break in a WWER 440/230 type unit could have implications on a core melt accident even
though that probabilistic fault tree assessment is not available for such a case. It is therefore
necessary to apply the LBB concept approach or integrity assessment to steam and
feedwater lines as well to primary piping and components. Preliminary results of
assessments provide an indications of the critical sections on which non destructive testing
has to be concentrated. On completion of full integrity assessments the critical sections will
be more closely defined.

Main circulating piping

WWER 440 type 230 primary circuit and ECCS was not designed according to DEGB
principle and the containment does not meet "western" requirements. Stations were
intended to be constructed exclusively on low-seismicity sites in accordance with former
Soviet regulations. The safety concept of these reactors was based on accident prevention
through design in the late sixties, high quality fabrication and control with only limited
DBA scope and accident mitigation measures.

The primary circuit with inner diameter 500 mm consists of 6 loops. Each loop has a
main isolation valve. The loop is longer compared to western design with several bends and
elbows. The austenitic steel type OX18N10T and OX18N12T is used ( Ti stabilised, 18%
Cr, 10 and 12 % Ni). All piping components were forged except cast main valve gate and
main circulating pump body. The elbows were longitudinally welded with thickness much
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larger than its design requirement. Original design is without anti seismic measures, pipe
whip protection or jet impingements shields.

FIG.1. Schematic view of the 78 circumferential welds made on site for the WWER-
440 type 230

There are 78 circumferential welds which have been made on site. Their schematic
position within each loop is seen on Fig.l. These welds together with longitudinal welds of
elbows are of great concern with respect to the LBB status.

Heavy components supports are on the RPV, SG, MCP and main isolation valve. With
respect to the stability due to seismic loading main concern is the RPV support.

There is an dissimilar weld between the RPV nozzle and safe end. The schematic view
of this weld is in Fig.2. Note the two layers of cladding and weld.

In order to recognise the most critical areas
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FIG.2. The RPV nozzle ID 500
mm dissimilar weld to the safe
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above mentioned welds and their position within circuit provides the material aspect. The
stress state aspect could be recognised from Fig.3 where results from the Normal
Operating Conditions (NOC) and Safe Shutdown Earthquake ( SSE) of 5 deg MSK 64
assessment are shown.

PrlmAry Piping
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Q
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HOC
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FIG.3. Primary piping with high stressed cross sections for the NOC and NOC
plus SSE (5 deg MSK 64)

The fatigue damage assessment will demonstrate that the most critical locations are the
primary piping to surge lines nozzles and elbow to pipe connections.

In general it is possible to conclude that data on NOC assessment including fatigue
damage are now available. All the piping components have been assessed analytically and
in detail using three dimensional finite element analysis. The stress state in all NOC can be
described for all components with a high degree of confidence. The assessment including
NOC, seismic loading , water hammer occurrence etc. was not carried out until recently.
Data from the former USSR are not available but some work was carried out.

Results shown on Fig.3 are from the Czechoslovak LBB programme [1], where all
safety related piping ( main circulating pipes, surge lines, steam and feed water lines)
where analysed as complete system. It is important to note that all results represents piping
system in present state which is without anti seismic measures. The assessment with
proposed anti seismic measures is now being carried out and will be completed by the
beginning of 1992.

For the assessment of defects including fatigue crack growth, it is necessary to have
details of NDE and defects classification. Due to technical problems and lack of most
advanced techniques for the NDE of austenitic base and weld metal piping there is very
little volumetric data available. Most of the data are from the outside surface inspections.
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Only recently modified inspections techniques are used to inspect internal surfaces of
critical sections. No systematic database is available from the inside surface and 100 %
volumetric control. The database of all defects left in circumferential welds made on site (
all of them under allowable limit) will be available for J. Bohunice plant and used for the
LBB assessment as well.

Pressurizer surge lines

There are three pressurizer surge lines, two of them are connected to the bottom side
of the pressurizer, third line goes on the top. The layout and dimensions are seen in Fig.4,
material is again austenitic steel 08X18N10T. The maximum design parameters are inside
pressure 14 MPa and 335 deg C temperature and the principal dimensions of the pipe is
245 mm x 18 mm. All piping components were manufactured in the former USSR and,
there is very little information on wall thickness tolerances, out of roundness etc. The
calculations performed used the maximum code allowable values. The former USSR data
on assessment of these lines are not available. Most comprehensive data available is from
the Czechoslovak LBB programme. There is an attempt to prepare a database of defects
left in on site made welds and defects found by ISI.

.-.cbreviatior.s

p . . . pressuiizcr

Symbols P top

® high stressed
cross - sections
(welds)

pipe

FIG.4. Schematic view of the pressurizer surge lines layout
Section of the pressurizer surge lines could be influenced by temperature stratification.

Data from Loviisa NPP and other WWER type plants have been collected and a
conservative assessment method will be used to include available results in any LBB
assessment.
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There is also a dissimilar weld between the pressurizer nozzle made of 22K steel and
austenitic safe end. The assessment of this weld is also part of the Czechoslovak LBB
programme.

Main steam line

The design parameters are pressure 5.9 MPa and 258 deg C temperature. The
dimension of the pipe is 456 x 16 mm. The negative tolerance in wall thickness is 15%,
minimum wall thickness of bends and elbows is 10 mm and permissible out of roundness
8%. The material used is ST 20.

For the defect assessment a similar database will be prepared as for the pressuriser
surge lines.

Feed water line

The design parameters are pressure 6.7 MPa and 226 deg C temperature. The
dimension of the pipe is 273 x 16 mm. The negative tolerance is 12.5 %, minimum wall
thickness of bends and elbows is 10 mm and permissible out of roundness is 8 %.

The material used is ST 20 or CSN 12022.1. Inside the hermetic zone only the NOC
feed water line is located, the emergency feed water system is outside the hermetic zone
and is connected directly to NOC feed water line.

For the defect assessment, a similar database will be prepared as for the other pipe
lines.

The Czechoslovak LBB Programm

The Czechoslovak Atomic Energy Commission issued a legislative procedure [2]
based on the US NRC Regulatory Procedures [3,4,5]. In order to be able to apply the leak-
before-break concept in full, several requirements have to be met. Firstly it has to be shown
that fatigue damage is low. The original assessment of the plant based on Soviet as well as
ASME codes was finished in 1979. A fatigue damage assessment was recently carried out
with more detailed analysis and also using the actual loading regimes and numbers of
cycles. The condition for low fatigue damage was shown to have been met.

The second requirement deals with the demonstration of the absence of corrosion
damage. There is no indication of corrosion damage in the plant piping. However, although
this condition has been met a corrosion damage database is being prepared as part of the
current programme and results are now becoming available.

The third requirement concerns water hammer and associated damage assessments.
There has been no experience of water hammer to date in the plant. The very unlikely case
of sudden main circulating pump shaft failure has been analysed. The resulting reaction on
the RPV nozzle and the Steam Generator (SG) elbow has been assessed and the stresses
shown to be very low.
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Seismic Margin Assessment

In recent years, starting by 1988, it has become necessary to assess the capability of
NPP Jaslovske Bohunice to withstand earthquakes exceeding their original design bases 5 °
MSK 64 because of the following situations

• the perception of seismic hazard in the plant vicinity has changed since design
of the plant

• the criticism of units with reactors WWER 230 type started
In such a situation, a seismic margin study [6] may need to be performed to give

realistic seismic capacity of the plant with a high degree of confidence. They are two
possible ways: the seismic probabilistic risk assessment or the seismic margin review (SMR)
study. In following we concentrated on the second one. The advantage of this approach is
that the analysis is focused only on few components and systems whose failure could lead
to severe core damage or prevent safe shutdown of the plant. The output of the SMR
would be an estimate of the plant seismic capacity expressed with a high degree of
confidence and an identification of plant seismic vulnerabilities.

The procedures have been developed somewhat independently in two research
programs (Lawrence Livermore National Laboratory and Electric Power Research
Institute).These two methodologies are different in details, but they are similar in one key
aspect in how "seismic margin" is defined in terms of the "HCLPF capacity value". The
High Confidence of Low Probability of Failure (HCLPF), is a conservative representation
of capacity and corresponds to the earthquake level at which it is extremely unlikely that
loss of shutdown capability or core damage will occur. From the mathematical point of
view it may be defined as the mean peak ground acceleration value for which there is 5%
probability of failure at 95% confidence.

The SMR is performed using a series of screening procedures. A review earthquake
level, which is typically much larger than the plant SSE is selected. The first level of
screening in the LLNL methodology is done by focusing only on the plant system functions
of reactor subcriticality and early core cooling. In the EPRI methodology the most viable
success path for safe shutdown of the plant following an earthquake is identified and all
systems and components that are needed for this path are included in the margin
evaluation.

The second level of screening is done by sorting the components in the above systems
into two classes: those with HCLPF capacities generally higher than the review earthquake
level and those whose HCLPF cannot be stated to be higher than the review earthquake
level without further examination.For screening and margin review at least two plant walk
downs are needed. The components that require further margin evaluation, called the
"screened-in" components are identified during the plant review and the two plant walk
downs.

The next step in the EPRI methodology is the estimation of the HCLPF capacities of
the components in the chosen success path and the plant is considered to have a seismic
capacity equal to the lowest of those component capacities. The LLNL approach differs
from the pervious one by the development of the event trees and fault trees Boolean
expressions for the seismic induced core damage accident sequences . The HCLPF capacity
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of the plant is estimated by quantifying the core damage Boolean expressions using the
estimated component HCLPFs.

For the NPP VI the simplified EPRI approach had been applied only for the safety
significant pipings. The results are given in Table TJ. It is evident that seismic capacity of
the plant is given by the feed-water and steam lines.

Piping

MCP

Pressurizer-left

Pressurizer-right

Pressurizer-upper

Steam line

Feed-water line

HCLP in g

CDMF

0.158

0.276

0.15

0.197

0.16

0.094

FA

0.13

0.35

0.183

0.147

0 . 1

0.873

Table T1: the HCLPF capacities of NPP V1 safety significant pipings
(before seismic up-grading)

Stress State Analysis of Higher Stressed Components

Expansion stresses, primary, secondary and peak stresses including fatigue damage
evaluation are available. The higher stress sections resulting from NOC and in combination
with seismic loading are also available. An in-depth three dimensional finite element
analysis has been carried out. All the higher stressed piping components and sections,
particularly the welds, are being analyzed in terms of-stress state and integrity analysis. The
final aim is to produce an LBB handbook.

Full Scale Experiments With Through Wall Cracks

The full scale experiments include the reactor pressure vessel safe end, pressurizer
nozzle safe end and the SG elbow with circumferential and part of longitudinal welds.
Through-wall cracks are located in the most critical cross-sections of dissimilar welds and T
type welds in the elbow. The preparation of all tests is well advanced [7].

Experiments are carried out in two, stages. Stage 1 has 3 objectives. The first objective
is to show that under seismic and operating loading there would be no crack initiation . If
the seismic loading is high and the crack initiation and even some crack growth, is expected
the tests will be stopped at the initiation level. Crack initiation is an important event with
respect to the repeated loading under seismicity. The second objective is to compare the
predicted values with the real behaviour of the component. The third objective is the
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measurement of COD to improve the leak rate computations. Each test consists of the
»following steps using a model which is identical to the component from the power plant.

A through-wall crack of a length related to the leak rate criteria is machined into the
critical section. This through-wall crack is sealed to prevent leakage when internally
pressurized. The component is heated to the operating temperature and loaded to operating
pressure. The bending moment, is increased in small steps. The increase of the applied
moment is stopped either if crack initiation is recognized by acoustic emission or if the total
load is equivalent to the superimposed seismic load, but no more than 0.5 of the limit load.

The objective of the stage 2 tests is to prove that the margins predicted from the J-
resistance curve are in agreement with the component behaviour. The initial crack length
chosen is about 2 cm in order to check the validity of the J- resistance curve of large
components.

Leak Rate Tests

Scope of these tests is to show that the predicted leak rate is representative of
component behaviour. For this purposes the experimental set-up in steam water loop is
used. The main features can be characterized as follows [8]:

• the thermodynamical parameters of fluid are 12.5 MPa, 280 deg C
• tested are the small diameter pipe (OD 89 mm) and the full scale pressuriser

surge-line pipe (OD 246 mm) with the same t/R ratio
• through-wall circumferential cracks of various length are introduced and

sharpened by fatigue loading in one type of dissimilar weld
• the tested pipes are loaded by bending momentsf three different values) to

provide crack openings
• the leak rate is measured by various methods. Predictions will be compared

with measured values.
The LBB concept requires the installation of three independent leak diagnostic

systems, the baseline calibration of background noise induced by fluid flow is mandatory on
this set-up for all acoustic emission systems which will be installed on the primary piping.

Fracture and Corrosion Database

The fracture and corrosion database will include specific J-R curves and sigma-epsilon
curves for different specified temperatures. Where archive material is available three J-R
and sigma-epsilon curves at room temperature and maximum temperature will be obtained.
In cases where archive material is not available, material representative of the plant
specification will be used. In this latter case three heats and two samples at each
temperature will be tested.

In the case of the NPP Jaslovske Bohunice some archive material is available. For
components and welds where such material is not available 3 representative type materials
will be tested, there will be additional support from tests on service exposed material and
these Will be evaluated to provide conservative lower bound curves.

109



J. Zdarek, L. PecinJca, r.

The initial requireraents on the level of corrosion damage has been mentioned already.
It is necessary to prove that corrosion mechanism, mainly SCC and combined corrosion
fatigue damage are not dominant mechanism.

Demonstration that there is no corrosion cracking can be carried out by the
examination of plant components and by supporting experimental work utilizing the known
plant history conditions of water chemistry etc. The present work is aimed at extending the
database in this context. Further work is also underway to extend the water chemistry
conditions to establish the margin that exists between no corrosion cracking and the
conditions which could lead to such cracking.

Conclusions

• The Leak Before Break (LBB) status provides input for safety assessment of
nuclear plant. For older plants, where it is necessary to re assess safety margins,
LBB can provide the basis for the safety philosophy as well as means for a back
fit assessment with significant economic benefits and lowering of man-rem
exposures.

• For the WWER 440 type 230 NPPs comprehensive analysis and fracture
mechanics data base will be available after completion of the Czechoslovak
LBB programm.

• The programm covers all the safety related piping (main circulating pipes, surge
lines, steam and feed water lines). Stress analysis includes dynamic analysis due
to seismic loading and water hammer. The fracture mechanics database on
small samples is backed up by extensive large scale tests on critical components
with through wall cracks loaded with NOC and quasi static seismic loading. An
important of the programm is leak rate measurement to check computer code
results and to provide for means of calibration of acoustic emissions leak rate
and localization diagnostic systems.
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LEAK-BEFORE-BREAK BEHAVIOUR OF NUCLEAR
PIPING SYSTEMS

Giinther Bartholome, Robert Wellein
Siemens (KWU, D-8520 Erlangen, Hammerbacherstr. 12-14)
Germany

ABSTRACT

The general concept for break preclusion of nuclear piping systems in the FRG
consists of two main prerequisites:

• Basis safety
• Independent redundancies.

The leak-before-break behaviour is one of these redundancies and will be verified by
fracture mechanics. The following items have to be evaluated:

• The growth of detected and postulated defects must be negligible in one life
time of the plant.

• The growth behaviour beyond design (i.e. multiple load collectives are taken
into account) leads to a stable leak.

• This leakage of the piping must be detected by an adequate leak detection
system long before the critical defect size is reached.

The fracture mechanics calculations concerning growth and instability of the relevant
defects and corresponding leakage areas are described in more detail.

The leak-before break behaviour is shown for two examples of nuclear piping systems
in pressurised water reactors:

• main coolant line of SIEMENS-PWR 1300 MW (ferriiic material, diameter
800 mm)

• surge line of Russian WWER 440 (austenitic material, diameter 250 mm)
The main results are given taking into account the relevant leak detection possibilities.

Keywords: Leak-before-break, fracture mechanics

1. General Concept for Break Preclusion

In the FRG the general concept for the break preclusion of nuclear piping systems
consists of two main prerequisites [1], see Fig. 1.

• Basic Safety
• Independent Redundancies.

The main aspects for Basic Safety are:

selection of materials
mechanical design
calculation
manufacture and inspection
quality assurance
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and those for Independent Redundancies are:

• hydrostatic pressure test
• inservice inspection
• leakage detection
• leak-before-break behaviour
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Fig. 1 "General Concept for Break Preclusion"

The relevant parameters (concerning loadings, defects, material properties) defined by
these two prerequisites are evaluated by
fracture mechanics as shown by Fig. 2.

Bnek Preclusion
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of Leah - Bafora • Braak

(Selarmlnatlon ot
selaty marglnt)

FIG.2 "Realization of Braek
Preclusion Concepts"

Analysing the individual situation there
are two possibilities:

• If there is leak-be/ore-break (LBB)
behaviour, the defined redundancies
(e.g. leak detection system, inservice
inspection etc.) lead to break
preclusion.

• If there is no LBB behaviour,
equivalent safety measures (e.g.
additional inservice inspections, load
monitoring, fatigue monitoring,
continuous inspection) can lead to
break preclusion, loo.
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2. Evaluation of Leak-Before-Break (LBB)

2.1 General remarks

LBB is demonstrated using fracture mechanics methodology and criteria SIEMENS
performed numerous analyses to preclude breaks [2], based on simplified elasto-plastic
fracture mechanics (Flow stress concept and plastic limit load concept).

The acceptability and applicability of these concepts was discussed with and accepted
by the German authorities: longitudinal leaks in 1979, circumferential leaks in 1981, 1983
[3].

2.2 Procedure of LBB

The general behaviour can be explained using Fig. 3.

SIEMENS f n d i w «teeh«nlei Mrthodoloov
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Fig.3. "Procedure of Leak-
Before-Break1'
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Fig. 4 "Fracture Mechanics 1*

The procedure for LBB (see also Fig. 4,5) consists of several steps:
• definition of defects to be considered
• fatigue crack growth (FCG) - analysis for one specified load collective
• demonstration of LBB fatigue crack growth beyond design (multiple specified

load collectives)
- If the crack grows through the wall by fatigue or the ligament breaks
without instability in the circumferential direction: "Leak- before-Break"
- If the crack becomes critical before it grows through the wall: "Break-
before-Leak"
analysis of stability of surface crack for end of life
analysis of stability of through wall crack under maximum loads
calculation of leak rale of stable through wall crack (leak detection system)
analysis of safety factors.

114



G. Bartholome, R. Wellein: Leak-Before-Break...

Fr»clur» ttochlnlc. LUlhoi-nlogy

Doeriptlon

SMNMyet
EOluttH

T.W.C.
• •Wl l ty
Mt«

of T.W.C

Malhoddxy

*>IM
•attiadi:

MM**

nvwtmu

xdlw

<—ai»«
MMl

LoarJa

•n
tnnm.
• CSE

•N
Vint.
. SS£

Ft«

Raaulla

?"

A.

Crllarla

•iHfnan

«t»Miay

«iiavl>
Mil*

Margin

•uAWMrt
mwatn

MMMt

SSh
A: cnek MM of critical crack tonelh • 2cc « hill pmrar

m (2ce): Lnk raw o) critical crack • tct« kill po»f

SIEMENS

Compotant

9tral^it Pip*

Siralghl npt

MrMoMPtp*
with If Mtrvolr

T1ir*ugh-Wdl
tnEirtrttfot

TTirouett*Will

TT)r»weh-W«)l

ParvTTtrouo^*
W H

Pan-T1wowgh-
Wan

PlwvDlr*e«an

Lonflhidln«l

eireumlcimUal

Clreum<tr«nt(«l

Lonottudtntl

Lonortud'nai

Lotd

PrMftvr*
]

Inttmtl

bMfrnat

(nUrnal Prw*ur*
and tending

imtmti
frnivre

M H N I
Fr*«*ura

Fig.5. "Fracture Mechanics 2" Fig. 6 "Break Preclusion:
Test Performed at SIEMENS"

2.3 Verification of LBB-Procedure

The procedure and the tests which verified the LBB-behaviour are described in detail
in[ 1,2,4,5,6,7].

In addition to the test performed at the MPA [1,6] tests under realistic conditions were
performed at Siemens [5] to establish the LBB behaviour, Fig. 6,7.

SIEMENS

Fig.7. "Experimental Leakage Areas"
(Siemens test).

3. Examples

Applying the above described procedures
and methodologies the main results (see Fig. 8)
can be summarised:

The leakage crack length 2cf' = 156 mm
produces a stable leak which can be safely
detected by the leak detection system, 2cd = 70-
130 mm. There are sufficient safety margins
between leakage crack length, detectable crack
length and the critical throughwall crack length
2ce = 500 mm.

With the data given in [8] the analyses were
performed. The results (see Fig. 9) showed that
the LBB-behaviour can be proven, if an
adequate leakage detection system is installed.
In these plants a SIEMENS acoustic leakage
detection system [ 7,8,9 ] is or will be installed
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which gives the allowance for the required redundancies.
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FIG.8."LBB-Analysis of main coolant line of Siemens -PWR (Di*t= 760*52 mm,
ferritic material): Circumferential crack (flow stress concept) with safety margins"
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Austenitic Material): circumferential Crack (Plastic limit Load)"
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4. Conclusions

Using the described methods the potential of LBB can be analysed and evaluated.

If the safety margins concerning leakage crack length, critical crack length and
detectable crack length are fulfilled LBB-behaviour can be proven (using an appropriate
leak detection system).
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Life-time Evaluation of Bohunice VI NPP Primary Loop
Components
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917 000 Trnava, Okruznd 5, CSFR

ABSTRACT

Great attention has been paid to safety and reliability problems of W E R 440 NPP
with V-230 reactor recently. In NPPRI broad activity has been developed to contribute to
this effort. During last three years, but also with respect to earlier results, life-time analyses
devoted to main primary loop components (including piping systems) have been carried
out. The thorough stress and deformation analysis of all important components was
performed by means of FEM computer programmes for all unnegligible operational states.
Fatigue cumulative damage was calculated on the basis of stress analysis in all critical
components parts with the use of actual components loading history.

Above mentioned calculations has shown that the fatigue usage of all components
critical points has been reasonably low up to now. Therefore fatigue damage seems not to
be the decisive damage mechanism in this case. These results and conclusions have been
utilised as supporting arguments in Bohunice VI NPP primary piping LBB program
(finishing in this year) managed by NPPRI and solved by the substantional participation of
NRIRez.

1. INTRODUCTION

The staff of NPP lifetime evaluation section of NPPRI Trnava has dealt with problems
of VI NPP Bohunice components since the beginning of its operation. In the first stage,
finishing approximately in 1990, almost all primary circuit pressure components (except
reactor vessel) and selected primary piping parts had been analysed for the sake of stress
state [4] and fatigue damage determination [1], [2], [5] with respect to all important
loading effects arising in operation. Calculations had been carried out in accordance with
possibilities of that time by means of available software and hardware equipment and
therefore these facts along with insufficient input data availability and quality had
influenced results accuracy in some cases.

Problems connected with input data availability for VI components analyses, i.e. with
data describing loading history, physical and mechanical properties of applied materials,
component geometry and in-service inspection results, were solved in this period partially
successfully [3], [10], [11].

The second stage of VI component life-time evaluation has been initiated by VI
reconstruction project plans and has to involve the verification of existing results and the
elaboration of new calculation analyses by means of more accurate models, algorithms and
computer codes. The most important research program corresponding to such effort is the
program verifying possibility of the leak-before-break concept implementation on primary
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piping which was started in 1990 and will be finished in this year. This program consists of
great deal of computational and experimental work including thorough stress and
deformation calculations of most loaded primary piping parts which have been carried out
17], [8] by means of 2D and 3D FEM programmes. Similar procedures have been applied
to other VI primary and secondary components as a part of other projects [6].Subsequent
fatigue life-time evaluation was carried out in all cases. The results obtained have shown up
to now that operational loadings of analysed components and parts are allowable in
conformity with the standard strength and stress criteria [9] and accumulated fatigue usage
factors due to actual loading history have been negligible. Applying more accurate
computational models has brought decreasing calculated fatigue damage in this case.
Therefore fatigue damage seems not to be the decisive damage mechanism of above
mentioned components.

2. LIFE-TIME EVALUATION OF VI NPP COMPONENTS

Complex procedures applied on W E R 440 NPP component, regarding life time
monitoring and evaluation system, have not existed in CSFR up to now. NPPRI has paid
attention to detail aspects of life-time evaluation of VI NPP primary and secondary circuit
components for more than ten years, especially we have dealt with stress and strength and
fatigue damage calculations. At the beginning of VI operation no common strategic
concept directed to solution of such problems was utilised in CSFR and almost nobody
considered there is some need to monitor and to evaluate actual operational load history
influence on components residual life-time. Our activities arose from own opinion and
knowledge supported by information about foreign research programmes.

A great deal of work consisting in calculations and some experiments was performed.
2D and 3D FEM computer programmes (PMD I and PMD II developed in CSFR) were
used to map stress and strain states of following VI components in all important
operational states (including time-dependent thermal regimes):

a) the main valve,
b) the main coolant pump,
c) selected parts of the steam generator, i.e. the primary collector, the collector

lid, thefeedwater nozzle,
d) selected parts of the pressurizer, i.e. the upper and bottom surge line nozzles,
e) the threefold T connection between the main primary piping and surge lines,

The boundary conditions of such calculations were obtained by preceding static
analyses of the primary and secondary pipings. Stress calculations and fatigue usage factor
assessments of main valve and main pump bodies were performed in cooperation with
former Soviet VNIIAES research institute. The separate calculations of both teams and the
subsequent comparison of calculation results with strain gauges measurement results led to
the proof of results validity in this case [5].

This stage was brought to end editing the "stress catalogue" [4] with the graphical
stress state description of above mentioned components in all important operational modes
along with applied models and methods. Despite of some shortcoming the "stress
catalogue" became an aid of VI NPP staff particularly used for in-service inspection
planning.
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The critical places of these components were chosen to carry out subsequent fatigue
usage calculations on the basis of actual components loading histories. The highest levels of
fatigue damage were identified on the T connections of main primary piping (about 12%).

The actual loading history caused by VI components operation has been only able to
be identified utilising the operation logbooks and the measurement records so far. The most
suitable way consisting in automatic gathering and archiving all local components
parameters (deformations, metal surface temperatures changes) during the whole operation
time has not been able to be applied due to the imperfectness of supporting technical system
on VI NPP. The adequate loading history monitoring system was developed and
successfully applied in V2 NPP operation, but it utilises only the basic parameters
measurement providing by the unit control computers.

The knowledge of mechanical and physical properties of basic and weld materials of
VI NPP primary components was not complete in some cases, mainly with respect to
fracture and fatigue properties. Therefore corresponding experimental research, especially
aimed at the primary piping, had been carried out at the beginning of 80's [10], [11].

The second stage of VI NPP components residual life-time evaluation has been started
in 1990. The substantial part of work has been concentrated in special LBB research
program applied on the primary piping, some complementary procedures have been
included in other research projects connected with VI safety analysis and reconstruction
planning.

In consequence of the present improvement of software and hardware equipment we
have decided to widen the range of our analyses which have been carried out up to now
and to repeat some stress and fatigue calculation. The reason of this work is to minimise
inaccuracy and imperfectness contained in the first stage calculations. Now we can utilise
the set of FEM interactive working computer codes. They enable the automatic mesh
generation in graphic regime and the graphic interpretation of calculation results. The
whole system has been installed on PC AT 486 and is able to solve common elasticity,
thermoelasticity and elastoplasticity problems.

The thorough static analysis of primary and secondary piping, including the main
primary piping, the surge piping and the whole feedwater and steam piping, preceded stress
and deformation calculations in order that we could determine realistic boundary
conditions. Al 1 input data characterising pipings dimensions and geometry, supports
parameters and material properties were verified before making use of them.

Following components have been subjected to stress state evaluation :

a) the threefold T connection between the main primary piping and surge lines,
b) main primary piping hot leg elbows under steam generators,
c) reactor pressure vessel nozzles,
d) the bottom pressurizer nozzle,

Because of all these parts have very complicated geometry or consist of several
materials with different mechanical and thermophysical properties, they are probably the
most dangerous places of primary piping. As an example we have presented the calculation
model and selected points for fatigue usage calculation of parts a) - b) in this paper (Fig. 1-
2). The fatigue usage values are presented in Tab. I - 3 as an example of results too. The
values contained in Table 1 represent the maximum fatigue usage of VI NPP primary
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piping parts. All calculations were performed considering loading histories from the
beginning of VI NPP components operation up to now. Since all the results are very low
fatigue damage cannot be the decisive damage mechanism of VI NPP primary piping.
Applying more accurate models have led to lowering formerly calculated fatigue usage.

Now we have been preparing similar improved analyses for the VI main valve and
main pump bodies.

POINT no .2

POINT no .6 POINT n o . l

POINT n o . 3

Fig. 1 Main primary piping threefold T connection
Elements number: 548
Nodes number: 3427

There is no doubt now that some piping parts of NPP primary and secondary circuits
have suffered from loadings not considered in project and lifetime analyses. Such thermal
and pressure cycles along with thermal stratification affect mainly horizontal piping parts
and nozzles. The long-term measurement of component temperature surface fields has been
carried out on VI NPP steam generators feedwater nozzles and similar project for the
horizontal parts of surge line piping is being prepared now. Measurement results will be
used to complete input data for repeated strength and fatigue calculations of above
mentioned parts.
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Fig. 2 Hot leg main primary piping elbow
Elements number: 504
Nodes number: 2813

TABLE.1. Fatigue usage of T connections critical points of V1. NPP main
primary piping

POINTS

1st unit

2nd unit

1

4.41%

5.58%

2

4.82%

5.63%

3

4.98%

6.39%

4

4.76%

6.03%

5

5.63%

7.13%

6

2.19%

1.79%

TABLE.2. Fatigue usage of critical points of V1 NPP main primary piping hot
leg elbow Unit 1.

POINTS

1st

U

N

I

T

LOOP 11

LOOP 12

LOOP 13

LOOP 14

LOOP 15

LOOP 16

1

0.925%

0.938%

0.929%

0.926%

0.925%

0.928%

2

0.922%

0.935%

0.926%

0.922%

0.922%

0.925%

3

%.925%

0.939%

0.930%

0.926%

0.925%

0.929%
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TABLE.3. Fatigue usage of critical points of V1 NPP main primary piping hot
leg elbow Unit 2.

POINTS

2nd

U

N

I

T

LOOP 21

LOOP 22

LOOP 23

LOOP 24

LOOP 25

LOOP 26

1

1.107%

1.109%

1.112%

1.108%

1.108%

1.117%

2

1.101%

1.104%

1.107%

1.103%

1.103%

1.112%

3

1.107%

1.109%

1.112%

1.108%

1.108%

1.117%
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Integrity assesment; Chainnen's report

Integrity assessment of pressurized components

Chairmen's Reports

Session 1.

Chairman: K. Kohashi
Co-Chairman: F. Gillemot

Mr Blauel presented a paper on An Updated and
Extended Safety Analysis for the Reactor Pressure Vessel
of the Nuclear Power Plant Stade (KSS) dealing with a
typi'.al safety analysis case performed on RPV Stade.
Fracture initiation and arrest under strip type emergency
core cooling conditions and safety margins against
ductile failure from deep cracks as postulated by the
rules was presented too.

Credit for the warm prestressing effect in the
analysis and extension of underclaa crack at the
interface being loaded by the thermal shock treatment
were discussed. To evaluate the safety level at different
theoretical defects and loads a multibarrier safety
analysis system have been developed.

Mr. Brumovsky-s presentation dealt with: "WWER
Reactor Pressure Vessel Integrity Assessment", comparison
and experimental verification, a very basic topic i.e.,
comparison of the Soviet and US Codes used for the
evaluation of PWR integrity. Similarities and differences
were shown, widely discussed and some numerical
comparison for a typical vessel and operating condition
were also given. The comparison shows, that requirements
are different, but they resulting about the same safety
level.
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Session 2

Chairman: M. Brumovsky
Co-Chairman: Gy. Mucskay

Mr. Trampus (Hungary) in his paper summarized the
Hungarian approach to reactor pressure vessel integrity
assessment in the NPP Paks, which has 4 units of WWER-440
type 213 reactors. He described experimental and
computational activities supporting this approach. In
included calculations of temperature-stress fields in the
RPV in operational regimes (LOCA, PTS), including
fracture mechanics applications. An important parts of
the approach is ISI, carried out from inner as well as
from outer surfaces using different ultrasonic devices.
Finally, the Regulatory side of the approach was
mentioned.

Mr. Gerard (Belgium) described the approach used to
demonstrate the integrity of the RPVs of DOEL 1 and 2
units. Activities have been directed towards the
assessment of materials degradation under service
exposure, particularly the effect of neutron irradiation
and thermal ageing which were found as an important
factor, too. For these tests a method of specimen
reconstitution was applied. Detailed analysis of
instrumented Charpy load traces provided some
explanations for the outlier behaviour of this material.
These experimental data were used as an input into an
integrity assessment. This assessment contained thermo-
hydraulics and fracture mechanics analyses mainly during
PTS. As a result, corrective actions (mitigating
measures) were applied to each necessary level of safety
and resistance against fracture.

Mr. Hugot (France) showed the French approach to the
evaluation of in-service ageing of PWR heavy components.
This procedure contains three main steps - assessment of
generalized damage, local damage and changes of
mechanical properties of materials. For this purpose
research before operation and mainly ISI as well as
surveillance programmes of design requirements during
reactor operation are of the highest importance. As a
supplement, the French approach to the RPV irradiation
embrittlement assessment was presented and differences
with respect to Reg. Guide 1.99, Rev. 2. were stated.
Publications for the behaviour of modern materials was
given.

Mr. Zuzo (CSFR) described the regulatory
requirements on integrity of components of reactor
systems in the CSFR, mainly with application to WWER-440
type 230 units (NPP V-l) . He described, in detail, the
decree of the CSKAE on necessary measures for improving
safety as well as the integrity assessment level of these
units within this so-called "small reconstruction". In
addition, he gave a list of all diagnostic systems,
installed and/or being used in these units, as well as
all safety analyses, carried out for reactor safety
assessment.
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Session 2 cont.

Chairman: G. Engl
Co-Chairman: I. Havas

The major part of the section covered Leak Before
Break (LBB)-concept with 2 papers directly addressing
LBB--investigations in both theoretical and experimental
aspects.

Mr. Zdarek presented the most recent result of the
project which leads to implementation of LBB approval
status for primary piping of WWER-440/230. The project
at present has reached a 75 % status of completion and
will be finished by the end of 1992. The project is
divided into four major tasks: static and dynamic
analysis, material properties, large scale experiments
and leak rate measurements. With the ongoing upgrading
programme for EBO VI, a satisfactory status will have
been achieved when the project results are being
implemented.

Mr. Wellein presented the LBB-concept as part of the
Break Preclusion Concept valid for German plants. The LBB
concept was accepted by the German authorities in 1979
and 1983. The concept was presented and demonstrated by
the results oi two applications: Primary piping of a
Siemens PWR and a WWER 440 surge line. Consequences for
an appropriate leak detection system were derived.

Mr. Hrazsky summarized plant specific results of
static stress analysis and fatigue damage assessment work
for critical sections and components of the primary
circuit of WWER 440 reactors VI-NPP..

The discussion clarified some details covered by the
papers and concentrated on the necessity of an overall
system approach to the LBB concept including dynamic
loads and fatigue analysis.

The results achieved in the papers can be utilized
for other plants of the same type provided that plant
specifics are taken into account.

The discussion emphasized the unresolved safety
issue, concerning the assessment of the effect of the
negative moment on leakage crack size calculations and
leak rate. Some ideas for solving this problem have been
touched upon.
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IAEA Specialist's Meeting on
The Integrity of Pressure Components of Reactor Systems

Paks, Hungary, 27 May, 1992

Integrity assessment methods

Session 3

Chairman: K. Wichman
Co-chairman: F. Oswald

Papers:
14. Rosinski, S. T.: (USA) Nuclear Reactor Pressure Vessel-Specific Flaw
Distribution Development

15. Puts, M. P.: (Canada) Fitness-for- Service Assessment of Pressure
Tubes in CANDU Nuclear Generating Stations

16. Briceno, G.; Hernandez, L;Castano Matin, L: (Spain)
Spanish Research Activities on Steam Generator Tube Degradation

17. Cizelj, L.; Mavko, B.: (Slovenia) On the Risk-based Steam Generator
Life Time Optimisation

Session 3 (cont.)

Chairman: T. Duroy
Co-chairman: I. Arfinger

Papers:
18. Kohashi, K: (Japan) Recent Progress in NPP Life Extension
Technology Development

19. Wilam, M ; Cermakova, I: (CSFR) The Evaluation of Integrity of
the W E R Steam Generator Tubes

20. Zsidi, Z; Balogh, L. et al: (Hungary) Finite Element Methods for
Analysing of some Pressurized Components of the Reactor in Paks

21. Pammer, Z; Szabolcs, G.: (Hungary) Analysis of Nozzle zone of
Paks RPV during Tranzient Load
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Nuclear Reactor Pressure Vessel-Specific Flaw Distribution
Development*

by
Stanley T. Rosinski
Sandia National Laboratories, Albuquerque, New Mexico, 87185-5800, USA

Abstract

Previous efforts by the U.S. Department of Energy have shown that the vessel integrity
predictions performed through fracture mechanics analysis of a pressurized thermal shock evenl
are significantly sensitive to the overall flaw distribution input and that modern vessel inservice
inspection (ISI) results could be used for development of vessel flaw distribution(s) more
representative of U.S. vessels. This paper describes the development and application of a
methodology to analyze ISI data for the purpose of flaw distribution determination. The resultant
methodology considers detection reliability, flaw sizing accuracy and flaw detection threshold in
its application. Application of the methodology was then demonstrated using four recentlj
acquired U.S. PWR vessel inspection data sets. Throughout the program original insight was
obtained into several key inspection performance and vessel integrity prediction practice issues
that will impact future vessel integrity evaluation. For example, the potential application of a
vessel-specific flaw distribution now provides at least one method by which a vessel-specific
reference flaw size applicable to pressure-temperature limit curves determination can be estimated.
This paper will discuss the development and application of the methodology and the impact tc
future vessel integrity analyses.

This work was supported by the United States Department of Energy, Contract DE
AC04-76DP00789.

Key Words: Reactor Vessel Integrity, Flaw Distribution, Pressurized Thermal Shock,
Ultrasonic Inspection, Fracture Mechanics.

Introduction

The fracture mechanics-based analyses utilized in nuclear reactor pressure vessel integrif
prediction can be performed deterministically or probabilistically. A deterministic analysis us<
fixed values for specified input variables whereas a probabilistic analysis utilizes a probabili
distribution on these variables in order to account for potential uncertainty in these values. Tl
probabilistic analyses of vessel integrity requires computing the risk of vessel failure as a result <
growth of any of several flaws postulated in the vessel. Two important parameters in this analy;
are the size distribution (probability distribution of flaw size, given the flaw) and the rate of fla
occurrence per unit vessel dimension or volume (flaw density). These two elements togeth
constitute the total vessel flaw distribution as shown schematically in Figure 1. Such a descriptii
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may apply to all the flaws in a given vessel volume or to a selected, restricted set of flaws; for
example, those surface-connected sharp flaws (cracks) contained in the first one-quarter thickness
of material.

N (x) oh - number of llawt
In x to » + dx p#f Mttdod
V M M I vekime or wtkJ Itnglh

Flaw Distributor)

I (x)dx- traction of flaws
Inxtox + CBf

FlawSluMaMbutton
(PtobaMMy Ptrnfr on flaw Stn)

P-Ftowdmfty

• Number of lawsftwld tongltt. or

- Number o( (UWS/VMM) wlume

RnrOmKy
(Flaw Rat* ol Occuranoa)

FIG.1. Schematic Showing the Two Components of Flaw Distribution

The published available flaw distributions applicable to analysis of pressurized water reactor
(PWR) vessel integrity include the 1) Marshall [1], 2) Dufresne/Lucia [2], and 3) Octavia
distributions [3,4]. These distributions were developed from flaw information based on a variety
of inspection methods on numerous vessels and weldments and are considered "generic"
distributions for application to any and all nuclear reactor pressure vessels (RPVs). For example,
the United States Nuclear Regulatory Commission (USNRC) Regulatory Guide 1.154
recommends the use of the Marshall distribution for use in probabilistic fracture mechanics
analysis associated with the evaluation of RPV integrity under pressurized thermal shock (PTS)
events [5]. Additional information regarding the development of the distributions has been
presented elsewhere [6]. However, the following observations that somewhat limit the application
of these distributions are worth noting:

1. The significant variation that these distributions impart to vessel integrity analysis
under PTS events indicates the potential inaccuracy associated with application of a
generic flaw distribution [6].

2. The lack of vessel-specific flaw distribution data has not allowed for evaluation of
the range of this inaccuracy.
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3. The previous generic flaw distributions are not based on vessel inservice inspection
(ISI) results and were not developed with current advanced vessel inspection
techniques.

In order to help resolve the issues described above the US Department of Energy (USDOE)
funded the development of a methodology that utilizes vessel ISI data in the determination of a
vessel flaw distribution. This methodology can be applied on a vessel-specific basis and has
beneficial implications to the integrity analysis of US commercial RPVs. his paper describes the
developed methodology and its application to RPV integrity analyses.

Flaw Distribution Methodology Development

Previous attempts to develop flaw distributions for use in the structural integrity evaluation of
PWR vessels have aimed at the estimation of a "generic" distribution applicable to all vessels. The
application of such a generic flaw distribution to the integrity analysis of any particular vessel may
lead to potential inaccuracy, the nature of which can vary from conservative to non-conservative.
The acceptability of using a generic flaw distribution to describe the condition of any given vessel
hinges on an assessment of this inaccuracy and of the vessel-to-vessel variability in the flaw
distribution. In order to develop such an assessment, inspection data from individual vessels were
obtained and analyzed. The analysis of individual data sets, however, necessitated the
development of a new approach to analyzing the ISI data. The traditional histogram-based
approach (a simple count of the number of flaws in a selected size range) could not be reliably
used on a vessel-specific basis primarily due to the limited number of indications and the narrow
range of flaw sizes typically observed in a typical ISI on a single vessel. Thus, a new analysis
methodology was developed to be applied on a vessel-specific basis. This new methodology
essentially involves the fitting of an appropriate probability distribution density function to the
observed flaw size data without having to construct a histogram. This approach is advantageous
in the case of data sets with a relatively small number of flaws for which a useful histogram cannot
be constructed, as is generally the situation when considering the analysis of an individual vessel.
The methodology also considers several inspection system performance parameters, including
flaw detection reliability, flaw sizing accuracy and flaw detection threshold. The fitted function
then describes the flaw size distribution (probability distribution on flaw size). The flaw rate of
occurrence (flaw density) is subsequently determined from the observed number of flaws and the
fraction of total flaws as predicted from the flaw size distribution in the observed size range.

Flaw Size Distribution Function. In order to develop a distribution that would be easy to use
computationally, as well as provide a reasonable amount of flexibility in at least the two
characteristics of scale and shape, the Weibull distribution was chosen to describe the flaw size.
The Weibull has been previously shown to provide a reasonable approximation to the distribution
of a population that is exponentially or log-normally distributed [7]. A detailed discussion of the
derivation and development of the flaw size distribution model (Weibull), including the effects of
the inspection-related parameters on the model has been presented elsewhere [6,8]. In order to
maintain continuity, however, a brief description of the model will be presented here.
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The Weibull distribution describing the true flaw size, X is given by the probability density
function,

f(x) = -2- x M expj-f— \"\, for

and the cumulative distribution function (CDF) given by:

F(x) = 1 - -tefi, for xiO 0-b)

The parameter 0 is called the shape parameter or shape factor. The parameter a is called the
scale parameter or scale factor. When fi = 1, the Weibull becomes the exponential distribution.
When fl = 2, the Weibull becomes the Rayleigh distribution. Larger values of fl, say 3<B<4, yield
distributions that are very much like the Gaussian (normal) distribution. As 0 approaches 10, the
shape of the Weibull distribution approaches the shape of the smallest extreme value distribution.
Equation (1), however, only describes the distribution on the true flaw size, not the distribution on
the observed flaw sizes. The model is adjusted to account for this as described below.

Upper Limit on Flaw Size. The Weibull distribution permits values for flaw size (depth), X
from x = 0 to x =oo. Recognizing the upper limit to flaw size is equal to the vessel wall thickness,
the distribution can be truncated at x = wall thickness. The flaw size distributions estimated
without this truncation, however, consistently showed a negligible area under the curve above x =
wall thickness, i.e., the fraction of flaws with predicted size greater than the wall thickness is
negligible, so that truncation is not necessary.

Lower Limit on Flaw Size. The lower limit on the true flaw size is taken to be zero. The
observations, however, only include data above some threshold value, xm , either defined on the
basis of the inspection system performance (for example, the absolute threshold detection limit) or
by specific selection for analysis. Since the distribution is fit to the observed data only, the
Weibull of Equation (1) must be modified to account for this threshold limit. The Weibull is
modified by truncation of equation (1) at the threshold detection limit of X = x t n , and
renormalizing the probability density function curve as follows:

, for x*xA (2)f(x) = K-^
Cm

f(x) = 0, elsewhere

where fx(x) is the probability density function representing the observed flaw size distribution,
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K = - = exp
a

For the case where no corrections for probability of detection (POD) and sizing accuracy are
required, the problem reduces to determining the best-fit point estimates for a and B to the
observed flaw size data using Equation (2).

POD Correction. The methodology illustrated here assumes a constant POD associated with
the observed flaws included in the analysis. The basis for this assumption and a suggested
methodology where the assumption is not applicable are discussed elsewhere [6]. With a constant
POD assumption, the flaw size distribution itself is not influenced. Only the total flaw count or
flaw rate of occurrence is proportionally increased.

Flaw Sizing Error. Each observed flaw size consists of the true flaw size plus an additive
error. The effect of the random error is then superimposed on the truncated Weibull distribution
given by Equation (2). The error is assumed to be uniformly distributed with probability density
function %(e) over the limits ej (lower limit) and eu (upper limit), as follows:

= ^ h ; f o r
fE(e) = 0, elsewherefE

Equation (3) includes the possibility of undersizing or oversizing bias (mean e > indicates
oversizing). The probability density function (PDF) describing the observed flaw size with
the effect of sizing error is then derived to give:

J L - ( ^ ) } - cxpl-(^p)11)] far

u

for

where f"xE(xo) ' s t n e probability density function describing the distribution on observed flaw size,
x0, and the remaining symbols are as defined above.

Flaw Density. If n is the number of flaws observed as a result of inspection of a given vessel
volume, v, or vessel weldment length, 1, then an estimate of the actual number of flaws in the
same size range as are the observations (xth<xo<QO_) ' s g 'v e n by:

(5)
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where n' is the actual number of flaws, including those missed by best estimate of POD, and POD
is the probability of detection representing the fraction of flaws detected in the size range, (xjn<

XO<QO_). The true total number of flaws, including those below the threshold, x tn, is then given
by:

where n* is the best estimate of the total number of flaws and fl(x) is from Equation (1) computed
with the best fit a and B. The flaw density is then estimated by:

n* n* (7)
P = — or p « — K>

v 1
where p is the flaw density or rate of occurrence in total number of flaws per unit vessel volume
or per unit vessel weldment length, depending on whether v or 1 is used, respectively. This
approach is deterministic and similar to all previous analyses. Probabilistic estimates may also be
made, but were not considered in this study. The flaw density estimate, as well as the flaw
distribution estimate, can be made for a set of flaws with a defined, restricted range of
characteristics based on location, type, etc., as long as sufficient data exists to provide an
acceptable degree of confidence.

Methodology Application

The methodology described above was applied to ultrasonic testing (UT) inspection results
obtained from three operating PWR reactor vessels and laboratory inspection results of selected
weldment sections of the Midland vessel. The four vessels are subsequently identified as A, B, C
and D and represent a diverse population of PWR reactor vessels designed and fabricated by
different vendors and manufactured from forgings and from welded steel plate. Data were
provided by the respective organization performing the inspection in the form of tabulated
indication depth data. The inspection organizations were generally unable to provide information
on the nature of the reflectors producing the UT indications. Therefore, all indications were
conservatively assumed to represent flaws. Interpretations of the indications beyond that required
by the American Society of Mechanical Engineers (ASME) Code, Section XI were also provided
by the inspection organizations since the Code-reportable indications were too few to be analyzed
(only one Code-reportable indication in 184 m (605 feet) of vessel weldment).

Table 1 summarizes the number of flaws and range of flaw size (depth) data analyzed for
each vessel.
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Additional information on the nature of the UT data and the specific techniques used to
analyze the inspection data in order to provide the information provided in Table 1 is reported in
Reference 6.

Table 1. Flaw Data Summary

Vessel

A

B

C

D*

Flaw Size Range
in mm (in.)
1.52-0.27

(0.06 - 0.27)
1.78-5.59

(0.07 -0.22)
0.76 - 2.79
(0.03-0.11
2.03-1.80

(0.08 - 0.71)

Total Number of
Flaws

3

6

188

27

Fraction of Flaws
Inside 1/4 Thickness

0.00

0.33

0.33

0.26

data analyzed for the flaw distribution consisted of only 10 flaws in the range, 2.03 -
0.71 mm; remaining flaws were identified as weld root defects and fracture mechanics-
insignificant based on flaw aspect ratio.

Inspection System Performance Assumptions. It is important to note that the inspection
organizations could not provide detailed information regarding the particular inspection system
performance parameters necessary for analysis (POD, sizing accuracy, threshold detection).
Therefore, conservative assumptions were made for these parameters based on the flaw depth data
provided in order to achieve consistency on the character of each data set and to maximize the
amount of data analyzed. The assumptions may or may not represent true inspection system
performance, but were made in order to exercise the methodology and to obtain a preliminary
estimate of vessel flaw condition. Therefore, the specific flaw distributions obtained must be
viewed as tentative. This uncertainty and conservatism, however, is a direct consequence of
current vessel inspection practice.

POD. In each case analyzed, the POD was assumed constant over the range of flaws
observed and sized. No restrictions were made on the actual value of the POD associated with
any given data set. This assumption does not effect the flaw size distribution, but only influences
the estimate of flaw density or total flaw count.

Flaw Sizing Accuracy or Error. The sizing error for each case analyzed was assumed to
behave as a uniform probability distribution. The range of the uniform distribution varied from
case to case, depending on the data set. For all cases, however, the distribution mean was equal
to zero (eu = -e]), implying no bias toward oversizing or undersizing. The actual values for ej
were based on the smallest flaw size reported. For the four cases analyzed, the values of uppei
limit on sizing error, ê , (and subsequently ej since ^ = -e|) are: for A and B, eu = 1.3 mm (0.05
in.); for C, eu = 0.5 mm (0.02 in.); and for D, ^ = 1.8 mm (0.07 in.).

Threshold Detection Limit on Flaw Size. The probability distribution approach taken fo
analysis of the obtained inspection data required that an assumption be made on the flaw size limi
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below which the inspection system was essentially "blind" to the flaw. This lower (threshold
detection) limit, was selected to be of value lower than the smallest size of flaw reported rounded
down to the nearest 0.25 mm (0.01 in.). The threshold detection limit for vessel B was selected to
be 0.50 mm (0.02 in.) lower than the smallest flaw to make the limit equal to that of vessel A
since the inspection conditions of the two vessels were essentially identical.

Characteristics of Flaw Location and Type. Insufficient data were available to separate
flaws on the basis of flaw type. While data on flaw location were provided, all flaws were
included in the analysis in order to maximize the amount of data analyzed and to maintain
conservatism. Specific vessel integrity analyses may use this distribution of flaw size with an
adjustment (reduction) to the total number of flaws based on the observed fraction that may be
considered 'significant' by location (near-surface, for example), type (cracks, for example), etc.,
and where such a fraction can be quantified.

Results

Application of me Weibull flaw size distribution (Equation (1)) to the obtained data sets yielded
the best estimate a and B values as listed in Table 2.

Table 2. Maximum Likelihood Estimates of a and
B in Flaw Size Distribution

Vessel
a
a

A
0.040
0.656

B
0.136
2.504

C
0.051
3.963

D
0.376
2.061

Figure 2 is a graphical summary of the probability density function, f(x) on the flaw size (depth),
and the cumulative probability of a flaw having a size < x.

In all the cases analyzed, the Weibull fit gave a shape factor that indicates significant
deviation from the exponential distribution (i.e. when fl = 1). This suggests that analyses that
constrain the distribution to the form of an exponential (as performed in previous flaw distribution
analyses) may not accurately represent the flaw distribution function and result in inaccurate vessel
integrity predictions. This is especially likely to occur where the size, or flaw distribution
developed relies heavily on extrapolation outside of the range of flaw sizes actually observed.

Flaw Density. The flaw density results, independent of location, flaw type and fracture
mechanics significance, are reported in linear and volumetric units in Table 3. The volumetric
density values were computed directly from the linear density values assuming an inspection
volume of 0.016 m-* (0.56 ft3) per 0.3 m (1 foot) of weldment (inspection zone = 25.4 cm (10 in.)
wide x 20.3 cm (8 in.) deep). Since location, flaw type and fracture mechanics significance were
not considered in the reporting of flaw density values, the tabulated values are considered
conservatively high estimates with respect to the use of any probabilistic fracture mechanics
analysis of vessel integrity. Considering only fracture mechanics defined significant flaws,
provided such flaws can be reliably identified within the database of observations, would reduce
the density values of Table 3.
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As with the flaw size distribution, the flaw
density varies significantly. Previously
published flaw density data reviewed and
summarized in References 2 and 6 also
show the same magnitude in range and
variability.

Fracture Mechanics-Based Evaluation

In an earlier phase of this program, a
sensitivity study was performed to quantify
the effect that available reactor vessel in-
itial flaw distributions would have on the
fracture mechanics analysis of a selected
PTS transient [9,10]. The flaw distribu-
tions analyzed were: Marshall, Dufresne
and Lucia, and OCTAVIA (1&2). In this
phase of the program, the sensitivity study
was expanded to include evaluation of the
distributions developed for each of the
four vessel-specific data sets obtained. As
mentioned previously, considerable vari-
ation was observed in the flaw distribu-
tions developed in this study. The objec-
tive of the expanded sensitivity study was
to quantify the effect of this variability on
the fracture mechanics based prediction of
vessel integrity.

A detailed discussion of the computer
code used in the fracture mechanics
sensitivity analysis and the input variables
are discussed in Reference 9. With the
exception of the addition of the four
developed flaw distributions, the nput
variables and other assumptions relative to
the vessel geometry, material properties
and thermal and stress analysis were the

FIG.2.
(a) Flaw Size Distributions (Probability Density)
(b) Cumulative Probability Distribution of Flaw
Size for the Vessel Cases Analyzed

same for the expanded sensitivity study as were used in the initial sensitivity study. A constant set
of'vessel' variables identical to that used in the earlier effort was also used. Since the values for
these variables do not necessarily correspond to those of the individual vessels, the computed
failure probabilities are to be used solely for assessment of the flaw distribution effect on integrity
prediction and to highlight the significance of the flaw distribution variation from vessel to vessel.
All flaws were assumed to be surface-connected, crack-like in shape and located in the beltline
region of the vessel. The initial flaw length was conservatively modeled as essentially infinitely
long. Once crack initiation is predicted, the crack propagates in depth and the length is
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conservatively modeled as infinitely long.

Table 3. Fiaw Density Results (All Flaws)

Vessel

A

B

C

D

Linear

1.84 x 10-1 /m

5.62 x 10-2 /ft

6.56 x 10-2 / m

2.00 x 10-2 /ft

7.28 x ioO /m

2.22 x 10°/ft

3.05 x ioO /m

0.93 x IQO /ft

Volumetric

3.57 x 10°/m3

1.01 x 10-1 /ft3

1.27 x 10°/m3

3.60 x 10-2/ft3

1.41 x 102/m3

3.99 x 1OO /ft3

5.91 x I01 /m3

1.67 x 10°/ft3

The results from performing 100,000 simulations per vessel case for the simulated transient
analyzed are provided in Table 4 in terms of number of initiations, Nj, number of failures, Nf, and
conditional probability of failure, Pf (assuming one defect in the beltline region weld). The
significant variability in the conditional probabilities of failure and the estimated number of flaws
further highlights the differences between the four vessel-specific flaw size distributions.

Table 4.The Conditional Probability of Failure Results for Each of the Vessel
Cases Analyzed

Vessel

A

B

C

D

Initiations

Nj

701

74

0

3823*

Failures

N f

568

50

0

3000*

Conditional Failure
Probability (One Flaw)

5.68 x lO"3

5.00 xlO'4

< 1x 10"5

3.28 x 10-2

Failure
Probability
("N" Flaws)

1.69x10-2

5.00 x 10"4

< l.O5xlO-3

7.69 x 10-1

Estimated
Flaws, "N"

3

1

105

44

In this case, 100,000 simulations were not performed. In all cases, the maximum number of vessel failures
allowed prior to termination of simulations was set equal to 3000. The value of 3000 failures was reached in this
case with 91,488 trials. Therefore, if 100,000 simulations were performed, an estimated 3,279 failures would be
predicted to occur.

As previously discussed, the flaw size distributions were developed from all indication data,
except in the case of vessel D where some indications were identified as reflectors from weld
defects (lack-of-fusion) and excluded in the analysis. In general, while the fracture mechanics'
significance of a particular flaw can be evaluated on the basis of depth location in the vessel wall,
flaw type is less easily identified reliably. For this study flaw location was not considered in
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development of the size distributions. With regard to flaw type, only in the case of vessel D did
sufficient information exist to permit excluding data. Further examination of the size of flaws
analyzed for aspect ratio suggests that even fewer flaws (approximately 7% of the total) may be
fracture mechanics significant and capable of propagating.

In general, therefore, the developed flaw distributions can be considered conservative
estimates of "significant" flaws. The consideration of fracture mechanics significant flaws can be
made with respect to the total flaw density provided the flaw size distribution and flaw density are
developed individually (as done here). This consideration, however, may not result in a
substantial reduction in the corresponding failure probability if the size distribution developed with
consideration of all flaws predicts a high conditional failure probability. It is recommended,
therefore, that where possible, the size distribution be developed from consideration of only the
flaws deemed to be significant from a vessel integrity standpoint. However, at this time, there is
no inspection performance demonstration procedure or criteria to distinguish between flaw types.
The availability of flaw type information would allow for a more realistic estimate of the failure
probability from a flaw distribution that is defined for flaws of fracture mechanics significance
based on both flaw location and flaw type.

Implications to Integrity Predictions

The results of this study showed that there is significant variability between flaw distributions
developed on a vessel-specific basis. This difference can produce over a three order of magnitude
variation in calculated failure probability for the PTS transient analyzed. This variability further
motivated examining the impact of this study on the broader vessel integrity issues of PTS, the
ASME Section XI, Appendix G pressure-temperature (P-T) limit curves with regard to flaw
assumption, and the implications of inspection qualification to flaw distribution development. A
detailed description of the development background of these regulations can be found in
Reference [6]. The potential impact of the results of this program on the above mentioned
regulations are discussed below.

PTS

The Screening Criteria applicable to US PWRs for PTS event consideration are based on
reactor vessel reference nil-ductility-transition (NDT) temperatures of 270 °F for plates, forgings
and axial welds and 300 °F for circumferential welds. These criteria were developed after
performing extensive industry and USNRC analyses of the likelihood of vessel failure due to PTS
events. Based on the analyses, the potential risk due to PTS was deemed acceptable when the
reference NDT temperature (RTJVJDJ) of the reactor vessel remained below the specified
Screening Criteria.

Plants that are predicted to exceed the Screening Criteria are required to perform a plant-
specific safety analysis to demonstrate continued safe operation. An outline and method for
performing the plant-specific safety analysis is offered in the USNRC Regulatory Guide 1.154
[11]. In this Guide the PTS safety analysis is required to demonstrate that the likelihood of a
PTS-related, through wall crack propagation during operation beyond the Screening Criteria
remains less than 5 x 10"^ per reactor year. The probabilistic analyses performed through this
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method assumes a generic flaw distribution. As discussed above, a generic flaw distribution may
not accurately represent the flaw condition of any individual vessel. The Regulatory Guide,
however, also appears to allow for assuming a vessel-specific flaw density in the PTS probabilistic
fracture mechanics analysis. However, it does not discuss modifications to the generic flaw size
distribution. Given the variability in flaw density and flaw size distribution found for the four
vessel cases analyzed in this study, it is obvious that overly conservative and unrealistic flaw
distributions can be defined when combining incompatible flaw data (for example, combining flaw
density from vessel C with the flaw size distribution from vessel D). The nature of the four
distributions analyzed in this study also suggests that significantly different predictions are
obtainable with a vessel-specific flaw distribution than with the NRC recommended distribution.

The methodology presented in this study can be used to develop a vessel-specific flaw size
distribution and flaw density for the PTS safety analysis provided inspection system performance
parameters can be quantified or estimated. This further indicates the necessity of integrating ISI
requirements and results into plant-specific safety evaluations for PTS. This will be discussed later.

P-T Limit Curves

The Code of Federal Regulations, 10 CFR Part 50, Appendix G [127 requires the
development of P-T limit curves for the prevention of nonductile failure of the reactor vessel
during plant heatup and cooldown. This requirement refers to the ASME Code, Section III,
Appendix G [13] as the guiding document for calculation of the P-T limits. The determination of
P-T limits involves a deterministic evaluation assuming a surface-connected flaw with a depth
equal to 1/4 of the thickness of the vessel (1/4T) and a length equal to six times the depth.

Radiation exposure of the vessel wall must be considered when performing P-T limit
calculations. To account for irradiation, the R T J ^ D J

 v a l u e s a r e shifted using surveillance data and
previously developed trend procedures. This resultant shift in the RTJSJDJ values effectively
reduces the allowable pressure at any given temperature under which a plant may operate during
heatup or cooldown conditions, i.e., the operating "window" is reduced as radiation exposure
increases. At low temperature, low pressure operation another concern is warranted. Because of
the lower limit on pressure for maintaining a net positive suction head on pumps to prevent
cavitation and damage to the pump impellers, a large shift in RTJSJDJ (determined either through
surveillance data or conservative caLulations) can lead to overly restrictive operation during plant
heatup and cooldown.

A significant reduction in the P-T operating window at low pressures has significant
economic and safety implications. As a result, the heatup and cooldown time periods for the plant
are increased. Also, depending on the predicted irradiation damage, the operating window could
become so restrictive that operation would not be possible. A narrow operating window also
increases the probability of an inadvertent relief valve activation.

One possible approach in the resolution of this issue is through the reduction of the reference
1/4T flaw size presently required in the analysis of P-T limit curves when considering the effects
of irradiation. Presently, however, no guidance is provided in the ASME Code on how to justify
a smaller reference flaw.
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The flaw distribution methodology discussed here provides one basis for selection of an
Appendix G flaw size that would be plant-specific, and potentially less than the presently required
value of 1/4T in depth. To accomplish this, however, specific information would be required
including 1) an estimate of the flaw size distribution, 2) an estimate of the flaw density from the
developed flaw size distribution, 3) the number of observed flaws above a threshold size, and 4)
inspection system performance (POD) of a flaw of a given size. With this information, a defined
level of acceptable risk can then be used to estimate the maximum flaw size that would be
associated with that level of risk. This flaw size would then represent the maximum flaw size for
that vessel and would be considered a conservative vessel-specific flaw for vessel integrity analysis
(specifically, P-T limit curve determination).

Vessel Inspection Practice

Significant vessel-to-vessel variation in flaw distribution was observed in this study. This
variation suggests that the development of vessel-specific distributions from vessel ISI data may
better represent the vessel condition than the use of potentially inaccurate "generic" distributions.
At a minimum, the applicability of "generic" distributions should be further explored through
continued vessel-specific analyses.

The development of vessel-specific flaw distributions may also require an improvement in
inspection requirements. Typically, very few Code-reportable flaws are found during normal ISI
procedures (only one flaw found in the four data sets analyzed in this study). The reliance on only
Code-reportable flaws for flaw distribution development appears inadequate. The small number of
Code-reportable flaws typically found is insufficient to develop any reliable flaw distribution. The
implication is that flaws need to be detected and sized well-beyond what is presently required by
the ASME Code, Section XI.

The improved detection and sizing of flaws during ISI will also benefit subsequent vessel
integrity analyses. The conservatism associated with using all flaws for developing the distribution
can be beneficially reduced by qualified identification of only fracture mechanics-significant flaws
based on flaw type and location. This is evidenced by the results on Vessel D, where, as few as,
two flaws or seven percent of the total may be considered to be fracture mechanics-significant
flaws based on flaw location and flaw aspect ratio.

Conclusions

The following conclusions are made from this study.

• A new flaw distribution development methodology, statistically incorporating the
effects of inspection system performance, and capable of accepting very few data
points, was developed and successfully exercised on a vessel-specific basis.

• The observed variability between the results of the analyses of the four data sets (flaw
size distribution, flaw density, fracture mechanics evaluations) suggests the preferred
use of a vessel-specific flaw distribution versus presently used "generic" distributions.
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• Although not specifically intended to facilitate development of a flaw distribution,
existing inspection requirements may be found inadequate for the purpose. An
improvement in flaw detection and flaw sizing beyond present requirements is
recommended.

• Flaw location and flaw type were not considered in the development of the flaw size
distributions discussed in this study. It is recognized that the inclusion of midwall
defects and volumetric/laminar flaws in the data set can produce very conservative
estimates of the size distributions. Thus, a need is identified for qualified separation of
flaws on the basis of flaw type. This will permit partial elimination of flaws in the data
set considered to be insignificant from a fracture mechanics standpoint. It is
recommended that through-wall location not be considered in the development of a
size distribution, but only for the estimate of flaw density.

• The use of a vessel-specific flaw distribution may affect the flaw distribution input to
the probabilistic fracture mechanics analysis for prediction of vessel integrity under
PTS. The discussed methodology can now provide a more accurate assessment of
vessel integrity under PTS. Where a vessel-specific flaw distribution cannot be directly
developed from ISI data, any default assumptions of flaw size distribution and flaw
density should be checked for compatibility against the actual ISI observations.

• The vessel-specific flaw distribution provides, for the first time, a quantitative basis for
estimating a reference flaw size (in preference to the conventional assumption of a
1/4T size) applicable to P-T Limit curve determination under the ASME Code Section
III, Appendix G. This can be performed by the choice of a specific flaw size so that
the risk of having flaws of size greater than the identified flaw is less than some
specified risk value. The reference flaw can then be estimated by use of an appropriate
factor of safety multiplier on the identified flaw.
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ABSTRACT

Fitness-for-Service Guidelines have been developed for CANDU Zr-alloy pressure tubes.
For flaws detected during in-service inspections and for generic changes in pressure tube
fracture properties, a leak-before-break

criterion must be satisfied as defence in depth in addition to demonstrating that the
detected or postulated flaw is stable and non-susceptible to DHC. For tubes in contact, where
the potential for blister formation exists, a LBB criterion is not required because the Guidelines
stipulate that no critical hydride blister (and, hence, no flaw) is allowed to form on the pressure
tubes.

Keywords: Fitness-for-Service, CANDU reactor, Zr-alloy pressure tube, leak-before-
break, delayed hydride cracking, zirconium hydride blister, critical crack length.

INTRODUCTION

Fitness-for-Service Guidelines have recently been developed to provide the criteria and
the methodology to assess the integrity of Zr-2.5 Nb pressure tubes in operating CANDU
reactors. The Guidelines describe an approach to evaluating specific conditions in a single tube,
such as flaws, pressure tube to calandria tube contact or generic conditions of pressure tubes in
reactor. The Guidelines consist of three parts. Part I describes the requirements that must be
met to qualify the tubes for continued service. Part II provides a data base of information that is
available to carry out this assessment and Part III provides justifications and explanations of the
data base. The complete Guidelines were first released to the CANDU Owners Group for trial
use and to the Atomic Energy Control Board of Canada for review and comment in May of
1991 and are presently under review.

This paper describes aspects of part I of the Guidelines dealing with the methodology of
fitness-for-service. In order to make this comprehensible, a brief description is first given of the
CANDU reactor and the delayed hydride cracking (DHC) mechanism which is the mechanism
mostly responsible for any potential and previously observed crack initiation and growth in
these reactors.

THE CANDU REACTOR

A CANDU reactor consists of a large tank (the calandria) containing D20 moderator at 70
°C. It is penetrated by about 400 horizontal fuel channels each 6 m long. Each channel consists
of a pressure tube, containing the UO2 fuel and heat transport D20 at a pressure of 10 MPa and
at a temperature ranging from 250 °C at the inlet to 300 °C at the outlet end. The pressure tube
is surrounded, and insulated from the cold moderator, by a calandria tube (Fig. 1). The space
between the pressure tube and the calandria tube is filled with gas and is described as the gas
annulus. The pressure tubes are made from cold-worked (c.w.) Zr-2.5 Nb, with a wall
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thickness of 4 mm and an inside diameter of 103 mm and the calandria tubes are made from
annealed Zircaloy-2, with a wall thickness of 1.4 mm and an inside diameter of 129 mm.

FEEDERS CALANDR1A
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BELLOWS

GAS
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SPACERS {*)
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FIG.1. Simplified illustration of a CANDU fuel channel.
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OUTLET

PRESSURE
TUBE

The annulus gas system has been developed into a system sensitive to the presence of
moisture resulting from a penetration of the primary heat transport pressure boundary that
passes through the reactor core (and also leakage from the surrounding calandria and lattice
tubes, although this type of leakage has not been significant).

The pressure tubes are rolled into end fittings at each end of the channel. The end fittings
contain connections to the heat transport system and closures to enable fuelling to be done on
power. The rolled joint fabrication produces residual stresses in the pressure tube due to the
wall thinning and tube expansion. These stresses have been a source of crack initiation; in two
other instances manufacturing flaws provided the initiation sites.

In some of the reactors, unexpected movement of ;!»e spacers between the pressure and
calandria tubes has resulted in incorrect spacer positioning and contact between the pressure
and calandria tubes. At the contact point, the temperature of the pressure tube is lower
compared to the rest of the tube. As a result, hydrogen and deuterium in the tube will migrate
down the temperature gradient and increase in concentration at the cold spot. If the total
hydrogen plus deuterium content in the bulk of the tube is high enough, a region of solid
zirconium hydride (blister) can initiate and grow at the contact point on the outside of the
pressure tube. When the blister has grown to a sufficient depth, it can fracture [1,2] and act as
an initiation site for DHC which can result in the possible rupture of the pressure tube. This is
what happened in one of the tubes of the oldest nuclear generating station (Pickering-2) which,
at that time, contained tubes made of c.w. Zircaloy-2. In one of these tubes, a 2 m long, axial,
fast fracture was initiated. The Zircaloy-2 tubes in contact in Pickering- 1 and -2 were found to
contain numerous hydride blisters of various sizes. It was also found that the deuterium pickup
rate in these tubes was unexpectedly high. The tubes were subsequently replaced with tubes
made from c.w. Zr-2.5 Nb which have been shown to have a much lower deuterium pickup
rate.

DELAYED HYDRIDE CRACKING AND BLISTER FORMATION

For Zr-2.5 Nb there is a threshold stress intensity factor, KIH, below which DHC does not
occur. The total present data base yields a mean K,H value of 8.2 MPaVm (±3.9 MPaVm at
the 95% confidence limits) [3]. It is relatively insensitive to temperature, hydrogen
concentration and neutron fluence. For Kj values greater than K,H the crack growth rate, V, is
essentially independent of K, over a wide range until the crack growth becomes unstable at the
critical crack length (CCL). In general, the crack growth rate, V, is temperature dependent,
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being described by an Arrhenius relationship (provided hydrides are present at the temperature
T). Crack growth rates measured when the test temperature is approached by heating have a
temperature dependence that is significantly different from that measured when the test
temperature is approached by cooling. The results in Fig. 2 schematically show the Arrhenius
relationship and the difference in crack growth behaviour when the test temperature is
approached by heating or by cooling [4].

The crack growth rate, V, is also af-
fected by the neutron fluence to which the
material has been subjected and by the tem-
perature of irradiation. Values of V have
been determined from tests on small speci-
mens cut from pressure tubes removed from
power reactors (Fig. 3). The tubes have been
subjected to neutron fluences up to 8.2 x 102S

n/m2 and had hydrogen isotope concentra-
tions up to 0.41 atomic %. Cantilever beam
specimens were prepared from different sec-
tions close to the inlets and outlets of tubes
and crack growth rates were measured at a
nominal Kt value of 17 MPa Vm. The maxi-
mum test temperature was limited by the re-
quirement that hydrides be present; this tem-
perature depended on the concentration of
hydrogen isotopes. The test temperature was
approached by cooling to maximize the
cracking.

Annealing of irradiation damage and
other temperature-dependent microstructural
changes that could affect DHC may vary
along the pressure tube because the tempera-
ture during reactor operation is about 40 °C
higher at the outlet end than at the inlet end.
X-ray diffraction studies confirm that there
are indeed changes in microstructure along
irradiated pressure tubes. In the unirradiated
tubes the microstructure consists of elongated
alpha grains surrounded by a continuous
network of beta phase, which is thought to be
an important component in the diffusivity of
hydrogen in zirconium alloys. Prolonged ex-
posure to reactor conditions causes the beta
phase to decompose and become discontinu-
ous. The degree of change in the beta-phase
is higher and the dislocation density is lower
at the outlet end than at the inlet end. These
studies suggest that the observed factor of
two difference in crack velocities between the
inlet and outlet ends could be caused by dif-

FIG.2.
Illustration of the DHC velocity-tempera-
ture relationship showing the hysteresis
between heating and cooling cycles.
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FIG.3. Comparison of DHC crack growth
rate measured in the radial pressure tube
direction for Zr-2.5Nbv pressure tube
materials [5],

ferent amounts of irradiation hardening and beta phase decomposition at each end of the
pressure tube.
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After the pressure tube rupture in 1983 of a Zircaloy-2 pressure tube in Pickering-2, an
extensive experimental and theoretical program was launched to determine, for tubes in
contact, the conditions for blister formation and subsequent crack initiation and propagation.
The results of the study on crack initiation from blisters have shown that there is a roughly
linear relationship between blister depth and the stress required to fracture it. Thus for a given
applied stress, there is a critical blister size (depth) at which the blister will fracture and act as a
potential DHC initiation site [2].

FITNESS-FOR-SERVICE ASSESSMENT

The overall purpose of the Guidelines is to provide a uniform procedure for the evaluation
of pressure tubes having:

1) flaws exceeding limits of Canadian Standards Association CSA N285.4 [6] (both
sharp, crack like and blunt);

2) calandria tube contact (potential for blister formation);
3) generic material degradation. The rationale is that a low probability of pressure tube

rupture must be assured.
The philosophy of the procedures outlined in the Guidelines are as follows:

a) For the evaluation of pressure lubes containing detected sharp or crack-like flaws,
analytical procedures are defined for calculating the amount of sub-critical crack
growth that could occur during the evaluation period. Acceptance criteria have been
developed to ensure that there is adequate protection against failure by unstable
fracture, plastic collapse and delayed hydride cracking. The evaluation period may
be any specified time period such as to the next scheduled inspection or until the end
of the design life.

b) For the evaluation of pressure tubes containing blunt flaws, analytical procedures
and acceptance criteria have been developed to ensure that there is adequate
protection against failure by fatigue, plastic collapse and delayed hydride cracking.
The evaluation period may be any specified time period such as to the next scheduled
inspection or until the end of the design life.

c) For the evaluation of pressure tubes in contact with their calandria tubes, analytical
procedures and acceptance criteria have been developed to ensure that critical
hydride blisters will not be present in the pressure lubes during the evaluation
period.

d) For the evaluation of the generic change in fracture properties, analytical
procedures and acceptance criteria have been developed to ensure that there is
adequate protection against unstable fracture. These criteria address two specific
conditions. The first condition addressed is the acceptability of the material fracture
properties if hydrides are not present during nominal full power conditions. For this
condition the changes in the material properties will be primarily due to the fast
neutron fluence. The second condition addressed is the acceptability of the material
fracture properties if hydrides are present at nominal fidl power reactor operating
conditions. The effects of increased hydride concentrations and neutron fluence on
the material fracture properties are then considered.

Figs. 4 to 6 summarize the methodology used to evaluate cases a) to c). Development of a
different evaluation procedure for sharp and blunt flaws was deemed necessary, because the
methodology based on assuming all flaws are sharp and using a lowerbound threshold stress
intensity factor KIH for DHC initiation, would be too conservative.
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FIG.4. Flaw evaluation methodology for sharp
and crack-like flaws in CANDU pressure tubes.
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FIG.5. Flaw evaluation metholodology for blunt
flaws in CANDU pressure tubes.
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For the evaluation of generic
changes in fracture properties (case d),
a flaw is postulated that corresponds to
the smallest part-through crack just
prior to throughwall penetration. The
flaw shall have a length of 20 mm and a
depth equal to the wall thickness. This
length has been determined from
examinations of cracks in tubes
removed from reactor of nominally 4
mm wall thickness. A smaller flaw
length can be used if a smaller
maximum length of postulated flaw can
be justified. This flaw is examined for
the possibility of unstable propagation
based on the material fracture
properties and hydrogen concentration
prevailing at the time. When hydrides
are present at nominal operating foil
power conditions, the postulated flaw is
also examined to determine whether it
has adequate resistance to delayed
hydride cracking.

In cases a), b) and d), when hy-
drides are present during nominal full
power reactor operating conditions, as
defence-in-deoth, a Ieak-before-break
(LBB) criterion must also be satisfied.
A Ieak-before-break criterion is not re-
quired when evaluating the potential
for the formation of critical blisters
(case c) because the conditions for
preventions of this occurrence have
been set more stringent than for the
cases involving actual or postulated
flaws.

An LLB analysis contains the
following elements:

J) a crack is initiated or pre-exists;
2) DHC starts;
3) the crack grows through the wall

of the pressure tube;
4) the coolant leaks into the

annulus and is detected;
5) the leaking crack continues to

grow by DHC;
6) the critical crack length (CCL)

is reached.
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To assure LBB in pressure tubes it is required that [5]:

1) the crack length at wall penetration is less than the CCL for unstable propagation;
2) the leak is detected;
3) action is taken before the crack length exceeds the CCL.

In a deterministic analysis the response time, t, assuming double ended crack growth as
one of the scenarios, is given by

t = (CCL - Leak CL)/(2 DHCV)

where "Leak CCL" is the crack length at first wall penetration (step 3, above) and DHCV is the
axial velocity by DHC of the leaking crack.

Two cases are envisioned. In the first
case there are no hydrides present at
nominal full power operating conditions.
Then the type of leak is small (i.e., water
collection rates of grams/hour), crack
growth is slow (since it only occurs during
shutdown at low temperatures) and the
leak rate is almost constant. This is the
only type of leak that has been observed to
date. For this type of leak there is no im-
mediate response requirement, although
the leak has to be investigated, the offend-
ing pressure tube found and ultimately re-
moved. However, the time available is
days to months, not hours. For this type of
leak no LBB assessment is required.

In the second case, there are hydrides
present at nominal full power operating
conditions. Then the leak rate is expected
to be large (kg/hr), crack growth is rapid
and the leak rate rapidly increasing. The
time available would be of the order of
hours involving the time for leak detection
and confirmation and reactor cooldown.
This is the scenario for which an LBB as-
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FIG.6. Methodology for deterministic
analysis of pressure tube hydride blisters.

sessment is required.

To demonstrate LBB on a deterministic basis for the latter case, the postulated length of a
through-wall flaw growing by DHC must be less than the CCL during the entire postulated
sequence of events from first wall penetration to safe shutdown. That is, 2c(t) < CCL(t), where
2c(t) is the length of the postulated through-wall flaw and both it and CCL are functions of
time. The assessment is performed by assuming a length for the crack at breakthrough and
specifying the subsequent reactor shutdown sequence employed. This means taking account of
the variation of DHC velocity and CCL as the coolant temperature and pressure in the tubes is
reduced. Although a deterministic LBB analysis is conceptually the easiest to understand and
carry out, it provides results which are generally too conservative, since the worst combination
of parameters must be used to estimate the minimum time available. In fact, a probabilistic
LBB assessment has also been developed [7] v hich takes advantage of the experimenta
finding that the crack growth rate and the CCL are distributed over a range on either side o
the mean and may, or may not be, correlated.
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CONCLUSIONS

A methodology based on assessing crack initiation and growth behaviour, combined with
the ability to detect a leaking crack, has been developed for Zr-alloy pressure tubes in CANDU
reactors and is available for trial use by operators of CANDU nuclear generating stations. The
methodology is contained in the Fitness-for-Service Guidelines which consists of three parts.
Part I describes the requirements that must be met to qualify the tubes for continued service.
Part II provides a data base of information that is available to carry out this assessment and Part
III provides justifications and explanations of the data base. The complete Guidelines are
currently under review by the Atomic Energy Control Board of Canada.
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SPANISH RESEARCH ACTIVITIES ON STEAM
GENERATOR TUBE DEGRADATION

D. Gomez Briceno* A.M3-. Lancha Hernandez* MQ-.L. xCastano Marin*
*CIEMAT, 28040MADRID, Av. COMPLUTENSE-22, SPAIN

ABSTRACT

Inconel 600 MA steam generator tubes have undergone s severe degradation in Spanish
nuclear power plants during the last years. This degradation can have important implications
for the availability of the plant. This paper presents the activities of the Spanish Research and
Development Project on Steam generators relating to steam generator tubing materials
degradation. These activities are carried out in two complementary forms. On the one hand,
the behaviour of Inconel 600 MA, Inconel 690 TT and Incoloy 800 has been studied under
primary and secondary simulated conditions, and on the other hand, the destructive
examination of steam generators tubes from commercial plants was carried out.

Keywords: Steam generators; Tubing materials; Nickel alloys; Stress corrosion cracking;
Tube examination.

1. INTRODUCTION

Inconel 600 MA steam generator tubes have undergone a severe degradation in Spanish
nuclear power plants during the last years. This degradation can have important implications
for the plant availability. New defect types, such as OD and ID circumferential cracks, have
been found and also, new secondary environment, non alkaline environments, have begun to
be considered.

Furthermore, the effect of boric acid as an inhibitor of intergranular attack (IGA) and
intergranular stress corrosion cracking of alloy 600 is not clear.

This paper presents the activities of the Spanish Research and Development Project on
Steam generators related to the steam generator tubing materials degradation. These activities
are carried out in two complementary forms. On the one hand, the behaviour of Inconel 600
MA, Inconel 690 TT and Incoloy 800 has been studied under primary and secondary simulated
conditions and the other hand, the destructive examination of steam generators tubes from
comercial plants was carried out.

2. SCOPE

This experimental work aims to obtain a better understanding of the behaviour of Inconel
600 MA steam generator, tubing and other nickel alloys such as Inconel 690 TT and Incoloy
800.

The effects of changes in primary water chemistry on the primary water stress corrosion
cracking (PWSCC) of steam generator tube materials have been studied.

Comparative tests of Inconel 690 TT and Incoloy 800 are being carried out in caustic or
acidic environments with S, Pb and Cu. Furthermore, steam generator tubes from Spanish
nuclear power plant have been examined destructively.
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Soon, tests of Inconel 600 MA, Inconel 600 TT, Inconel 690 TT and Incoloy 800 in
caustic or acidic environment with or without boric acid will start.

3. EXPERIMENTAL FACILITIES

Corrosion tests in both primary and secondary chemistry conditions have been carried out
in facilities suitable to simulate operating conditions of steam generators. These facilities have
been designed and built at Cimeat. A block diagram of the facilities is shown in Fig. 1.

C0HKM10K »AJ0 TCMHM
| [ C W M I »

Fig. 1 Block diagram of the experimental facilities

Primary tests have been made in six refreshed stainless steel autoclaves each
fed by a separate high pressure/high temperature loop. The loops have
instrumentation to measure oxygen, hydrogen, conductivity and pH. Secondary
tests can be carried out in five model boilers with seven tubes each fed by a
common primary loop and five separate secondary loops.
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TABLE I. TUBING MATERIAL AND SUPPORT PLATE TYPES IN MODEL
BOILERS

MODE BOILER TYPE

24

D3

D3

F

GT-54

TUBING MATERIAL

INCONEL 600 MA

INCONEL 600 MA

INCONEL 600 MA

INCONEL 600 TT

INCONEL 690 TT

INCOLOY 800

INCONEL 690

SUPPORT PLATE

NORMAL

NORMAL

NORMAL

QUATREFOIL

NORMAL

Tubing materials and support plate types used in each model boiler are shown in Table I.
Support plates have thermocouples so that temperature during the test can be known, there is
also another model boiler with nine tubes located as in model D3 Westinghouse steam
generator used for "denting" testing.

Aggressive environment test are performed in static nickel autoclaves, caustic
environments, and in Hastelloy autoclave, acidic environments.

4. TEST PROGRAMME

4.1. Primary water stress corrosion cracking tests.

The objectives of these tests are to determine the effects of pH changes in primary water
chemistry on the PWSCC behaviour of Inconel 600 MA steam generator tubing and to
examine the influence of dissolved hydrogen concentration on PWSCC behaviour over the
range of hydrogen concentrations relevant to PWR's.

TABLE II. TEST CONDITIONS

TEST

1
2
3
4
5
6

B
ppm

140
140
740
740
385
385

Li
ppm

2
2
3.5
3.5
2
2

pH(309°C)/
pH(330°C)

6.9/7.24
6.9/7.24
7.4/7.73
7.4/7.73
7.4/7.73
7.4/7.73

H2
ppm

4
2
4
2
4
2

mlH2(STP)
KgH2O

45
23
45
23
45
23

PH2(330°
)
(Kpa/psia)
23.3/3.4
11.6/1.7
23.3/3.4
11.6/1.7
23.3/3.4
11.6/1.7

Six simulated primary water chemistry environments were defined. Table II shows the test
conditions and the resultant high temperature pH calculated at 33O°C, a typical PWR primary
circuit maximum temperature. The test temperature and the system pressure were controlled at
33O°C and 150 kg/cm2, respectively.

The RUB specimens used in this work were made without spring back during bending.
Three heats of Inconel 600 MA were tested. Heat 96834 L of Inconel 600 MA was supplied by
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EPRI. Specimens made by other laboratories were also tested. One heat of Inconel 690 TT and
another one of Incoloy 800 were tested in some environments.

The chemical composition of the test materials are given in Table III and the mechanical
properties are listed in Table IV.

TABLE III CHEMICAL

MATRRTAL
I600MA
I600MA
I600MA
1800 { 81373

c
0 0
0.0
0.0

o.c

01
0.2
0.8
0.7

COMPOSITION

Fe
9.3
8.0
9.2
bal

s00
0.0
0.0
0.0

Si
01
0.3
0.3
0.4

(% Wt)

CM
0.2
0.0
0.0
0.0

Ni
73
74.
72.
33.

Cr
16.
15.
16.
20.

Ti
0 2
—

0.4

Co
0 0
0.0
—
0.0

p
0 0
—
—
0.0

TABLE IV. MECHANICAL PROPERTIES OF ALLOY 600

HEAT

1450
96834L
752491

YS
MPa/Ksi
386/56
389/56
308/45

UTS
MPa/Ksi
793/115
737/101
687/99

ELONG
%

36
37
46

MA
Temperature °C

927(3-5 minutes)
1040 (15 minutes)

** Unknown. Microstructure suggest low temperature

4.2. Inconel 690 TT and Incoloy 800 in very aggressive environments.

The objectives of these tests are to contribute to the selection of one of them as an
alternative material to Inconel 600 MA, and to know their susceptibility in environments that
are very aggressive to Inconel 600 MA

Table V shows the caustic or acidic environments used in the tests. The test temperature is
controlled at 350°C.

TABLE V. TEST CONDITIONS

CAUSTIC
10% NaOH
10%Na0H + 0,lMOPb.
4%NaOH + 0,002MOPb
10% NaOH + 0,01% OCu
50% NaOH +5% Na?S?0^

ACIDIC
0,75M Na?S04+ 0,25M Fe?SO4

0,75M Na?S04+ 0,25M Fe?SO4 + 0.1 M OPb
0.4 M NaHSO4+0,4M Fe?SO4 + 0.2 M Na?S04

50 ppm NaCl+ 50 ppm CuCI?

C-Ring specimens were prepared according to ASTM G38-73 and strained to 2% strain.
The strain were measured during calibration tests for each tubing heat. Table VI shows the
heats of Inconel 690 TT and Incoloy 800 used in these tests. One heat of Inconel 600 MA was
included as a reference.
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TABLE VI. MATERIALS

MATERIAL
INCONEL B90 TT
INCONEL 690 TT
INCOLOY 800 SP
INCOLOY 800
INCOLOY 800 SP
INCONEL 600 MA

HEAT
764408
WF816T
81373
7-73243
462207
1450

TUBE
11/16"
3/4"
7/8"
7/8"
3/4"
3/4"

%C
0.019
0.022
0.021
0.017
0.015
0.045

4.3, Examination of steam generator/tubes.

The objectives of this work are, firstly, to determine the existence, depth and morphology
of the present degradation to obtain information about the environmental conditions in the
degraded zones, and secondly, to contrast it with non destructive inspection.

Up until now, nine tubes from Spanish nuclear power plants at Zorita Almaraz and Asco
have been examined. The destructive examination consist of:

• Visual inspection, dimension measurement, X-ray radiography.
• Optical microscopy examination, deposit analysis and scanning electron

microscopy.
• Microstructure, Huey test, tensile test and hardness test for characterisation of

the tubing.
CIEMAT has recently acquired an Auger spectrometer and a XPS spectrometer that will

be used to analyse some samples from the tubes examined.

5. RESULTS AND DISCUSSION

5.1. PWSCC test

The results obtained on heat 96834L Inconel 600 MA RUB are shown in the Table VII.
Fig. 2 shows the 50% PWSCC initiation time for series 1 heat 96834L RUB vs. environments
conditions after 5.500 h. of exposure. The results have been fitted to Weibull distribution.

Table VIII and Fig. 3 show similar information for heat 1450 Inconel 600 MA. On the
other hand, only one RUB specimen from heat 752491 of 42 specimen tested was cracked.
Furthermore no cracked specimens from Inconel 690 TT and Incoloy 800 were detected for
5500 h. test.

The test results for specimen RUB from heat 96834L show no statistically significant
differences in PWSCC initiation time over the six primary water environments examined with a
probability of 0.05, but the differences are significant for some tests with a probability of 0.20.
However, the results from heat 1450 show no statistically significant differences even with a
probability of 0.20. Therefore, we only used the results from heat 96834L to infer the possible
effects of primary water chemistry in PWSCC initiation time.
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TABLE VII. CRACKED SPECIMENS / TESTED SPECIMENS (INCONEL
600MA. TUBES 3/4" HEAT 96834L.

TEST
B(ppm)
Li (ppm)

H2CC/kg H20
(STP)

pH a 309 °C
Series
500h.
lOOOh.
1500h
2000h
2500h
3000h
3500h
4000h
5000h
5500h.

1
1400

2
45

6,9
1

0/6
0/6

-
2/6
3/5

4/6
4/6
4/6
5/6

2
0/5
-

0/5
1/5
-

3/5
3/5
-
-
-

3
-

0/4
1/4
-

3/4
3/4
-
-
-
-

2
1400

2
23

6,9
1

0/6
0/6
-

5/6
5/6
-

5/6
5/6
6/6
-

2
0/8
-

1/8
1/8
-

1/8
4/8
-
-
-

3
-
-

-
-

-
-
•
-

3
740
3,5
45

7,4
1

0/6
0/6
-

2/6
3/6
-

5/6
5/6
5/6
5/6

2
0/5
•

0/5
1/5
-

1/5
3/5

3
-

0/4
0/4
-

1/4
2/4
-

4
740
3,5
23

7,4
1

0/6
0/6
-

5/6
6/6

-
-

2
0/7
-

1/7
2/7
-

4/7
7/7

3
-
-
-
-
-
-
-

5
385

2
45

7.4
1

0/6
0/6
-

4/6
6/6
-
-

2
0/7
-

0/7
0/7
-

3/7
4/7

3
-

0/2
0/2

-
0/2
1/2
-

6
385

2
23

7.4
1

0/6
0/6
-

6/6
-
-
-

2
0/9

-
0/9
0/9

-
5/9
8/9

3
-
-
-
-
-
-
-

TABLE VIII. CRACKED SPECIMENS/TESTED SPECIMENS (INCONEL
600MA. TUBES 3/4" HEAT 1450.

TEST
B(ppm)
Li (ppm)

H2CC/kg H20
(STP)

pH a 309 °C
Series
500h.
lOOOh.
1500h
2000h
2500h
3000h
3500h
4000h
5000h
5500h.

1
1400

2
45

6,9
1

0/7
0/7

-
0/7

in

4/7
4/7
4/7
4/7

2
0/5
-

0/5
0/5

-

0/5
0/5
-
-
-

2
1400

2
23

6,9
1

0/7
0/7

-
0/7
0/7
-

4/7
5/7
5/7
6/7

2
0/5
•

0/5
0/5
-

0/5
0/5
-
-
-

3
740
3,5
45

7,4
1

0/7
0/7

-
0/7
0/7
-

0/7
0/7
0/7
1/7

2
0/5
-

0/5
0/5

-
0/5
0/5
-
-
-

4
740
3,5
23

7,4
1

0/7
0/7
•

1/7
2/7
-

en
7/7
7/7
-

2
0/5

-
0/5
0/5
-

0/5
2/5

•

-

-

5
385

2
45

7.4
1

0/7
0/7
-

1/7

in
-

5/7
7/7
7/7
-

2
0/5
-

0/5
0/5
.

0/5
0/5

-
-

6
385
2
23

7.4
1

0/7
0/7

-
2/7
3/7
-

5/7
5/7
6/7
7/7

2
0/5
-

0/5
0/5
-

0/5
1/5
-
-
-

Comparing tests 1, 3 and 5 with 2, 4 and 6 respectively, the results seem to indicate that
the initiation time in the low hydrogen levels (11.6 kpa) is higher than in high hydrogen
levels (23.3 kpa). This tendency has been shown in test performed by Westinghouse at

Tests made oy Studsvik show a small reverse effect of hydrogen at 33O°C (2).
Nevertheless, the range of partial hydrogen pressures used in STUDSVIK test (7.0 and 13.6
Kpa) and in CIEMAT test (11.6 an 23.3 kpa) can be considered complementary (3).

On the other hand, the results from tests with different pH"s suggest that the initiation
times are lower in test with a higher pH.
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However, the lack of statistically significance may point to the fact that either more
specimens should be tested in each environment, or the influence of tested environments is not
really significant.

These no statistically significant differences in PWSCC initiation time in several test
environments have also been found by Westinghouse [4].
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5.2. Inconel 690 TT and Incoloy 800 in very aggressive environments

Table IX shows the results obtained in several heats of Inconel 690 TT and Incoloy 800 in different
environments, [5]

TABLE IX. Results of Metallographic examination.
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All specimens were inspected with a stereoscopic binocular microscope and some of thein were examined

by metallography to determine depth and morphology of cracks.
Fig. 4 and 5 show the results obtained in 10% NaOH and in 10% NaOH+0.01% OCu.
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Fig. 6-9 show the aspect of cracks detected on Incoloy 800 specimens in caustic and acidic environments

with or without lead. Fig. 10-11 show degradation obtained on Inconel 690 TT specimens in lead caustic and
acidic environments. Similar information is shown in Fig 12-14 for Inconel 600 MA.

SCC resistance of alloy 690 TT in the environments used is superior to that of Incoloy 800 and Inconel
600 MA. However, it is important to emphasize the susceptibility of Inconel 690 TT in lead caustic
environments.

The effect of shot peening on SCC resistance Incoloy 800 is not clear. Furthermore, the results obtained
on Incoloy 800 show the importance of steam generator design in tubing materials behaviour.

5.3. Examination of steam generator tubes

Different types of degradation have been found in seven of the nine steam generator tubes
examined [6-8].

The tube from Almaraz I had two axial through-wall cracks and another crack 92% depth
in the flow distribution baffle region. All the cracks were inter granular, initiated by the
secondary. In this rube, there was also one ID through-wall axial crack at the roll transition
zone.

Three of the six tubes from Asco have been examined up to support plate 11 or 12. The
others have been examined only up to the flow distribution baffle.

The tubes from ASCO had axial cracks, small pitting and shallow inter granular
attack, initiated on the external surface at the elevation support plates, Fig 15. Also, three
of them had OD circumferential cracks at the roll transition . zone, Fig. 16. Besides, ID
circumferencial cracks were found at the roll transition zone of two tubes. In another tube ID
axial cracks have been detected at the same zone. None of the tubes had OD and ID cracks
together at the roll transition zone.

Energy dispersive spectrometry (EDS) was performed on surface deposits at the degraded
zones. The results obtained on the tubes from ASCO point to a Cr enrichment at these zones.
Also, Pb was found in some analysis performed at degraded zones.
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Fig 17 shows a photomicrograph of OD circumferential cracks at the roll transition zone,
and Cr, Fe, Ni X-ray mapping that were performed on this zone. Cr enrichment can be seen at
the bottom layer of the deposits.

The data supports the absence of a strongly caustic environment.

SUMMARY

The results obtained from primary water test point to the fact that initiation time of
primary water stress corrosion cracking are lower in tests with less hydrogen, and
in tests with higher pH. More tests with more samples in each case are necessary.
SCC resistance of Inconel 690 TT in the environments used is superior to that of
Incoloy 800 and Inconel 600 MA. Inconel 690 TT is susceptible to lead caustic
environments.
The effect of shot peening on SCC resistance Incoloy 800 is not clear.
OD axial cracks, shallow pitting and inter granular attack have been detected at the
support plates of steam generator tubes.
OD and ED circumferential cracks have been found at the roll transition zone.
These cracks were not found together.
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Fig. 15.- Metallographic cross section at the 2nd S.P.
Tube- R4C68. SGA Asco II.

Fig. 16.- O.D. Surface at the roil transition zone. Circunferential
cracks can be observed. Tube R8C57. SGA. Asco II.
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Fig. 17.- X-Ray mapping for Fe, Cr,
Tube R4C68. SGA. Asco II.

Ni at the roJ' transition zone.
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On the Risk-Based Steam Generator Life Time Optimisation

Leon Cizelj, Borut Mavko
Reactor Engineering Division, "Jozef Stefan" Institute
P.O.B. 100, 61111 Ljubljana, Slovenia

ABSTRACT

A probabilistic fracture mechanics model is employed to estimate the failure probability of
axially cracked steam generator tubes. The model estimates the failure probability from the
random changes of the influencing parameters such as tube and crack geometry, material
properties and non-destructive examination results, reliability and sizing accuracy and stable
crack propagation. The performance of the model is illustrated by n numerical example. A
steam generator tubing severely affected by the stress corrosion cracking is studied during most
unfavourable accidental conditions. Two different plugging approaches are analysed and the
quality is compared, showing the superior performance of crack length oriented approach over
tube wall thickness reduction both in terms of SG failure probability and extent of plugging.
Thus, apart from setting the acceptable SG failure probability, all elements for the risk-based
SG life-time optimisation are provided on the example of stress corrosion cracking in tube
expansion transition zone.

Keywords: steam generator, stress corrosion cracking, probabilistic fracture mechanics,
sampling inspection schemes.
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1. INTRODUCTION

Steam generator (SG) tubes made of Inconel 600 are experiencing severe degradation
processes. In particular, stress corrosion cracking (SCC) in the tube expansion transition zone
seems presently to be the leading degradation cause [1]. It results in deep, often through
the tube wall, mostly axially oriented cracks [2]. Steam generator tubes represent a
substantial part of the second fission product barrier in a PWR nuclear power plant. Decrease
of structural reliability of affected tubes therefore implies reduced plant availability and
safety.

A variety of maintenance activities have been developed and employed to control the steam
generator and plant safety [3]. In most cases, tubes are examined by non-destructive
examination (NDE) methods. The tubes with NDE indications exceeding certain allowable
extent are then plugged (or sleeved in some cases). The allowable extent of the NDE
indication of degradation is usually called plugging criterion. Generally, two approaches to
define the plugging criteria have been accepted. Traditionally, the approach developed in
United States (US) is employed. Thus, the acceptable defect magnitude equals 40% of the
tube wall thickness reduction [4]. The defect sizing relies on bobbin coil (BC) eddy
current technique (ECT) regardless of the defect type or morphology characteristics.
Examination of a random sample of tubes may satisfy the regulatory requirements completely
[5].

Recently, some European countries developed defect specific plugging criterion for stress
corrosion cracks in tube expansion transition region. In particular, Belgian approach [6]
is considered in this paper. Following Belgian approach, axial cracks up to a certain length
may remain in operation. More effective motorized pancake coil (MRPC) ECT is applied in
this case to enable sufficiently accurate crack length determination [7]. A routine
inspection of 100% of SG tubes is performed. We should note here that tubes which are
declared operable using Belgian approach may be plugged when using US 40% criterion.
This may lead to excessive tube plugging and early SG retirement.

The purpose of the present paper is to investigate the influence of the maintenance strategy
on the SG failure probability. A two step analysis has been performed in this context. In the
first step, the failure probability of axially cracked steam generator tubes has been estimated.
A suitable probabilistic fracture mechanics model has already been proposed by Mavko and
Cizelj [8], following the Belgian plugging approach [6]. In the second step, the
performance of the traditional (40% tube wall thickness reduction) plugging strategy together
with the bobbin coil ECT is assessed on the same defect distribution, following the work of
Cizelj and Mavko [9], In this way, reasonable comparison of both technologies has been
performed by the me-yis of a numerical example. A Slovenian KrSko nuclear power plant
steam generator is considered during the most unfavourable conditions (hypothetical feed-line
break accident). Recent NDE results from KrSko NPP have been used in the analysis.

By defining an acceptable SG failure probability, such maintenance strategy can be chosen,
which minimizes the extent of plugging. However, our intention is to develop suitable failure
probability estimation models rather than setting acceptable values.

165



L. Cizelj, B. Mavko: On the Risk-Based...

2. STEAM GENERATOR FAILURE PROBABILITY

Steam generator failure is defined as the onset of unstable crack propagation in at least one
of the cracked tubes. This is in fact a tube rupture accident. All cracks are assumed to be
through wall, which is a conservative assumption [10]. Further, no credit has been given
to the means available for leak detection.

2.1 Failure probability considerations

Probabilistic fracture mechanics deals with the determination of failure probabilities Pf of
crack containing structural components from the scatter of the applied loads and structural
resistance properties. The failure behaviour of the structure is described by a failure function
g(x), depending on basic random variables x=(xu ..., xj which denote applied loads and
structural resistance parameters such as dimensions and material properties. By definition,
g(x) < 0 implies failure, whereas no failure occurs for g(x) > 0. The failure probability Pf can
be calculated as the probability content of the failure domain g(x)<0:

... /„(*„) dxt ... dxn (1)

where f{(x) represent the probability densities of respective basic variables xit which are for
the sake of simplicity assumed to be stochastically independent. Eq. (1) is sometimes referred
to as failure integral, which can be solved for example by direct Monte Carlo simulation
[11].

2.2 Failure function

Extensive research work has been performed to determine the conditions governing the tube
failure (see for example [12] and [10]). The plastic limit load model has been chosen to
adequately describe the failure [13]. Thus, the failure function may be written as:

g(a.,R,t,K,b,<sv + ow) = Of - mo (2)

The factor m accounts for the crack bulging due to the internal pressure in the tube [14]:

a,

m = 0.614 + 0.386<A ^ I + 0.866

i
(3)

a,, R and t being crack length at the end of inspection cycle, tube mean radius and tube wall
thickness, respectively. Flow stress af is defined by the means of yield stress aY and ultimate
tensile strength aM and adjusted for the operating temperature conditions by factor 8 where
appropriate:

of = K(oY + au)b (4)

The membrane stress perpendicular to the crack direction a is pressure difference (p) induced
tube hoop stress:

a - pi* - I ) (5)
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2.3 Crack length distribution

In the operating steam generator, the vast majority of the influencing parameters and their
respective probability distributions are already known prior to the operation. We will assume
here that the only change affecting the structural reliability is the development of axial
cracks. Therefore, the state of the steam generator tubing under investigation is defined by
the number of cracks and distribution of crack lengths. Furthermore, all maintenance
activities will affect only the number and distribution of the cracks and their respective
lengths. This is in perfect agreement with maintenance strategies in field use (see for example
[6]).

The non-destructive in-service inspection is performed to detect and size the cracks in steam
generator tubing. The number and length distribution of cracks is estimated based on the in-
service inspection results. The tubes containing cracks exceeding specified allowable length
called plugging limit (PL) are then removed from service (e.g., plugged). However, a certain
amount of cracks exceeding PL may be missed during the inspection process. This fraction
is governed by the detection reliability function [PJaJ), which is generally a function of
crack length. We may summarize this behaviour in:

% = 1

an + ae, am + ae < PL

0 othervise

a0 is a random variable representing the crack length obtained after the end of the
maintenance process, while am and ae represent the as measured crack length and
measurement error, respectively, f stands for uniformly distributed random variable.

2.3.1 Detection reliability

Unfortunately, the information about the detection reliability available in the literature is
limited to sentences like "All cracks in excess of 3 mm were detected" [7]. To allow for the
probabilistic assessment of this important parameter, the following assumption has been
applied [15]:

Pd(a) = 1 - exp(- 0.45a) (7)

2.4 Stable crack propagation

A fraction of cracks is propagating in a stable manner during the period between two
consecutive inspections. A simple stochastic combination of stochastic propagation law
proposed in [2] and measured crack length is applied at the moment to yield end of
inspection cycle crack length a,:

a, = a0 + ag (8)

2.5 Tube failure probability

By solving eq. (1), the failed fraction of the given population of tubes is estimated. In order
to predict the probability of having n out of N cracked tubes ruptured, the binomial
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distribution can be applied:

P = ^ P; (i _ pW-n) (9)
" n\ (N -n)\ ' f

Asymptotically, the probability of having one or more tubes failed within the population of
N cracked tubes follows Poisson distribution [11]:

P =

3 BOBBIN COIL INSPECTION EFFICIENCY

(10)

The uncertainties of the BC inspection procedures have been well defined and extensively
discussed by Bowen at al. [16]. However, the sampling plans analyzed did not include
the US NRC Reg. Guide 1.83 [5] sampling inspection scheme. This has however been
investigated by Cizelj and Mavko [9]. The main assumption in this investigation has been that
there is no information about the past defect distributions in steam generator under
investigation. This conservatively allowed for random choice of tubes to be inspected. A
short review of the concept and results is given below.

3.1 US NRC Regulatory guide 1.83 inspection scheme

The tubes with BC indications are described as either degraded (with damage below the
plugging limit PL) or defective, where the tube is affected beyond the PL. We shall assume
that the fractions of defective and degraded tubes in the steam generator are px and p2,
respectively. The probability of finding kx defective and k2 degraded tubes in n random single
tube inspections is then given by:

pkP^ppS'krk2 (11)

To calculate the probability that the steam generator is declared operable (accepted) in the
first inspection step we only have to sum the probabilities of all possible states which are
acceptable according to the procedure defined in [5]. Allowing for D, defective and dx

degraded tubes in a random sample of n} tubes (see Table I) will yield the total probability
of accepting the steam generator in the first inspection step:

p =TTp. <12>

If the first inspection step indicates rejection, additional sample of n2-nl should be inspected.
The acceptance probability is therefore conditional, because only certain outcomes of the first
step (P(lf*2)) will trigger and at the same time enable the acceptable outcome of the second
step (P(211,-2)):

P2 = £i>(lr2)-/>(2|lr2) (13)
i

When analysing the third inspection step the analogous approach should be used.
Additionally, the possibility of bypassing the second step should be taken into account. This
may happen if the allowable values for the second step are exceeded during the first step, but
the outcome still enables acceptance of the third step. Summing over all appropriate outcomes
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Table I Sampling inspection data

Step

i

1

2

3

all tubes

Cumulative
sample

size

138

276

552

4578

Acceptable
No. of

defective
tubes O PL)1

A

0

1

3

N/A

Acceptable
No. of

degraded
tubes (<PL)

d,

13

27

55

N/A

Reference
[5]

C.5.b

C.5.C

C.7.d

N/A

1 defective tubes found during the inspection should be plugged afterwards

again gives:

= £
Some further useful expressions may be derived from the above equations. For example, the
probability of plugging no more than D, tubes is clearly given by />,.

In eqs. (11) to (14) a perfect detection technique has been assumed. A closed form solution
for the real (BC) performance can hardly be expected. Therefore, a Monte Carlo simulation
of the inspection process has been accomplished [9].

3.2 Monte Carlo simulation

A Monte Carlo simulation of steam generator inservice inspection was established (Figure 1)
according to the procedure outlined in [5]. The same conservative assumptions were retained:
no credit is given for any information regarding the history of observed or any other steam
generators. Additionally, no false calls are considered.

First, predefined number of defective and degraded tubes (Figure 3) is distributed on a
random basis over the tube map. Defect distribution in Figure 3 corresponds to the recent
100% BC inspection in the KrSko NPP. Second, an inspection procedure simulation is
repeatedly performed over the same distribution of defects to evaluate the probability of
accepting the steam generator (summing eqs. (12), (13) and (14)). Basically, if the defect is
found within a sample, the decision regarding further processing is made on the basis of
detection probability (POD on Figure 1) as defined in Figure 2. If this decision requires
further processing, the defect size is calculated according to eq. (15). After the inspection
of the initial sample is completed, the findings are evaluated in order to stop the inspection
or to continue with the next inspection step (Figure 1). A typical Westinghouse D-4 steam
generator as installed in KrSko NPP is considered. The sampling inspection parameters are
listed in Table I. Plugging limit is set to PL=50%.
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Define tube map
(random defects)
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ZWt-

3 rd s tep
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sample
inspect

1

all
tubes inspect

1

Figure 1 Monte Carlo simulation setup

3.2.1 Detection probability

In general, the detection probability is a function of parameters which influence the
inspection process. A suitable model, proposed in [16], is based on extensive comparison of
ECT signals and destructive metallographic analyses. This model given in Figure 2 does not
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Figure 2 Defect detection probability

consider the false call probability.

3.3 ECT sizing errors

An ECT sizing error model is proposed in [16], considering the systematic influence of real
defect size X and random influence of other parameters (e.g., personnel proficiency) e on the
ECT reading Y:

Y\X = 17.459 + 0.437 X + e <15>

where e represents a zero mean random error with variance of 261.14.

4 NUMERICAL EXAMPLE

The following situation has been assumed for the purpose of this analysis. The same
population of tubes with cracks in the tube expansion transition zone has been subjected to
both BC and MRPC examinations. The MRPC results have been used to define the extent
of plugging when using Belgian crack length plugging criterion. Also, the SG failure
probability has been estimated from the MRPC data.

The BC examination results have been used primarily to assess the extent of plugging.
Assumption of poor correlation between BC wall thickness reduction data and MRPC crack
length reading enabled straightforward assessment of the remaining SG failure probability.

4.1 Data summary

A typical steam generator as installed in Slovenian KrSko nuclear power plant subjected to
hypothetical accidental operating conditions is taken as a numerical example. The accidental
condition considered is feed-line break with differential pressure of 196 bar. The summary
of geometrical and material data is outlined in Table II, together with assumed "as measured"
crack length distribution.
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Table II Steam generator data summary

Variable

R

t

an

a,

at

K

b

Distribution

Type

Normal

Normal

Gamma

Gamma

Normal

Normal

Normal

Normal

Parameters

H=9.525, (r=0.0254

jt= 1.055, ff=0.0464

a=3.21, 0=0.83

0=0.92, 0=0.69

,1=0.0,^=1.5

,1=0.545, ff=0.03

jt=0.928, a=0.003

,4=1080., <r=54.3

Unit

mm

mm

mm

mm

mm

-

-

MPa

Comment

Mean radius

-

assumed

-

-

-

-

Distributions are not truncated.

The assumed distribution of the wall thickness reductions is given on Figure 3. This is the
finding of BC inspection of KrSko SG-1, which is also characterized by the crack length
distribution as listed in Table II.

5 RESULTS

The failure probabilities presented in this section are based on the hypothetical feed line
break differential pressure. Thus, assuming the feed line break probability to be in the order
of magnitude of 10"2, the absolute SG failure probabilities printed below decrease for two
orders of magnitude.
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5.1 Bobbin coil inspection

Probabilities of accepting the steam generator are listed in Table III. Additionally, average
numbers of tubes found to be degraded and defective during the inspection simulation are
listed, indicating another measure of inspection quality. The probability of accepting steam
generator in first three steps when using perfect detection technique (see Table III) exceeds
20%. Employing real inspection technique as described above increases this probability to
over 60%. In other words, we can conclude that a steam generator with 62 defective tubes
(see Figure 3) will be declared operable in more than half of inspections without significant
plugging.

Table III Sampling inspection scheme results

Step
/

1

2

3

Probab.
of

accept.
P, [*]

15.23

4.39

1.37

ut 1 N/A
tubes II

Perfect detection
Monte Carlo

Probab.
of

accept.
[«]

14.88

4.19

1.49

'79.44

average2 N/A N/A

Average
No. of

plugged
tubes

0.00

1.00

2.85

62.00

49.34

Average
No. of
degrad.
tubes

0.34

0.68

1.32

11.00

Real detection
Monte Carlo

Probab.
of

accept.
[%]

36.71

13.25

10.53

'39.53

8.83 N/A

Average
No. of

plugged
tubes

0.00

1.00

2.75

33.01

13.47

Average
No. of
degrad.

tubes

0.99

1.93

3.95

32.40

13.07

1 probability of rejecting steam generator after three inspection steps
2 expectation in repeating the examination of the fixed defect pattern

Further, it is clear (Table III) that defective tubes are governing the acceptance/rejection
decision process. While perfect inspection technique will pick up all the tubes with any kind
of degradation if 100% inspection was performed, we can only hope that half of defective
tubes will be plugged using the real inspection technique. This fact may have considerable
consequences in studying the steam generator tube rupture probability.

5.2 MRPC inspection

A parametric study has been performed showing the influence of the applied plugging limit
on the SG failure probability. The decrease of failure probability with decreasing plugging
limit is clearly shown on Figure 4 (points denoted as MRPC), especially for values below
16 mm. Additionally, the number of plugged tubes is shown as a function of applied
plugging limit on Figure 5. For plugging limits in excess of 12 mm, no significant plugging
is necessary. However, it becomes progressive when decreasing PL below 10 mm.
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5.3 Life-time optimization considerations

Comparison of plugging rates caused by both plugging strategies is shown on Figure 5.
Following the assumption of poor correlation between BC and MRPC results, the BC
plugging does not depend on the crack length based plugging limit. Therefore, if the SG
inspection by BC is satisfactorily completed after Step 2, only one tube has been plugged,
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as shown in Figure 5 and Table III. Recalling Table III, the probability of having this case
is 13.25%. If the 100% inspection by BC has been performed, 32 tubes have been plugged.
It is obvious, that on the given defect distribution, Belgian plugging strategy performs better.
Even at technically minimal plugging limit of 4 mm (MRPC reliable detection threshold is
about 3 mm), it will not exceed the number of tubes plugged following traditional US
approach.

The situation is very similar when considering SG failure probabilities. When the SG is
declared operable after the Step 1, which has the probability of 36.71%, all cracked tubes
will remain in operation (Figure 4 and Table III). This situation is effectively the same as
no plugging at all in terms of Belgian approach. Even for the 100% inspection, the
traditional plugging can not perform better than Belgian with plugging limit set to 14 mm
(Figure 4).

Comparing Figure 5 and Figure 4, the space constrained by plugging limits of 8 and 14 mm
seems to be optimal from the viewpoint of the number of plugged tubes, when using Belgian
plugging approach. The SG failure probability can be adjusted by a factor of 2 in this range.
However, if lower SG failure probability is required, it can be achieved on expense of
reduced SG performance.

6 CONCLUSIONS

A complete methodology for assessing the steam generator plugging strategy has been
proposed for the case of axial stress corrosion cracking in tube expansion transition zone. It
consists of a probabilistic fracture mechanics model and a Monte Carlo simulation setup
designed to assess the bobbin coil inspection uncertainties. Also, the random sampling
inspection scheme contribution to the overall inspection uncertainty has been considered.

This methodology enables the comparison of different plugging strategies such as US NRC
wall thickness reduction and Belgian crack length plugging criterion together with appropriate
inservice inspection concepts. Steam generator failure probability and number of plugged
tubes are proposed as a measure of efficiency.

A numerical example considering the KrSko NPP steam generator has been presented. The
failure probability of steam generator tubing, severely affected by stress corrosion cracking,
has been calculated. Further, by comparing the efficiency of both plugging approaches
studied, the Belgian approach is recognized to be superior both in extent of plugging and
steam generator failure probability.

For a given numerical example, the optimal plugging limit in terms of allowable crack length
is derived. It minimizes the extent of plugging at given steam generator failure probability,
thus extends the steam generator life time. However, no attempts have been made to define
the acceptable steam generator failure probability.
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RECENT PROGRESS IN NUCLEAR POWER PLANT LIFE
EXTENSION TECHNOLOGY DEVELOPMENT

KAZUYUKl KOHASHI
Japan Power Engineering and Inspection Corporation, 5-11; Akasaka I-Chome; Minato-ku;
Tokyo 107; Japan

ABSTRACT

In Japan, Plant Life Extension technology development project to evaluate the integrity of
plant components during an 80 year operating life is implemented. In this project, thermal
aging condition for low alloy steels and stainless steels equivalent to an 80 year operating life
was determined, and fatigue strength and fatigue crack propagation tests of thermall) aged
materials based on determined thermal aging condition, fracture toughness test of irradiated
stainless steels that are obtained from the actual reactor internals and development of
prediction mcdel of irradiation assisted stress corrosion cracking were performed.

This paper presents the test results of fatigue strength of thermally aged low alloy steels
and fracture toughness of irradiated stainless steels.

1. INTRODUCTION

In Japan, it is expected that nuclear power will continue to play an important role in
electric power supply. Since it is expected that the fast breeder reactor (FBR) will be
introduced sometime during the first half of the 21st century, light water reactors(LWRs) will
continue to play a key role for some 30 to 50 years to come. For this reason, technology
development projects are being implemented to further enhance LWR technology and thereby
improve the reliability of LWRs.

The Plant Life Extension (PLEX) technology development project is an 11-year plan
which started in fiscal year 1985. The objectives of this project are to extend the service lives
of existing LWRs to increase the energy generated by these plants during their lifetime and to
reduce the lifetime generating cost. The Japan Power Engineering and Inspection Corporation
(JAPEIC) has been assigned this project by the Ministry of International Trade and Industry
(MITI) and is currently implementing this technology development project.

This paper presents recent activities with respect to the effects of thermal aging on low
alloy steels and fracture toughness of irradiated stainless steels among verification tests on plant
component materials that are implemented under this project.

2. PROJECT OUTLINE OF PLANT LIFE EXTENSION TECHNOLOGY
DEVELOPMENT

Technology development related to PLEX is implemented under a framework as shown in
Fig. 1 and consists of the development of life prediction technology, monitoring technology
and repair, replacement and refurbishment technology. The schedule is shown in Fig. 2. The
monitoring technology is being developed under separate project.

This PLEX project is divided into three Phases, as shown in Fig. 2.

The feasibility study of Phase 1 was completed during fiscal year 1986. The important
components and structures that are likely to govern the lives of nuclear power plants were
selected and preliminary life prediction was conducted for these important components for a
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typical nuclear power plant. Simultaneously verification tests to be implemented in Phase 2
were identified.
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FIG.1. Framework of Technology Development for PLEX
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FIG.2. Schedule of Technology Development for PLEX
The verification tests for Phase 2, relevant to degradation of plant component materials

due to thermal aging, monitoring technology and technology of repair, replacement and
refurbishment, are being performed at the present time. The task for LWR are as follows;

(1) Fatigue life of thermally aged low alloy steels and stainless steels in the simulated
LWR water environment

(2) Thermal aging of duplex stainless steels
(3) Fracture toughness of irradiated stainless steels
(4) Irradiation-assisted stress corrosion cracking behaviour of stainless steels
(5) Reconstitution techniques of RPV surveillance test specimens using unirradiated

low alloy steel
(6) Conceptual design of remotely controlled automatic half bead welding equipment

for repair
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The studies of task (5) and (6) were completed by fiscal year 1989 and presented at the
specialist meeting in Madrid, Spain, Sept. 1991. Although tasks (1) to (4) are still in progress,
this paper presents the recent activities of these tasks.

In the overall evaluation of Phase 3, the age-related degradation data regarding the plant
component materials will be compiled, and the life extension scenario of nuclear power plants
will be developed.

3. FATIGUE LIFE OF THERMALLY AGED LOW ALLOY STEELS IN THE
SIMULATED LWR WATER ENVIRONMENT

Reactor pressure vessel and primary coolant pipings are made of low alloy steels and
austenitic stainless steels, respectively. Although the operating temperature of LWRs is
relatively low, degradation such as temper embrittlement in low alloy steels and grain boundary
precipitation of chromium carbides in stainless steels are supposed to occur owing to thermal
aging during plant operation, and it is available to clarify the effects of thermal ??:ng on fatigue
strength for the assessment of the integrity of reactor components. Therefore, the effects of
thermal aging on fatigue strength and fatigue crack propagation rate in air and simulated LWR
water environment, using thermally aged materials, were evaluated in this task. Other
mechanical properties were also evaluated.

The tests were divided into two steps. The first step is a preliminary test and the second
step is a fatigue test using simulated LWR water environment.

This paper presents the results for the BWR but the similar results were obtained for the
PWR.

3.1 Preliminary Test

Preliminary test was performed to determine the thermal aging condition equivalent to an
80 year operating life and to evaluate the degradation tendency of materials due to thermal
aging. An 80 year operating life was determined in consideration of margin.

3.1.1 Test Materials

Test materials are low alloy steels, SA508 CI.2 and SA533 Gr.B Cl.l, for reactor vessel
that are used for BWR. Chemical compositions and mechanical properties of these materials
were simulated the materials that were supplied the early domestic BWR plants as we can.

3.1. 2 Thermal Aging Condition

Test materials were thermally aged at 300, 350, 400 and 450 °C for 100 to 10,000 hr"s.

3.1.3 Tests Procedure

Microstructure, hardness, tensile and Charpy impact tests were performed.

Tensile tests were carried out at room temperature and 289 °C in air according to JIS
Z2241 and JIS GO567, respectively. Charpy impact tests were carried out using a temperature
range of-150 to 100 °C in air according to JIS Z2242.

3.1.4 Progress up to Date

No significant changes due to thermal aging were observed in the microstructure,
hardness and tensile properties. Only significant changes were observed on the transition
temperature in Charpy impact tests. Transition temperatures (vTr50) that are obtained from
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transition curves of Charpy absorbed energy for the low alloy steels aged at 450 °C are shown
in Fig. 3. The value of vTr50 of SA5O8 C1.2 began to raise from approximately 300 hr's at

450 °C. Also SA533 Gr.B Cl.l gave
similar results.

Thermal aging condition for
fatigue tests in the simulated BWR
water environment to evaluate an 80
year operating life is determined using
Arrhenius' equation and Larson-Miller-
Parameter based on the Charpy impact
test results and data from literature's,
respectively.

AQinQ temperature
o soo'c SA5O8 CI2

owo'C

O 430 'C

10 »

Aging lime (hi

FIG.3. Relation between ageing time and
transition temperature.

Activation energy (Q) in the Arrhenius1 equation (1) was estimated from the transition
temperature at test temperature of 400 and 450 °C.

t = t o exp. (-Q/RT) (1)
Among the obtained Q values, the most conservative value, 150 kJ/mol, was selected for

Q. Thermal aging condition equivalent to an 80 year operating life was calculated as
400 °C x 3,526 hr's using this value.

On the other hand, regarding D in Larson-Miller-Parameter equation (2), 8 that was the
most conservative value found in literature's was selected. [Ref. 1]

P = T ( D + logt) (2)
An equivalent thermal aging condition using this value is calculated as 400 °C x 3,652 hr's

which is very close to the value that is estimated from Arrhenius' equation. Therefore, the
thermal aging condition for the low alloy steels equivalent to an 80 year operating life was
determined as 400 °C x 3,700 hr's in this project.

3.2 Fatigue Test in the Simulated BWR Water Environment

Fatigue test was performed to grasp the effects of thermal aging on fatigue properties
needed for the assessment of the integrity of plant components during an 80 year operating.

3.2.1 Test Materials

Test materials were the same as preliminary test.

3.2.2 Thermal Aging Condition

Test materials were thermally aged at 400 °C for 3,700 hr's, which were determined
during the above-mentioned preliminary test. Although the weld metals of low alloy steels and
stainless steels is being tested, available data has not yet been obtained.

3.2.3 Test Procedure

Tensile, impact, fatigue strength, fatigue crack growth rate and fracture toughness tests
were performed to evaluate the degradation of materials due to thermal ageing in air. Fatigue
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strength and fatigue crack growth tests were also performed in 289 °C pure water
( 0.2ppmO2, < 0.3 nS/cm ).

Tensile and impact tests were performed in the same manner as the preliminary test.
Fatigue strength and fatigue crack growth tests were performed by means of strain controlled
triangle wave of 0.4 %/s strain rate and by means of stress controlled sine wave ( R<0.2 ) at the
frequency of 1 cpm using fatigue pre-cracked IT CT specimens with side grooves,
respectively. Fracture toughness tats were performed using fatigue pre-cracked IT CT
specimens with side grooves at the temperature range of-150 to 289 °C according to ASTM
E399orE813.

3.2.4 Progress up to Date

In air, no significant changes of microstructure, hardness, tensile properties, fatigue
strength and fatigue crack growth properties were observed between the unaged and thermally
aged materials. However transition temperatures of the thermally aged materials were slightly
higher in comparison with that of the unaged materials. Maximum increasing transition
temperature was approximately 5 °C. Transition curves of Charpy impact absorbed energy are

shown in Fig. 4.

In high temperature pure water,
fatigue strength, fatigue crack growth
rate and fracture toughness of the
thermally aged materials were slightly
decrease as compared with the unaged
materials.

Fatigue strength of SA508 Cl.2 in
289 °C pure water is shown in Fig. 5.
SA533 Gr.B Cl.l was not performed as
it was supposed to give similar results.

200 Fatigue strength of the thermally aged
materials were lower than that of the

FIG.4. Transition curves of low alloy steels. unaged materials in the low cycle
range, but sufficiently higher than the ASME Code Sec. Ill fatigue design curve. Fatigue crack
growth rate (da/dN) of the thermally aged materials were very slightly accelerated in
comparison with the unaged materials. But fatigue crack growth rate data located between the
ASME Sec.XI water line (R<0.25) and the ASME Sec.XI air line.

Fracture toughness of SA508 Cl.2
and SA533 Gr.B Cl.l showed such a
tendency as the aged materials were
slightly lower than the unaged
materials. But it is no significant
difference.
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4. FRACTURE TOUGHNESS OF
IRRADIATED STAINLESS
STEELS

BWR core internal components
are generally made of austenitic

to' i * I I J L * x J *

stainless steel and are subjected to
FIG.5. Fatigue strenght of SA508 Cl.2 in high radiation from the core during plant
temperature water operation. Although the materials are
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ductile in the original condition, the degradation in toughness is supposed to occur with
exposure to radiation. On the other hand, the assessment of integrity of internal components is
to be put into practice according to life prediction methodology shown in Fig.6. Life of
internal components is predicted comparing the allowable flaw size to be calculated from
fracture toughness with the irradiation assisted stress corrosion cracking (IASCC) size
estimated from developing model. Therefore, fracture toughness of irradiated stainless steel is
necessary to evaluate the integrity of internal components.

4.1 Test Materials

Test materials are control
blade handles and
instrumentation plungers that are
obtained from an actual BWR.
These are type 304 stainless steels
that were irradiated to the fluence
level of 1.4xlO21 to 6.1xlO21

n/cm2.

4.2 Test Procedure

FIG.6. Evaluation of irradiated stainless steel reactor Tensile and fracture
internals toughness tests were performed

in 289 °C air. Fracture toughness
tests were performed using Short Rod, compact tension (CT) and three point bend (3PTB)
specimens according to ASTM E 399, ASTM 1304 and ASTM 1152, respectively.
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4.3 Progress up to Date

Yield and tensile strength
increased as the fluence
increased. This is the tendency
that is generally observed.
Fracture toughness of
irradiated stainless steels is
shown in Fig. 7, with the data
from literature's. Fracture
toughness obtained from
Short Rod and CT tests were
almost same values though
the fluence levels were
different. Fracture toughness
decreased as the fluence

increased, and it was observed that the decreasing tendency saturated above the fluence level
of 1021 n/cm2.

ruJENCE IN/CU2 . £ > IMtvl

FIG.7. Fracture toughness of irradiated stainless
steels.
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5. SUMMARY

Our Plant Life Extension technology development project is progressing smoothly. With
the available data obtained so far, the following summary can be made;

*Based on the preliminary test results of thermally aged materials, the thermal aging
condition for low alloy steels equivalent to an 80 year operating life was
determined and the effects of the thermal aging on fatigue strength and fatigue
crack growth rate of low alloy steels in the simulated LWR water environment
were clarified.

*Fracture toughness tests for reactor internal components obtained from the actual
LWR reactor were performed. Fracture toughness of irradiated stainless steels
decreased as the fluence increased, and it was observed that the decreasing
tendency saturated on the high fluence range.

*Also, the other verification tests such as the effects of thermal aging on weld metals
of low alloy steels and stainless steels, thermal aging of duplex stainless steels
and development oflASCC model are progressing smoothly.
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THE EVALUATION OF INTEGRITY OF THE W E R
STEAM GENERATOR TUBES

MARTIN WILAM, IVA CERMAKOVA
Research Institute qfVITKOVICE, 706 02, Ostrava, Pohranicni 31
Czechoslovakia

ABSTRACT

The eddy - current inspection is applied by VITKOVICE to non - destructive testing of
the steam generator tubes. The steam generator 16 x 1.5 mm tube specimens made of AISI
321 steel with stress corrosion cracks have been evaluated.

These specimens were tested by single frequency eddy current inspection method.
Samples with indicated flaws were metallographically sectioned to find out actual extent of the
corrosion degradation . The relationship between indication of the tube wall corrosion damage
and actual extent of corrosion attack or stress corrosion cracking (SCC) were found out.

Pressurized specimens with machined notches of various geometry were tested up to
failure and the effect of length and depth of the flaw on the burst pressure has been evaluated.

Keywords: steam generator tubes, corrosion flaws, eddy current inspection, burst test.

INTEGRITY EVALUATION

The experience with W E R steam generators shows that the secondary side transgranular
stress corrosion cracking (SCC) presents one of the most common reasons of loss of the steam
generator tube integrity and fundamentally influences safe operation of the steam generator.
The non destructive examinations are applied to detect the possible degradation in time and
with the sufficient precision. On the basis of the non destructive testing we can decide on
plugging the tube with the defect.

The aim of this investigation as to find
how accurately the eddy current measures the

100

80

60

20-

actual flaw size. The influence of various
factors affecting the accuracy of the eddy
current flaw indications is discussed.

The single-frequency eddy current
measurements were made with "Zetec MIZ
7" test equipment. Twelve samples of 16 x

2, 4(, e,, go 100 1.5 mm VVER steam generator tubes made
ectn»ct*d crick Ltngth i%l of AISI 321 type stainless steel were

'• * • evaluated by the eddy current inspection and
by the metallographical analysis. The flaws had been created by exposing pressurized tube
specimens to aggressive environment.

After that the samples were eddy current tested and they were metallographicaly sectionec
to establish real depth, length and width of the indicated flaws. The percentage of the tube wal
damage was calculated from these data.

The eddy current estimates of the flaw size versus the actual degradation extent ar
plotted in Fig. 1. In fifteen flaw areas, that is in 60 % cases, was the difference betweei
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indicated and real size of the wall damage smaller than 15 %. The lengths of the through wall
flaws on the inner surface of the tube together with the eddy current indications are presented
in Table 1.

TABLE 1.

Any influence of the length,
depth or the width of the flaw on
the value of the difference
between the eddy current
indication and real size of the flaw
has not been noticed.

The accurate eddy current
measurement of the actual size of
the stress corrosion cracks is only
the first step in the process of
evaluation of the tube failure
strength.

The next one is the tube
integrity test - burst test.

The set of samples with machined flaws were tested at operation temperature (300 °C).
Fig. 2 shows the effect of increasing length on burst pressure for different depths of flaws.

In Fig. 3 the effect of variable flaw
depth is presented for three different flaw
lenghts. The burst pressure was observed to
decrease rapidly as flaw length and depth
increased.

Flaw

A1
A2

B1
E2
E3

H1

11

L1
M1

N1

EC
indication
[%]

23
63

48
95

100

89

95

79

86

80

Length on
inner surface
[mm]

1.5
1.0
2.0

1.5

1.0

1.0

1.0

3.0

1.0

6.6

100
90

TO

eo
so
*°
20
10

8..

17.6 20 S2S
ft** hnQttt [mm]

27.5

• d-40% * d«50% • d«80%

• d»70% x d»B0% * d-00%

FIG.2. Burst test. Mechanical flaws.
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FIG.3. Burst test. Mechanical flaws

Measurement of real values of the
fracture toughness from which we can
compute the critical size of the defect for
steam generator tubes is practically
impossible. It became necessary to estimate
value of the fracture toughness on
specimens that had been taken away from
collector of the VVER-440 steam generator
made of the same type of steel - AISI 321.
The J - a curves are plotted in Fig. 4 ( for
20 °C ) and Fig. 5 ( for 350 °C ).

Fracture toughness measurements,
theoretical models and experiments have
shown, that the defect of critical size will
hardly propagate catastrophically and the
probability of the collapse of steam
generator tube is extremely low.
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FINITE ELEMENT METHODS FOR ANALYSING OF
SOME PRESSURIZED COMPONENTS OF THE REACTOR IN
THE PRIMARY CIRCUIT AT PAKS

by
Z. Zsidi, L Balogh, Z. Vigh, I. Kdlman -Piko,

A-GEPLTD,
H-6726; Szeged; Sasstr. 1/6;
HUNGARY

1. ABSTRACT

A-GEP LTD. was founded by the Nuclear Power Plant Company in Hungary , and the
aim was to solve the mechanical engineering problems that had arise during the operation of
the Power Plant in Paks. We had access to the leading finite element software (e.g.
COSMOS/M, ALGOR, NISA) on PCs (AT 386) to solve the problems.

NPP Paks operates four WWER-440 V-213 type units. Many components of the Power
Plant have been analysed to determine the critical elements due to operational and extreme
loads (e.g. operational vibration, earthquake reliability, load-follow operational mode.).

Some works are presented herewith to show the possibilities of analysing the components
of the primer circuit with FEA methods:

• Dynamic modelling of the reactor block supplied the natural frequencies and the
weak point of the structure in case of earthquake excitation.

• Stress analysis of the steam generator made it possible to choose the optimum
cooling process before cleaning it.

• Analysing the temperature distribution on the collector of the steam generator
•when manoeuvring showed the temperature variation and its range in the vicinity
of the collector.

• Thermal shock analysis of the breakdown feedwater injection of the steam
generator when cleaning it gave help in determining its effect on the service life.

• During load-follow operational mode the temperature of the pressurized hot water
in the primary circuit pipes is varying. It causes repeated loading to the pipes
and the connecting vessels which may result in the loss of remaining life.
Our paper dealing with the life time calculation of the pipes (signed as 20YPI0
and 20YP20) connecting the primary circuit loop to the volume compensator.
Experts of the Power Plant had simulated the load-follow operation, and provided
the change of temperature in the pipes, and supplied the designs documentation.

2. DYNAMIC MODEL OF THE REACTOR VESSEL

The reactor vessel is modelled with SHE1I elements. It holds the upper block, and contains
the inner cylinder. The primary circuit loops are connected with it as well. It bears the entire
weight of the reactor and joins the concrete wall. The inner cylinder and the planes of split in it
are also modelled with SHELL elements. The upper block consists of BEAM and PIPE
elements. The control rods and the other internal parts of the vessel are reduced into the axis
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and are modelled with equivalent beam. The wire frame model of the reactor can be seen in
figure 1. (The model was built with SAP86 FEA program.)

FIG.1 Wire frame
model of the reactor
vessel

First the self-fre-
quencies were computed.
The upper block turned
out to have the lower fre-
quencies. Table I. shows
the first 13 self-frequ-
encies:

TABLE 1. Self resonance frequencies of the reactor vessel

No.
1 .
2 .
3 .
4 .
5 .
6 .
7 .

Freq.(Hz)
1.562
1.566
1.695
3.751
3.789
4.658
6.228

No.
8.
9.
10
1 1 .
12.
1 3 .

Freq.(Hz)
6.984
7.032
10.58
11.83
11.97
26.24

FIG 2. 9th modus of the
reactor

Knowing the natural
frequences a responce
spectrum analysis was per-
formed using the earth-
quake spectrum supplied
by the Power Plant. The
excititation frequencies
covered the firs* 13 fre-

quencies of the reactor which belonged to the upper block. The maximum displacements were
computed at the operator's stage of the upper block. The global stresses caused by the base
excitation remained at low level. A proposal was made to analyse the internal parts and the
upper block of the reactor respectively by means of more sophisticated models to compute the
local stresses precisely and so to determine the weak point of the reactor. Nevertheless the
results of this global model have showed that the upper block is the weaker when base
excitation is performed and so it must be taken into consideration.
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3. STRESS ANALYSIS OF THE STEAM GENERATOR

After long operational periods, the steam generators must be cleaned from the internal
deposit which deteriorates the heat transfer. Before the cleaning the steam generator must be
cooled down. The cooling process is performed by cooling down the water inside the vessel.
The water fills in about three-quarter of the vessel. The cooling process causes inhomogeneous
temperature distribution on the barrel shell which results in some stress field. The NPP staff
elaborated different technologies for the cooling process, and the optimum had to be selected
by the finite element stress analysis.

The maximum temperature difference between the parts of the shell of the steam
generator during cooling is:

Tl = 100 °C Temperature of the shell under the water level

T2 = 134 °C Temperature of the shell above the water level

The temperatures of the intermediate points were calculated by linear interpolation.

The model of the steam generator was made with the COSMOS/M FEA system (ver.
1.61.). The wall of the steam generator is built with SHELL elements. We took into
consideration the internal pressure and the weight of the internal pipes as well.

FIG.3. The deformed
shape of the steam
generator

The deformed shape
of the steam generator is
peculiar: the middle part is
curving upwards. It is due
to the higher temperature
of the shell above the
water level. The maximum
VON-MISES stress is in

the middle horizontal line
of the barrel shell where the
thicker part of the wall is
connected with the thinner
shell. Its value is 79 MPa.
The allowable stress level is
130 MPa.

The deformed shape
and the VON-MISES stress
distribution of the steam
generator can be seen in
figtires 3 and 4.

During the cleaning
process the steam gene-
rator wall temperature was
measured. The stress

Lin STRESS Lc-1 II ^ _ ^ 1 UonfUsuB
^ki •7.783B+07
Q ^ •6'.7^52E+07

M A •5.'7075B+07
(Bra ^5.18870+07
M i l •'?.669eB+07
M>7 y3.6321E-t07
R»f B3.1132H+07
gff •2.59'»3E+07
I n •2.0755E+07
AAMI Hli0377B+e7
^ ^ •S.1887B+8G

FIG.4. VON-MISES Stress distiibution of the steam generator.
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analysis also was repeated using the measured temperature values. The new values were:

Tl = 99 °C
T2 =140 °C

The deformed shape and the stress distribution are similar to the previous ones. The newly
calculated maximum VON-MISES stress is 86 MPa.

The results shown that the cooling down of the steam generator before the cleaning
process does not cause higher stresses than the allowable level.

Tenp. TEfiP.

4. THERMAL SHOCK ANALYSIS OF THE BREAKDOWN FEEDWATER
INJECTION OF THE STEAM GENERATOR

During cleaning of the steam generator, the chemical fluid is feed through the breakdown
feedwater injection. The temperature of the chemical changes abruptly which causes thermal
shock on the pipe. The maximum stresses and the loss of life of the feedwater injection had to
be calculated. The problem was analysed with previously calculated input data and with
measured data as well. The results of the measured data is presented herewith.

The model was built with axissymmetric solid elements as the geometry, the boundary
condition and the loading are symmetric. Thus more precise results can be obtained with fewer
elements.

Initially the temperature is 160°C. At first 85°C water is feed as long as 40 minutes. The
internal pressure is 1 MPa. The calculated heat transfer coefficient on the inner surface of the
pipe is 5400 W/m^K, and on the outer surface - due to the condensed saturated 160°C steam -
is 8000 W/m^K. A transient process had to be analysed in which the moment where the
temperature gradient along the thickness the greatest was had to be determined. The 4th
second turned out to be critical. The temperature distribution in the 4th second can be seen in

figure 5.

The Von-
Mises stress dis-
tribution caused
by temperature
distribution can
be seen in figure
6. The maximum
stress is 142 MPa
and is located on
the inner surface
of the feedwater
pipe where the
thermal sleeve
connects it.

Amongst the
stress
components the

tangent stress is the determinant. After the 4th second the temperature difference decreases
somewhat and it takes a steady state condition. At the end of the feeding process the maximum
Von-Mises stress is about 100 MPa.

L L

• n <
sra>

117.219

154.131

1S1.131

MIH - 112.65
NOD » 673

NOD '

1S1.64

16B?

FIG.5. Temperature distribution of the Breakdown feedwater
injection in the 4th second of the cooling
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The cleaning process causes cyclic loading to the breakdown feedwater injection. The
allowable cyclic number on the basis of the fatigue life curve is 7*105. The planned number of
the cleaning process is 5. Its effect on the remaining service life is negligible.

UON niSES
S5899I2835899

•W689S2
6162886
913CW
1817967

1228156

FIG.6. Von-Mises stress
distribution of the
breakdown feedwater
injection in the 4th
second of the cooling
process

5. ANALYSING THE EFFECT OF THE LOAD FOLLOW OPERATION ON THE
COLLECTOR OF THE STEAM GENERATORS.

During load-follow operation the temperature of the hot line collector of the steam
generator is varying according to the variation of the operational power of the reactor. The
temperature distribution and the variation of the temperature in the vicinity of the intersection
between the collector and the steam generator had to be computed.

The model was built with COSMOS/M FEA system (version 1.61.). Due to the symmetry
only one half of the structure was modelled with SOLID elements. On the regions of greater
temperature variation finer mesh was formed. The model consists of 2165 nodes and 1472
elements.

The temperature variation in the hot line of the primary circuit was simulated by experts of
the Power Plant and was used as input data. The temperature distribution was computed at full
power and at half power as well. At the beginning of the analysis the reactor operates with full
power, that is the initial temperatures are the following:

297°C of the water in the hot line collector
260°C of the water in the stem generator (outside of the collector)

At half power the temperature of the water in the hot line decreases to 277°C, but the
temperature of the water in the steam generator remains unchanged. It can be seen that the
temperature difference at full power is greater than that at half power. The computed
temperature distribution at full power can be seen on figure 7. At half power the temperature
distribution is similar. The mean changes of the temperature are localized on the collector. The
temperature of the shell of the steam generator does not alter. The local stresses arise from the
temperature gradients. As the temperature gradients are greater at full power, the stresses are
higher as well. During load change the hot line temperature is changing and it causes stress
amplitude to arise. The model can be improved to compute the stresses caused by temperature
gradients.
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FIG 7. Temperature distribution of the hot line collector of the steam generator
at full power

6. ANALYSIS OF THE PRIMARY CIRCUIT PIPING

Three models have been elaborated with COSMOS/M FEA system (ver. 1.61. and 1.65.)
to solve the problem:

/. A global model of the pipe system was built so that we could compute
deformations and stresses caused by permanent operational loads at maximum
continuous power (gravity, pressure, temperature). Figure 8 shows the
axonometry of the pipes 20YP10 and 20YP20.

2. A local model of (he connection betH'een the pipe system and the volume
compensator was built to analyse only the effect of the manoeuvre operation that
causes varying load. Due to double geometric symmetry and symmetrical load
only a quarter of the intersecting pipes was taken for modelling. The model was
built with SOLID elements.

3. A local model of the connection between the pipe system and the primary circuit
was built to analyse only the effect of the manoeuvre operation. Because of the
symmetrical geometry and loading conditions also only a quarter of the
intersecting pipes was modelled.
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CIRCUIT

Figure 8. Global model
of the pipe system
20YP10and20YP20

Loads applied in THE GLOBAL MODEL:

• Operational temperature at maximum power: 300 °C
• Internal pressure: 12.5 MPa
• Dead weight of the pipe system plus the weight of the hot pressurized water in it.
• Thermal expansion of the volume compensator and the primary circuit loop at the

connection points.

Loads applied in THE LOCAL MODELS:

• Time dependent temperature distribution during load change.
• The variation of temperature of the water in the pipe as function of time had been

simulated by NPP staff and the results were used as input data. (The most
significant temperature variation is taken into account.) The outer surface of the
pipe is presumed to be insulated.

RESULTS OF THE GLOBAL MODEL:

P L C - l

FIG.9. Original and deformed shape plot of
the 20YP10 and 20YP20 pipes from top
view

Figure 9. shows the original and the
deformed shape plot from top view. The
weak points of the pipe are at the
connection points to the volume
compensator and the primary circuit. A
considerable stress is developed at the
supporting points of the pipe. Figure 10
shows the Von-Mises stress distribution on
the inner surface of the pipe in the vicinity
of the connection to the volume
compensator.

193



Balogh et al on Finite Element Analysis....

Lin STHHSS Lc-i

fcpJ>i
Figure 10. Von-Mises stress
distribution on the inner
surface of the pipe at the
connection to the volume
compensator

These stresses are mainly
due to the thermal expansions of
the connecting parts (volume
compensator, primary circuit
loop). The Von-Mises equivalent

stresses at these locations range from 200 MPa to 300 MPa. The relative closeness of the
supports to the volume compensator is the reason for the high stresses at support points as
these constrain the deflection of the pipe due to the thermal expansion of the volume
compensator. It has been proposed to scrutinize the real effect of the supports for example by
means of more sophisticated local FEA model.

Results from the local model at the joint with the primary circuit

The local model takes into consideration only the varying load caused by the temperature
variation of the water in the pipe. First a transient thermal analysis was performed to determine
the point of time where maximum temperature gradients arise. Figure II. shows the
temperature vs. time curves of the inner and outer surface of the 20YP** pipes connecting to
the primary circuit.

WINDOW 11

FORHflT

!

FIG 11. Temperature vs.
time curves of the inner
surface (darker curve) and
the outer surface (lighter
curve) of the 20YP** pipes
near the connection to the
primary circuit

194



Balogh et al on Finite Element Analysis....

The highest temperature gradient arose on the 436th second. Figure 12 shows the
temperature distribution

TEHP.

1

V
V
V
\
\

V
^ N S S H B M M I M I

uSmmMm•
ii0MM^

ZSH < 2E7.477
M l < V*. 9S4
M l < 274.431
H I < 277. we
H I < 201.38S
Ml < 294.ee?
• g S i 281.962

ntw > 2Si.ee
KID ' 1121

nRX • 288.53
MOD • 17*8

FIG 12. Temperature
distribution of the
20YP** pipes at the
connection to the
primary circuit on the
436th second

After the thermal
analysis a static stress
analysis had to be run in
which the results of the
thermal analysis were used
as nodal temperature load-
ing. The thermal expansion
of the connecting pipes
was not restricted so that

the stresses caused by only the thermal gradient along the thickness of the pipe shell could be
computed. The maximum stresses arose on the bottom surface of the pipe close to the
intersecting curve. The computed local stress components:

Sa = 114.8 MPa - Axial stress
St = 99.4 MPa — Tangential stress
Sr = 0 MPa — Radial (normal) stress

Stresses decrease somewhat as going away from the intersecting curve:

Sa = 68 MPa
St = 68 MPa
Sr= 0 MPa

Stresses on the outer surface remain at low level. This is due to the slower temperature
changes towards the outer surface. Figure 13 shows the tangential stress distribution on the
436th second.

SIGfiHV

^ - ^ ^ ^ ^ ^ ^
^ ^ ^ ^ ^ ^ ^

" ^ ^ ^ ^ ^ ^ ^

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ • I H H I ^ 3737376

VMWMH^KSAVAMU1 1^ ' """*>
M S ^ M B M B S ^ H E 8 9 ! S H MH < «K*>39
W B ^ l B l ^ ^ H < E33H7W

^ V B H M | I H < B327148
"5i > 8327148

TON - -16*296
NOD - 2112

t«W • 1831S4
MOD • ITW

FIG. 13. Tangential stress distribution at the 436th second.
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Results from local model at joint with volume compenzator.

The problem to be solved was quite similar to the one described above. First a transient
thermal analysis was performed with the simulated temperature data of the water inside the
pipe. The most significant temperature gradients arose on the 156th second.

FIG. 14. Temperature
distribution of the
20YP** pipes at the
connection to the
volume compensator on
the 156th second

Figure 14 shows the
temperature distribution on
the 156th second. The
static stress analysis with
temperature loading
showed the critical regions

at this moment. The maximum stresses arose on the bottom surface of the pipe close to the
intersecting curve:

Sa= 122 MPa
St= 124 MPa
Sr = O MPa

Going away from the intersecting curve, stresses decrease to the following values:

Sa = 76 MPa
St = 84 MPa
Sr = O MPa

UON M S EG

• • < £9994^9
• • < 8719956

HIM • 99277S
NOD - J1W

rv« • i?isee
NOD - T iV

FIG. 15. Von-Mises
stress distribution at the
connection with the
volume compensator on
the 156th second

Stresses on the outer
surface remain at low
level. Figure 15 shows the
Von-Mises stress distribu-
tion at this time.
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7. CALCULATION OF THE LIFE TIME REDUCTION CAUSED BY LOAD
FOLLOW OPERATIONAL MODE

Knowing the stresses caused by permanent loads and the stresses caused by cycling load
the reduction of life-time can be calculated. From the cyclic stresses the typical stress
amplitudes were derived. In the remaining 25 service years of the Power Plant, the planned
number of the cycles is 8750.

First the allowable cyclic numbers were calculated. The fatigue life curve of the material
of the pipe was also accessible (MND 38.434.54-80 INTERATOMENERGO; austenitic steel).
The calculation was performed on the basis of the standards of INTERATOMENERGO and
on the guidelines of ASME as well. Table 2 and 3 show the calculated allowable cyclic
numbers at the joint to the primary circuit and at the joint to the volume compensator.

TABLE . 2 . Calculated allowable cyclic numbers for manoeuvring at the
connection between the pipes 20YP10, 20YP20 and the primary circuit loop.
(Two amplitude groups were examined as typical amplitudes;(see also fig. 11).

First amplitude group
Second amplitude group

ASME
250000
>io°

INTERATOMENERGO
173300
891900

TABLE . 3 Calculated allowable number of load-follow cycles at the connection
between the pipes 20YP10, 20YP20 and the volume compensator.

ASME
700000

INTERATOMENERGO
600000

Knowing the planned cyclic numbers the additional tag of loss of life factors were
determined. Table 4 shows the calculated values, (note that both in the simulated data and in
the modelling process the calculation was made with conservative safety factors.)

TABLE 4. Calculated life reduction due to load-follow operation

Location

Joint to_primary circuit
Joint to volume compensator

ASME
(%)
3.5
1.25

INTERATOMENERGO
(%)
6.9
1.4

8. REFERENCES

[1] COSMOS/M User Guide (ver. 1.61 and 1.65.)

[2] Carslaw-Jaeger: Conduction of Heat in Solids (1959, Oxford)

[3] INTERATOMENERGO Codes, (in Russian)

[4] Safety Code for NPP-s. Hungarian Atomic Energy Commission. Vol.4, (in Hungarian)

fjg K.J.Bathe and E.L.Wilson, "Numerical Methods in Finite Element Analysis," PRENTICE-
HALL.INC, Englewood Cliffs, New Jersey, 1976.

197



Pammer on Nozzle Analysis....

Analysis of reactor pressure vessel nozzle cracks subjected to
cyclic pressure and transient thermal stress loads using the p-
extended finite element system PEXFE-3D

ZOLTANPAMMER, GABOR SZABOLCS
PaB Company Ltd.
H- 1115 Budapest, Somogyi u. 28/A

ABSTRACT

This paper presents a WWER 440 reactor vessel nozzle crack analysis. The main purpose
of the analysis was to estimate the safety against two different failure modes as a function of
the postulated crack depth: 1) brittle fracture; 2) fatigue crack growth. Besides internal
pressure load, the structure was subjected to transient thermal effect due to prevention of the
high pressure emergency cooling system.

The problem was solved using a p-extended finite element software called PEXFE-3D
specially designed to the requirements in reliability for the analysis of nuclear power plant
components. All computed quantities (heat flux, temperatures, stresses, strain energy, stress
intensity factors, etc.) are validated by error estimations.

Keywords

Reactor nozzle cracks, heat transfer, fracture mechanics, finite element method, p-version,
stress analysis

1. INTRODUCTION

The cold inlet nozzle (ID 500 mm) to the WWER-440 reactor pressure vessel is one of
the most important part that can influence the lifetime of the primary cooling system. Besides
comparatively high stress concentration under internal pressure load, the prevention of the high
pressure emergency cooling system can generate considerable thermal stresses.

A recent finite element analysis [1] aimed to determine the stress field in the nozzle-to-
vessel intersection area due to hydrostatic test pressure load. Comparison of the computed
peak stress data to experimental results showed good agreement (3 % difference only).

A test problem 'Surface crack in a cladded steel brick subjected to thermal shock
conditions' was also solved to compare the finite element solution to the analytical result [2].
The difference was within 1 % in the stress intensity factor computation.

The above-mentioned results were obtained by the p-extended finite element software
PEXFE-3D. Special technology, called 'p-extension' provides this system the capability to
estimate the modelling and approximation error in those usual cases, when there are no other
sources to compare the results with. Reference [3] provides more details about p-extension.
This paper presents a nozzle crack propagation analysis due to cyclic pressure load and due to
the transient effect of the high pressure emergency cooling system, using PEXFE-3D. The
crack is postulated at the inner fillet of the vessel-nozzle junction.
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2. THERMAL CONDITIONS DURING THE TRANSIENT PERIOD

The effect of the high pressure emergency cooling system (HPCS) injects cold water
(30 °C) to the cold leg of the primary circuit that was initially at the temperature of 265°C.
The injection to the main pipe (ED 500 mm) is located approx. at a distance of 3 m from the
pressure vessel nozzle. The cold water, flowing to the vessel nozzle, suddenly cools down this
region.

Fluid flow conditions could be considerably different, first of all, because of different
ratios of mass flows. Mass flow rate of the cold high pressure injection (HPI) water is
approximately 10 kg/s. However, mass flow rate in the cold leg of the primary circuit can be
different when the HPCS is activated. Therefore we distinguished two extreme conditions.

2.1. Stagnant loop flow (JET SEPARATION)

The stagnant loop flow condition is the limiting case for overcooling transient in a PWR
since it gives the highest rate of overcooling. When the primary loop flow is at (or nearly at) a
stagnant condition, the cold HPI water settles down to the bottom of the cold leg forming a
stratified layer. For this process, we evaluated the temperature distribution of the fluid
discussed in the report of B. K. H. Sun et al. [4], which is based on existing data from mixing
tests at EPRI/CREARE and EPRI/SAI facilities. The most important governing parameters for
the phenomena are the HPI jet Froude number and the Froude number for the cold leg
channel.

2.2. Perfect mixing (MIXED JET)

The primary mass flow rate in the cold leg amounts to 20 kg/s. The temperature of the
mixed flow near to the nozzle is determined by the ratio of loop flow to HPI flow. The
evaluated mixed - mean temperature is 187 °C in good agreement with the measured value.

3. POSTULATED CRACK PROPAGATION

3.1. The crack is initiated at the inner fillet of the nozzle, where the internal pressure
causes the highest stress concentration.

3. 2. The shape of the crack is nearly semi-elliptic (surface crack), the ratio of the
minor/major axis:

3.3. The crack propagation path was designed to hold the following conditions :

3.3.1. The crack should propagate towards to the most intensively cooled area.

3.3.2. The crack assumed to reach the stage marked by 'Max.* in Figure I. which is the
smallest flaw that causes leakage and satisfies the previous conditions as well.

The crack is assumed to go through the stages denoted by A, B and C in Fig. 1. Three
finite element geometrical models were built to include one of the crack stages in the nozzle
intersection area. These geometrical models are simply identified by the letters A, B and C in
the following text.
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•

A
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^ H surface numbering

JJScg| for convective

JB9 heat transfer

Fig. 2. Surface numbering for
convective heat transfer

flaw dimensions

a

b

A
1713

5325

B
34 4

107.0

c
700

2100

Max
148

Fig. 1. Stages of the crack
propagation. Dimensions in mm.

4. Thermal boumdary conditions

The effect of the HPI prevention (detailed in sect. 2) is considered by convective
boundary conditions in the finite element model for the transient heat transfer analysis.
Thermal boundary conditions are approximated by uniform distribution over a face of a finite
element.

The transient time interval was considered from the beginning to 2000 s. This time
interval was divided into 10 (non-uniform) time steps. Proper me step selecon to obtain
oscillation-free temperature vs. time functions is provided by PEXFE-3D based on the theory
and practice detailed in references [5], [6], [7], [8]. This method has become a part of the
German Nuclear Safety Standard [9].

4.1. Heat transfer coefficients during the transient time interval

Surface

identification

numbers (Fig.2.)

1

2

3

4

5,6,7

Fluid flow model

Jet Separation
|\V/ni2K)

960

500

2300

2300

3000

Mixed Jet
rtt7m2K|

1200

500

1200

2600

3000
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4.2. Fluid (water) temperatures for convective boundary conditions

4.2.1. Fluid temperatures assumed to be constant during the transient process

Surface

identification

number (Fig.2.)

1,2

3

Fluid flow model

Jet Separation
I°C)

265

133

Mixed Jet

187

187

4.2.2. Fluid temperatures that vary with time [°C]

4.2.2.1. Jet Separation

Time [s]

Time step

Face U

Face#5

Face #6

Face #7

1

1

144

160

187

240

5

2

142

157

182

230

10

3

142

156

179

225

20

4

142

155

177

220

50

5

141

154

175

215

100

6

140

152

172

210

150

7

140

151

169

205

500

8

140

150

167

200

# Face numbers are identified in Fig.2.

4.2.2.2. Mixed Jet

Time
steps

Time [s]

Face #4

Face #5

Face #6

Face #7

1

1

193

203

219

250

2

5

193

201

216

244

3

10

192

201

214

242

4

20

192

200

213

240

5

50

192

199

210

234

6

100

191

199

210

231

7

150

191

198

209

230

8

500

190

196

206

225

9

1000

190

I96

204

223

10

2000

190

195

203

220

# Face numbers are identified in Fig.2.

5. RESULTS OF THE FINITE ELEMENT ANALYSIS

5.1. Transient temperature distribution

The temperature distributions are shown in Fig. i.(Jet Separation) and Fig. -/. (Mixed Jet)
at different time steps. Colour temperature scales of the figures are different. The maximum
values are the same (265 °C), but the minimum values are set to the minimum water
temperatures (Jet Separation: 133 °C, Mixed Jet: 187 °C).

201



.Pammer on Nozzle Analysis...

tone • 20 •

Transient Jeir

distribution

at different tinve steps

time - 100 •

or- PEXFE 3D
*"* TMERMflL RESULTS

TEMPERATURE

n a x . —

HHH >

I^^B >
i^sl >
IHB ̂nln. -

• 2 . 6 5 0 B * 0 B 2
•2.556e*OQ2
+2.461e*O02
•2.367e*802
*2.273e*002

+2.084e*G02
* 1 . 9 9 0 B * 0 Q 2
+1.896e*OD2
•1.8Qle*002
•1.7O7e*OO2
•1.613e*002
•»1.519e*OO2
•1.424e*0Q2
*1.330e*802
*1.330e*0Q2

FIG. 3. Stress distribution in case of jet separation.
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Fig. 4. Mixed Jet
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Load : internal -pressure 19,3 MPs
( hydrostatic jest conditions )
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PRINCIPflL 1
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•4.615e*8B2
•4.231e*8B2
•3.846e+Q82
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+1.53Be+882
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Crack opening shape
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opening
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o l l d l n a t i l l t n a r l n o ( 1 1 1 )

EDGE X <r-o<l> | O • CBUOo »OOO~1
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FIG. 5. Stress distribution at hydrostatic test conditions
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5. 2. Stress and fracture analysis

5.2.1. Internal pressure load

Principal Stress 1 distribution under hydrostatic test conditions and the crack opening in
case of the crack model C are shown in Fig. 5. The following table summarizes the results
obtained for different crack models. The locations of the maximum Stress Intensity Factor
(SIF, opening mode) are given by the point id. numbers (1,2 and 3 resp.) shown in Fig. I.

Maximum Stress Intensity Factors [ MPa min] Load : internal pressure

Crack model and
Location (Fig. 1)

A 3

B1

C 3

Hydrostatic test,
19.3 MPa

83 (8%)

134(8%)

185(6%)

Operat. pressure
12.4 MPa

53 (8%)

86 (8%)

119(6%)

The bracketed percents indicate the estimated error in the computed data. This result is
also a standard output of system
PEXFE-3D. Values of the
previous table is plotted in Fig. 6.

Fig. 6. Maximum SIF
values vs. crack depth.
Load: internal pressure
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Coiitinuous lines in Fig. 6. denotes the following functions :

For normal operating pressure load KI = 450 Va [ MPa Vm ] ( 1 )

For hydrostatic test pressure load KI = 700 Va [ MPa Vm 1 ( 2 )

where 'a' is the crack depth (Fig. J.). These simple functions, being good approximations
to the computed data, are used in the following.

5.2.2. Transient thermal stress load (due to HPI)

Thermal stress and fracture analysis were carried out at the end of each time steps. The
maximum SIF values, occurred during the transient process, were determined. Results are
summarized in Fig. 7. PEXFE-3D indicated that the maximum percentage error in the
computed SIF data were below 6 % both in space and time.

Comparing the SIF results for Jet Separation and Mixed Jet fluid flow models, small
difference is visible. The reason is illustrated in Fig. 8. While thermal stress distribution due to
Jet Separation has a local nature, the Mixed Jet causes smaller stresses but in a full
circumferential range. The tangential stress has concentration effect on the cracked zone.
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Fig. 7. Maximum SIF
values vs. crack depth.
Load: HPI thermal
effect.

Continuous line in Fig. ~.
denotes the following function

For HPI thermal effect:

Kt = 260 Va ( MPa Vm ] ( 3 )

where 'a' is the crack depth (Fig. L). This simple function, as a good approximation to
the computed data, is used in the following.

6. EVALUATION OF CRITICAL FLAW SIZES AND EXPECTED LIFETIME

6.1. Safety against brittle fracture

The safety factor against brittle fracture is defined as

The acceptance criteria against britde fracture ofpostulated cracks in reactor vessels:

SF> 1
The fracture toughness Kjrj value is available from the rules of Interatomenergo [10],

As the criteria is satisfied in all cases :

CRT - TTKV > 80 °C
where CRT and TTKV denotes the crack tip temperature and

TTKV = RTNDT + TF + DTS
where RTNDT is the reference nil-ductility temperature

TF = 4 °C is the shifting factor due to fatigue
DTS = 30°C is the safety allowance

the fracture toughness is :K,C =

100 MPa Vm for normal operating conditions
120 MPa Vm for hydrostatic test and deviation from normal conditions
200 MPa Vm for emergency conditions

Using the expressions (1), (2) and (3) (section 5.), the maximum flaw sizes allowed
against brittle fracture are the following :

Load : normal operating pressure, 12.4 MPa

1003

™ 450!

Load: hydrostatic test pressure, 19.3 NPa

_ 120-
a™ " 7002
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FIG.8. Thermal stresses
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Load : normal operating pressure, 12.4 MPa + HPI thermal effect

200"
o_._ = r* 1000 = 49 mm

4502

Safety Factor
5

\

Jp - 1

\

2.4 t>

Jp - 19. 3 MN

* —

- — -

• —

— - — .

;

ia 2 0 3 0 * 9 5 0 6 8 7 8
« [ m l >

0 6 9 8

To compare the different
load conditions above, the safety
factor is related to the same
fracture toughness (200 MPa Jm)
in Fig. 9. Under hydrostatic test
conditions or under the HPI
prevention the safety factors are
almost the same.

Fig. 9. Safety Factor against brittle fracture versus crack depth,
p = 12. 4 M Pa : Normal operating pressure load
p = I9.3 MPa: Hydrostatic test pressure load
transient: Normal operating pressure + HPI thermal effect

6.2. Residual life estimation of detected nozzle cracks

The fatigue crack growth rate is characterized by the form (Paris-Erdogan):

da

dn
= CAK" [m/cycle]

where the properties of the material 15H2MFA are obtained from Interatomenergo codes

[10].

For air environment:

C0 = 5.8 10-" and n = 2.66
For surface cracks contacting reactor water environment:

C = C0* 10 = 5.8 10-10

As a function of the detected crack depth a, the residual life of the crack can be calculated
using the expression:

N J
i

f
J daldn

da [ cycle ]

where ar is the maximum size to which the detected flaw is calculated to grow until the
end of vessel design lifetime.
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According to the rules of ASME XI. [ 11 ], the following criteria should be satisfied:

For normal operating conditions :

For emergency and faulted conditions:

a ,
where ac and a, are the minimum critical flaw sizes under normal conditions and for

initiation of nonarresting growth under postulated emergency and faulted conditions
respectively. Combining expressions (1), (2) and (3) (section 5.) with the conditions above,
residual life graphs can be plotted (Figs. JO, II, 12).

Fig. 10. Residual life versus
crack depth. Load cycle:
normal operating pressure.

2 4 6 B IS 12 H 16 18 23 -IB

Fig. 11. Residual life versus
crack depth. Load cycle:
hydrostatic test pressure
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Fig. 12. Residual life versus crack
depth. Load cycle: HPI thermal effect.

7. RELIABILITY OF THE RESULTS

Requirements for responsible decision
making in nuclear engineering problems,
estimation of the error in the computed
results is relevant. The effects of the different
error sources that can influence the final
conclusions are shortly summarized here.

7.1. Fluid flow conditions.

The possible variations in the thermal boundary conditions due to different mass flow rates
resulted in comparatively small ( 5 %) difference in the maximum SIF data.

7.2. Modelling and approximation error

Error estimation in system PEXFE-3D reported the following:

The maximum approximation error
• in the transient temperature distribution was below 3 % and
• in the Stress Intensity Factor computation was below 8 %.

7.3. Error due to the variability of the parameters determining the fatigue crack growth
rate

Fig. 13. shows the percentage change in the residual lifetime of the nozzle crack, when a
parameter is altered by 1 %.

-11

-II

-15
«5 S4 S3

Fig.13. Percentage error in residual life
versus crack depth due to 1 %
difference in the parameters :
AC, An =Paris-Erdogan material data
AF= constant in the form K, = F Va
{ ( 1 ), (2) and (3) in section 5.}

7. 4. Effect of the error in crack size
detection

To realistic evaluation of the consequence
due to error in the flaw size measurement,

the absolute error in crack size should be considered (instead of relative one).Fig. 14. shows
high percentage error in the residual lifetime estimation when the crack is too small or the
crack is near to the end of its life.

CONCLUSION

Reliable computation of Stress Intensity Factors for reactor pressure vessel nozzle cracks
subjected to cyclic pressure or prevention of the High Pressure Emergency Cooling System is
possible using the p-extended finite element software PEXFE-3D.
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Fig.14. Percentage error in residual life
due to the error of 1 mm in the flaw size
measurement. End of life size of the
crack is 79 mm in this sample.

Nozzle cracks at well detectable range
of sizes can resist the cyclic loads considered
here for a sufficient lifetime period, assuming
that the (quite conservative) rules of
Interatomenergo and ASME XI are satisfied.

(Just for comparison : operation manuals allow the following number of load cycles: 20 for
hydrostatic tests, 1000 for normal close down).

The hydrostatic test pressure seems to be too high. A reduction to the factor 1.25 of the
normal operating pressure were more reasonable.

Results of this analysis can serve the reliable evaluation of data obtained by ultrasonic flaw
detection.
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Chairman' report. Session 3

Integrity assessment methods

Session 3.

Chairman: K. Wichman
Co-Chairman: F. Oswald

Mr. Rosinski's (USA) paper entitled: "Nuclear Reactor
Pressure Vessel - Specific Flaw Distribution Developments"
This paper described the development and application of a
methodology to analyse ISI data for the purpose of flaw
distribution determination which is important in reactor
vessel integrity analyses. Application of the methodology was
demonstrated using four recently acquired US. PWR vessel
inspection data sets. An important result is that the
methodology is capable of accepting a database of very few
flaws typical of vessel specific ISI and can incorporate flaw
detection reliability, flaw sizing accuracy and flaw detection
threshold into the analysis. However, it is recommended that
this methodology be disseminated internationally so that it
can be used to analyse plant specific ISI data.

Mr Puls (Canada) dealt with the "Fitness-for- Service
Assessment of Pressure Tubes in CANDU Nuclear Generating
Stations". This paper describes fitness-for-service guidelines
recently developed to assess the integrity of Zr-2.5 Nb
pressure tubes in CANDU reactors. The guidelines address the
evaluation of various types of flaws, flaw growth and
protection against unstable fracture, plastic collapse,
delayed hydride. cracking and other potential failure
mechanisms. The guidelines were released to the CANDU Owners
Group (Canada) for trial use and to the AECB for review and
comment in May of 1991.

Mr. Briceno et al (Spain) presented the Spanish Research
Activities on Steam Generator Tube Degradation. This paper
presented the program one of the Spanish Research and
Development Project on Steam Generators (SG) to investigate SG
tube materials degradation. Inconel 600 MA SG tubes have been
subjected to severe inservice degradation of various forms
e.g., SCC, IGA and denting. The behaviour of 1-600 MA, 1-690
TT and Incoloy 800 was studied under simulated primary and
secondary conditions. In addition destructive examination of
SG tubes from Spanish plants was performed. A significant
result was that SCC resistance of 1-690 TT in the severe
environments simulated is superior to that of Incoloy 800 and
1-600 MA. Also, Inconel 690 TT is susceptible to lead caustic
environments.
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Mr Mavko (Slovenia) dealt with the "On the Risk-based
Steam Generator Life Time Optimization". This paper describes
the development of a probabilistic fracture mechanics model to
estimated the failure probability of axially cracked steam
generator tubes due to SCC. The model estimates the failure
probability from random changes in important parameters such
as tube and crack geometry material properties and NDE
results, reliability and sizing accuracy and stable crack
propagation. The significant conclusion is that after analysis
of two plugging approaches (crack depth vs crack length) using
this model the crack length approach proved superior both in
terms of SG tube failure probability and extent of plugging.
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Integrity assessment methods

3rd Session, 2nd Section

Chairman: Th. Duroy
Co-Chairman: I. Artinger.

Mr. Kohashi (Japan) presented tne recent results of their
Plant Life Extension Technology development programme with
respect to the effects of thermal ageing on low alloy steels
and fracture toughness of irradiated stainless steels. The
main preliminary results were:

• clarification of the effects of the thermal ageing on
fatigue properties of low alloy steels equivalent to an
80 year operating life in a simulated BWR water
environment,

• observation of the decrease of fracture toughness of
irradiated stainless steels as the fluence increases with
a saturation on the high fluence range.

Mr. Wilam, (CSFR) indicated that a material analysis and
some experiments had shown that under WWER steam generator
operating conditions defect of critical size would hardly
propagate catastrophically and the probability of sudden
failure of a steam generator tube was extremely low.

Then, two papers from Hungary dealt with the use of finite
element methods for the analysis of pressurized components of
the reactor.

Mr. Balogh and Vigh (Hungary)aim was
• to determine time dependent stress fields of some parts

of steam generator and pipes caused by transient heat
distribution field during the operational and transient
cleaning processes.

• to predict the vibration parameters of the reactor block
for earthquake analysis and vibrating systems.

Mr. Pammer's (Hungary) main purpose was to perform a
safety assessment of WWER-44o V-213 nozzles considering
brittle fracture and fatigue crack growth. He used an ASME
type postulated crack.
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Assesment of Material Degradation and Reliability of
Defect detection

Session 4
Chairman: S. Rosinsky
Co-chairman: I. Becker

Papers:
22. Tipping, P.; Waeber,W. .-(Switzerland) Charpy, Tensile and Hardness
Properties and Response to Heat Treatment of Irradiated Ferritic Pressure
Vessel Steel JRQ

23. Oszwald, F.; Szabo, D.: (Hungary) Operational Experience and Basic
Data of V2I3 Inlet Nozzle

24. Kupca, L.; Brezina, M.; Novak, M.; Kniz, I: (CSFR) The Chemical
Composition and Hardness Measurement of Unit 1 in Jaslovske Bohunice

25. Nishiyama, Y.; Fukaya, K.; Suzuki, M ; Eto, M ; Shoji, T. (Japan):
Electrochemical Monitoring of Aging Embrittlement of Ferritic Steel of
High Temperature Reactor Pressure Boundary Component

Session 4 (cont.)
Papers:

Chairman: J. Guinovart
Co-chairman: E. Czoboly
26. Engl, G.; Pastor, D.; Mikus, T. : (CSFR) ISI Techniques for Primary
Circuit of WWER

27. Attinger, R.; Mohos, B.; Tirbonod, R:(Switzerland) Local
Monitoring Technique with Acoustic Emission in Reactor Technology

28. Pellionisz, P.: (Hungary) Acoustic Emission Testing of V-213 PVR-s.
(Coreferatum and exhibition of equipments)
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Charpy, Tensile and Hardness Properties and Response to
Heat Treatment of Irradiated Reference Pressure Vessel Steel - A
Contribution to an IAEA Joint Research Programme

PHILIP TIPPING and WALDEMAR WAEBER
Paul Scherrer Institute (PSI); Wurlingen and Villigen, CH-5232 Villigen PSI, Switzerland.

ABSTRACT

The following work is a contribution to a joint effort on the IAEA coordinated research
programme (CRP) on "Optimising of Reactor Pressure Vessel Surveillance Programmes and
their Analyses".

A pressure vessel (PV) steel has been irradiated to various fast neutron fluences in a
materials test reactor. In addition to standard Charpy toughness, tensile and hardness properties
have also been determined in the unirradiated (U), irradiated (I) and annealed plus reirradiated
conditions (IAR). The application of a heat treatment of 460 °C x 18 h at 50% of the target
fluence holds promise as a means for mitigating neutron irradiation embrittlement. It has been
shown that the tensile properties in particular were partly restored and it was indicated that the
rate of reembrittlement after annealing and reirradiating to the target fluence was no faster than
when no intermediate anneal had been performed. The Charpy toughness parameters also
benefited from the annealing, showing the potential of the method for accomplishing plant life
extension (PLEX) goals.

Keywords: Neutron Irradiation, Pressure Vessel Steel, Mechanical Properties, Annealing,
Plant Life Extension.

1 GENERAL BACKGROUND AND INTRODUCTION

The influence of neutron irradiation embrittlement effects on nuclear PV steels and
weldments is important because of its impact on safety issues. Much progress about the
understanding of the phenomenon has been made and this has resulted in better control of the
alloy chemical composition, for example the limitation of copper to a maximum of 0.10 weight
percent. As nuclear power plants (NPP) age and accumulate neutron fluence it is increasingly
necessary to monitor them and to seek for methods to ensure continued safe exploitation of the
facility. One way which appears viable for effective PLEX is to dry anneal the entire PV (after
removal of all internals) in order to restore certain mechanical properties and the following
work in the frame of the IAEA-CRP contributes some further data and information on the
behaviour of a typical irradiated and annealed PV steel.

The International Atomic Energy Agency (IAEA) correlation material, coded as JRQ, was
made available to different laboratories and institutions all over the world. This was used as a
reference material in the coordinated research programme on "Optimizing of Reactor Pressure
Vessel Surveillance Programmes and their Analyses". Under a joint cooperation agreement,
PSI (Switzerland) and VTT (Finland) have now completed certain aspects concerned with the
IAEA work whereby the PSI performed the planning, the specimen fabrication, irradiation and
annealing. The standard Charpy toughness, tensile and hardness tests were also carried out at
PSI whilst VTT contributed to the testing of the precracked Charpy specimens with a specially
instrumented inverse impact hammer; see for example [1].
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2 EXPERIMENTAL PROCEDURES

2,1 Material

The material investigated was the correlation reference material JRQ, the chemical
composition of which is given in Table I.

Forging Direction

Charpy

3 Point Bending

Tensile

Fig.1. Perspective view of a block of JRQ reference material. All
dimensions are in mm. Note that the top layer has been
removed in this diagram for clarity; the specimens were taken
from the 1/4 thickness position. Tensile specimens were made
from Charpy blanks, 30 mm gauge lenght; total lenght 55 mm
and diameter 5 mm.

Specimens were machined out of the block at the 1/4 thickness layer; the notches in the
Charpy's were perpendicular to the forging direction giving the T-L orientation, see Figure I.
The tensile specimens were made from Charpy - size blanks with their axes parallel to the
direction of forging, Figure I.
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0

Table

C

.18 0

I: Chemical

Si

.24

Mn

1.42

composition of

P

0.017

S

0.004

thePV

Cu

0.14

material

Ni

0.84

code

Cr

0.12

JRQ (weight %'

Mo

0.51

V

0.002

>

0

Al

.014

Notes: JRQ is the reference material as supplied to the IAEA programme, see Text. It was a specially
produced steel, similar in many aspects to the commonly used A533-B Class I reactor PV steel. It was supplied
as a block having a thickness of 225 mm.

JRQ is designated as having a relatively high sensitivity to neutron irradiation (copper > 0.10 weight %).

2.2 Irradiation (I)

Irradiations were performed in the 10 MW (thermal) SAPHIR swimming pool type
materials testing reactor. The specimens were loaded into a fully instrumented stainless steel
capsule which also contained copper, iron, nickel and niobium neutron fluence monitors in
addition to thermocouples distributed throughout its length and volume. The irradiation
temperature of 290 °C was achieved by gamma heating and it was controlled automatically via
a helium- nitrogen gas mixture in a gap between the specimens and the capsule wall. The
neutron energy spectrum was tailored to that typical of a pressurized water reactor by
sandwiching a stainless steel plate (ca. 2 cm thick) between two aluminium sheets (each 1 cm
thick) and placing the irradiation capsule just behind this element on the outside position of the
core lattice; this gave a lead factor of about 120 with respect to a plant specific flux at the
inside of a PV. The flux experienced by the specimens was therefore about 5xl012/cm2/s. The
capsules were rotated 180 degrees on their axes when approximately 50% of the irradiation
time had elapsed in order to reduce possible shielding/ attenuation effects. The target fluences
envisaged for the experiments were 0.5, 1.7, 3.0 and 5.0xl019/cm2 (E > lMeV); the fluences
which are shown in Tables II, III and IV are the actual dosimetrically determined ones and
therefore differ somewhat from the nominal target fluence values. All neutron fluences given
hereafter are those having neutron energies in excess of 1 MeV, (E > 1 MeV).
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2 2 0 -
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Fig.2. Isochronal hardness
recovery of JRQ material irradiated at
290 °C. Measurable reduction of the
increase in the absolute microhardness
occured only at temperatures > 420cC
using 30 min. holding times. A
temperature of 460°C was therefore
selected for the large scale annealing
treatment.

2.3 Heat Treatment (A)

Trials using small coupons (4x4x1.5 mm) of material irradiated to a dosimetric fluence of
2.23x10l9/cm2 were undertaken to determine the response to annealing and to select
temperature and time values to be used in the main heat treatment programme.The Vickers
microhardness test using a loading force of 1.962 N (i.e. 200 grammes - HV0.2) for 15 s was
used as an indicator of annealing response in both isochronal and isothermal experiments.
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Fig. 3. Isothermal recovery of JRQ material
at 290 °C. The relative recovery of the
hardness incrise due to irradiation is shown
as a function of time for different
temperatures. An annealing time of 18 h at a
temperature of 460 °C was selected for
causing significant recovery of the hardness.

2.4 Mechanical Testing

All quoted values are an average of
at least 5 separate measurements; the
scatter was generally ± 5 hardness points.
The results are depicted in Figures 2 and 3
respectively. Based on these, an annealing
treatment (A) of 460 °C x 18h was
selected.

Some specimens were subjected to
this (A) treatment when 50% of their
target fluences had been reached. To
achieve this, the entire irradiation capsule
was removed from the reactor and loaded
into a vertical tube furnace. After the
annealing it was allowed to cool down
slowly before being returned to the reactor
where it was reirradiated to the required
target ftuence leading to the (IAR)
condition. This experimental technique
was conceived to monitor the rate of
reembrittlement of intermediately annealed
material since this aspect is obviously
important for PLEX assessments.

2.4.1 Charpy toughness

Testing was performed in a Hot Cell using a fully automatic calibrated machine with a
hammer impact speed of 5 m/s. Testing temperatures from -100 to +300 °C (±5 °C) were
obtained by using either an integral liquid nitrogen chamber or an electrical resistance oven as
required.

2.4.2 Tensile testing

Tensile properties under extension control were obtained using a servohydraulic machine
having a capacity of 250 kN; the testing speed used was 0.02 mm/s which caused a strain rate
of 6xI06/s to be experienced by the specimens. Tests were performed at 20 °C, 150 °C and
300 °C (±5 °C); the temperatures higher than ambient were achieved using a thermostatically
controlled integral electrical resistance oven.

3 RESULTS AND DISCUSSION

The following section addresses the behaviour of JRQ steel in terms of its response to
neutron irradiation and heat treatment. The various aspects are first discussed separately for
convenience, and then follows an overall assessment of how the results may be interpreted to
obtain more understanding of neutron embrittlement and its mitigation with a view to PLEX.

Response of Vickers Microhardness (HV0.2) to Irradiation and Thermal Treatment

Neutron irradiation to a fluence of 2.23x10l9/cm2 at 290 °C caused an increase in the
microhardness. The unirradiated value was 222 HV whilst the irradiated value was 257 HV;
the increase of 35 hardness points could be removed using a temperature of 460 °C for 18 h,
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the increase of 35 hardness points could be removed using a temperature of 460 °C for 18 h,
Figures 2 and 3. This treatment is somewhat different to the "generally accepted" one of
450 °C x 168 h in that the time factor is much less. It is unlikely that the 10 °C higher
temperature would be entirely responsible for this but it certainly could contribute if thermally
activated processes are dominating the annealing processes and these are depending on
temperature via a form of Arrhenius relationship, see for example [2]. This is likely to be the
case for irradiation induced defects where vacancy and interstitial cluster diffusion and the
growth and overageing of copper-rich particles are involved in the general recovery processes
[3,4,5].

The heat treatment used here does not appear to be a practical one for the case of an
actual PV anneal due to the relatively short time involved; heating up and cooling down could
well require times in excess of say 100 h. The annealing temperature of 460 °C is however very
close to the value of 450 °C where neutron irradiation damage accumulated at 290 °C is
known to be mitigated [6,7,8]. As far as the Vickers microhardness recovery is concerned, the
isothermal curve (Figure 3) indicates that 18 h could be a minimum time though and that an
increase in this would be possible (without incurring detrimental effects) if it was necessary for
practical and/or economic reasons.

Response of Charpy Toughness Properties to Irradiation and Thermal Treatment

Table II: Values of the Charpy toughness (Cv) vs. Temperature curve fitting
parameters assuming a model based on Cv = A+B*tanh[(T-To)/C] - [9].

CONDITI-
ON

U

1(0.39)"

1(2.23)

1(3.84)

1(5.00)

IAR(3.86)

IAR(4.51)

A
fJ]

100.4

105.6

83.6

81.3

70.0*

91.2

87.3

B
[J]

98.9

106.0

87.7

83.4

75.0*

86.4

86.8

C
[°C]

36.2

54.1

79.1

55.2

60.0*

55.5

63.1

To
[°C]

1.7

48.5

76.7

86.0

94.0*

88.9

78.2

Cv-41
rcj
-23

10

35

57

700)

52

41

Cv-68
[°C]

-11

28

63

77

920)

74

64

USE
[J]

199

212

171

165

145O

178

174

Notes: The fitting parameter numbers marked * are estimated values only.

Numbers marked 0 ) are theoretically calculated values assuming a tanh model for
the data. The temperatures at which 41 J and 68 J absorbed Charpy energy was
present were calculated using the tanh model; the USE's are the sum of A+B see [9].

Fluences are (**)x1019/cm2, E > IMeV.

A tanh model was adopted to fit curves to the Charpy data [9] ; the parameters of the
model are given in Table II. The calculated shifts in the Charpy ductile to brittle transition
temperatures (DBTT) and changes in the upper shelf energies (USE) are summarized in
Table III. The material underwent general neutron embrittlement in terms of the shifts in the
DBTT's and losses in USE's and this response was expected. The set of specimens irradiated to
the target fluence of 5xlOl9/cm2 have not yet been tested; however, an attempt has been made
for this particular case to obtain a reasonable estimate of the corresponding tanh model fitting
parameters using data from the other tests.
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Table III: Charpy DBTT Shifts at the 41 J and 68 J energy levels and changes
in USE'S for JRQ Material in the (I) and (iAR) conditions.

CONDITION

1(0.39)**

1(2.23)

1(3.84)

1(5.00)

IAR(3.86)

IAR(4.51)

SHIFTS IN THE DBTT

Cv41JTT = 33°C

Cv41JTT = 58°C.

Cv 41JTT = 80°C,

Cv41JTT = 93°C*

Cv 41JTT = 75°C,

Cv 41JTT = 64°C,

AT GIVEN ENERGY LEVELS

68JTT = 39°C

68JTT = 74°C

68JTT = 88°C

68JTT=103°C*

6BJTT = 85°C

68JTT = 75°C

CHANGE IN USE

USE = +13J

USE = -28J

USE = -34J

USE = -54J*

USE = -21J

USE = -25J

Notes: The numbers marked * have been derived using estimates of the expected
tanh model fitting parameters - see Text and [9].

Fluences are (**)x1019/cm2, E >IMeV

a
I
W

£

r
z

100-

9 0 -

80-

70-

60 -

50 -

40 -

3 0 -

20-

1 0 -
(

1 2 3 4 5 6

FLUENCE |/10t8c<nJ)

Fig. 4. The Charpy DBTT shift
(measured at the 41 J energy level) as
a funcion of fast neutron fluence. The (I)
curve includes an estimated value M) of
shift at a fluence of SxiC^/cm^, E
>1MeV (see Text and Table III). The
measured data points for the (IAR)
condition indicate some benefit of
annealing since the DBTT shift is
reduced.

Fig. 5. The relative change in Charpy USE
as a function of fast neutron fluence. The (I)
curve contains an estimated value (1) for the
relative loss in USE at a fluence of 5x1019/cm2>
E >1MeV (see Text and Table III). The IAR data
exhibit less loss in USE and indicate that some
recovery in USE is possible using an inter-
mediate annealing treatment of 460 °C x 18 h.

These calculated model parameters were
then used to derive the expected DBTT shifts
and loss in USE; these (estimated) values are
also included in Tables II and III but they
should be treated with caution since they have
neither been obtained or verified
experimentally. Nevertheless, it can be seen on
inspection, that these estimated values do
appear to follow the general trend of the
experimentally obtained data and that their
order of magnitude is likely to be approximately
correct at least. The DBTT shifts and USE
changes for both the I and IAR conditions as a
function of fluence are given in Figures 4 and 5
respectively. The (I) DBTT shifts at both the 41
J and 68 J energy levels increased with fluence,
see Figure 4 and Table III. If the (IAR) data at
the approximately equivalent fluence levels are
inspected, then some beneficial effect of
annealing is evident.
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In particular, the USE from the experimental (IAR) data indicates that a good recovery is
possible when the estimated (I) data is included for the fluence of 5xlO19/cm2, Table HI and
Figure 5.

Promising mitigation of DBTT shifts seem also to be indicated but the corresponding data
must be verified experimentally as previously mentioned.

Response of Tensile Properties to Irradiation and Thermal Treatment

Table IV shows the changes in tensile properties relative to the unirradiated state. In
contrast to the Charpy toughness test data, fairly complete sets of (I) and (IAR) data were
obtained for the tensile test programme and these showed the benefit of intermediate annealing
in terms of lower increases in both yield stresses and tensile strengths for the (IAR) condition.
The room temperature data were used extensively since the (U) reference values were known
for this material state, allowing the relative increases in tensile properties as a function of
fluence to be plotted. The relative increases in yield stress and tensile strength for the (I) and
(IAR) conditions as a function of fluence are displayed in Figure 6 (data from Table IV). A
clear distinction between the (I) and (IAR) conditions is evident - see Figure 6.

i
a
UJ

i

C3

<
• Yield stress (Rp 0 2)
o Tensile strength (Rrn)

FLUENCE t/iO1Bcnrrj

Fig. 6. Relative changes in tensile
properties as a function of fast neutron
fluence. A clear benefit of (IAR) over (I) is
evident for both yield stress and tensile
strength. It should be noted that only the
data obtained at 20 °C is included here.

Interestingly, the elongation values
appeared little influenced by either
irradiation or annealing, remaining
sensibly constant, Table IV. As the testing
temperature was increased from 20 °C to
150 °C and 300 °C, a fairly progressive
decrease in the absolute tensile properties
occurred; this can be explained at least
phenomenologically in terms of easier
dislocation mobility and diffusion aided
processes leading to somewhat more
plasticity. Since unirradiated reference
tensile data was not available for 150 °C
and 30°C, it was not possible to determine
the relative changes in the yield stress or
tensile strengths due to the irradiation and
annealing (analog to Table IV).

However, the trends of the absolute
data indicate the same pattern of
behaviour as for the data obtained at 20 °
C, {Table IV). The total elongation values
tended to decrease as the testing
temperature increased but a value below
15% was not measured.
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Table IV: Changes in tensile properties at 20 °C relative to the unirradiated
condition for different material conditions.

CONDITION

(Fluence/1019/cm2)

1 -(0.39)

1 -(2.23)

1 -(3.84)

IAR - (0.5)

IAR-(1.7)

IAR - (3.86)

IAR-(4.51)

CHANGE IN PROPERTY

[/N/mm2]

Rp0.2

+22

+70

+101

+1

+22

+70

+75

Rm

+22

+79

+94

-2

+32

+63

+71

[%]

A

-1

-2

-2

-1

-1

-1

-1

Note: Rp0.2 is the 0.2 % tensile yield stress, Rm is the tensile strength and A is the
total elongation - see German Testing Standards DIN 50149 and DIN 50145 for
further details.

4 OVERALL ASSESSMENT OF RESULTS WITH A VIEW TO PLEX STUDIES

The work has shown that it is possible to first induce neutron irradiation embrittlement
and then, with a suitable isothermal heat treatment, at least partially remove it. Different
annealing schedules could conceivably be used but it should be remembered here that the one
adopted for use in the present investigation was obtained by studying material irradiated at
290 °C to a neutron fluence of approximately 2.2xlO19/cm2 and by using microhardness
measurements alone as an indicator of response. Material having other fluences is expected to
contain varying levels of irradiation damage and it may well respond differently to a given
thermal treatment, depending on the amounts and types of defects responsible for
embrittlement. In other words, the annealing schedule adopted will depend on the material
(sensitivity) and irradiation history and is therefore likely to be uniquely defined for a given
situation. However, the annealing performed here at 50% of the target fluence did reduce the
overall embrittlement and could therefore serve as an indicator of the levels of temperature and
time necessary for the case of a large scale PV anneal.

As a note of caution, it must be remembered that the material here was subjected to a fast
neutron irradiation with a neutron flux lead factor of ~ 120 and this may have some effect on
the amounts and types of embrittling defects actually generated in it. This could influence the
response to annealing and it may therefore not be possible to utilise annealing conditions
obtained from such material on an actual PV which has experienced a totally different
irradiation history. This being stated though, it does not detract from the general usefulness of
thermal treatments for restoring mechanical properties; the message here is that each case must
be analysed individually using actual archive and surveillance materials.

5 CONCLUSIONS AND FUTURE WORK

The experiment did not produce any unexpected results; the JRQ material reacted to fast
neutron irradiation by exhibiting progressive increases in the microhardness, Charpy DBTT
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and tensile yield and strength values. The Charpy USE also decreased with increasing neutron
fluence, but contrastingly enough, the tensile elongation values showed relatively little
deterioration for practical purposes.

The intermediate heat treatment of 460 °C x 18 h applied when 50% of the target fluence
had been reached reduced the build-up of embrittling effects by approximately a third when the
relative increases in the ambient tensile properties were compared. The Charpy properties also
exhibited recovery as could be assessed from the generally higher USE's and lower DBTT
shifts in material having the (IAR) condition.

The overall rate of reembrittlement in the (IAR) condition did not appear to be any faster
than the rate of embrittlement in the (I) condition suggesting that, under similar conditions, the
annealing treatment could be used for an embrittled PV destined for PLEX.

Annealing is indicated as a general means by which neutron induced embrittlement of
nuclear PVs can be reduced; this method therefore holds promise for achieving safe PLEX
goals.

For the practical case, the importance of obtaining annealing conditions from material
having similar thermal and irradiation histories as the PV is underlined.

Data from precracked Charpy specimens having the same irradiation and thermal histories
as in the present work will be obtained and analysed [10]. The comparison between the
response of dynamic and static fracture toughness data will be facilitated by using reconstituted
specimens; the Charpy toughness and tensile properties should then facilitate additional
comparisons between the various data sets.
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OPERATIONAL EXPERIENCE AND BASIC DATA OF
V-213 INLET NOZZLE LIFE ASSESSMENT

OSZVALD, F, SZABO, G.
NPPPaks
H-7031 Paks, Hungary

ABSTRACT

The present paper describes our non-destructive examination methods having relation to
the inlet nozzle area of V-213 type reactor pressure vessels and gives a summary of their
results on the example of the PAKS UNIT 2, with the presentation of the chemical
composition and mechanical properties of the component in question.

INTRODUCTION

The RPV is a key component of the commercial nuclear power plant. Consequently the
regular inspection of its structural integrity is a key component of safety assessment.

The V-213 ( VVER 440 ) reactor- pressure vessels are fabricated from Cr-Mo-V alloyed
forgings by welding, with a cladded inner surface. The vessel connected with the stainless steel
main pipes through a safe end.

The properties of the low alloyed RPV steels, the stainless steel pipes and the welding may
be degraded by thermal or fatigue ageing during service. The potential sites of degradation are
the welding joints of between the RPV and the pipeline, and the nozzles.

In this paper we would like to focus on the nozzle area. It introduce our NDT methods
applied for testing the inlet nozzles, emphasising the efforts made by PAKS NPP Ltd. and
other Hungarian organizations to obtain more information on the real state of the RPV.

Similar nozzle will be analysed in the frame of the IAEA co-ordinated research program
on pilot study of a V-213 nozzle.

MATERIALS AND THEIR CHARACTERISTICS

The V-213 RPV is built from a low alloyed ferritic steel grade 15CH2MFA, the base
material of the safe-ends is an austenitic steel grade O8CH18N1OT. The vessel has an austenitic
cladding on its inner surface in two layers At ihefig. I. are shown the main dimensions and
the construction materials of the nozzle of the V-213 RPM. The chemical composition and the
mechanical properties of these materials are given in tables I. and 2.

The simulation of the degradation of toughness due to long term thermal ageing was
performed by exposing specimens cut from the material of the beltline region ring of the RPV.
The mechanical properties of this material are similar to the base metal of the nozzle ring
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FIG. 1. Main
dimensions of the
nozzleofV-213RPV

Table 1 Summary of chemical analysis

Material

15CH2MFA

EA395/9

EA400/10

SZVO4C-H19M3

08CH18N-10T

c
0.13

O.I

0.04

0.03

006

Si

0.27

0.55

0.56

0.46

0.64

Mn

0.42

2.05

1.85

1.26

1.42

s
0.016

0.005

0.013

0.005

0.0I

P

0.011

0.019

0.025

0.021

0.02

Cr

2.86

15.20

19.20

18.00

17.80

Ni

0.07

25.40

11.20

11.20

9.70

Mo

0.64

6.05

2.52

2.38

-

V

0.29

-

0.36

-

-

Co

0.01

0.1

0.005

0.019

0.027

Cu

0.09

-

-

-

-

Ti

-
-
-
-
0.37

Table 2 Initial mechanical

Material

15CH2MFA

EA395/9

EA400/10T

SzV04CH19N11M3

08CH18N10T

Temp
°C

20

350

20

350

20

350

20

350

20

350

properties of materials

Rp0.2
MPa

506

433

532

437

517

359

473

383

266

233

Rm
MPa

620

510

776

619

696

530

610

466

544

402

A5
%

20.6-21

18

20

-

27

-

37

-

58

-

Z
%

75

73

31

-

44

-

56

-

67

-

T41J
°C

-42

-

-

-

-
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The results of the impact test are given in
form of ductile-brittle-transition curves in fig.
2. The effect of thermal ageing is negligible.

FIG.2. The effect of the thermal ageing
on the 15H2MFA forged material
measured specimens spent 4 years in
reactor.

PRE-SERVICE AND IN-SERVICE INSPECTION OF THE INLET NOZZLE OF
PAKS UNIT 2

According to the Code requirements and rules the RPV Pre-service and In-service
inspections were performed, (jig. 3.) The first inspection was made by the manufacturer. In
1980-81 the Skoda Power Machinery Plant performed the prescribed examinations, repaired
the necessary areas and carried out the recurring tests As far as the nozzles were concerned,
the liquid penetration method and UT for testing the integrity of the cladding fusion were used.
More than 50 unacceptable defects (most of them undercladding cracks and pores) were found
and repaired on the inlet nozzle ring.

PSI

NDT at the
manufacturer

NOT afl.er
delivery >'tt

the

i s ' revision L

Performance
of ISI program!

Strain g
lest

ision I

FIG.3.0verwiev on the NDT Procedures for RPV-s at Paks.

The safe-end to the nozzle welding was made at the site (in Paks). Radiographic and a
liquid penetration examination accomplished by the manufacturer and the Hungarian Power
Plant Service Company ( EROKAR) were used to evaluate the quality of the welds..

The next inspection was carried out in the summer of 1981 at Paks in the frame of the
"Examination Program for delivered products" ( BAT ) before assembling the reactor. At the
same period the "Pre-service Material Testing Program" was performed by the staff of the
NPP. These two programs are very similar to each other but the scope of the latter is wider
because the previous one was a sample test. At this period the inlet nozzles were tested by
visual check, their inner radius by liquid penetration, some proportion of cladding by UT and
as it was mentioned before, the nozzle to safe-end welding by gamma ray examination.
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In January 1984 after the cleaning and the pressure test of UNIT 2, the first revision was
carried out, when a VT was performed and both the nozzle to safe-end and the safe-end to
pipe weldings were checked by the liquid penetration method.

After the heat trials of the unit the last phase of PSI took place. The second revision was
in July 1984, when we checked the base metal of the safe-ends by UT using the Russian USK-
213 system. This automatic inspection system can be considered as auxiliary equipment
belonging to the reactor. It is developed for inside visual and out side UT examination of the
vessel..

During the 2nd revision the nozzles were checked visually, the nozzle to safe-end and
safe-end to pipe weldings were examined using the RID system. This is also a Russian device
developed for the radiographic inspection of the above mentioned welds.

All these inspection programmes were based on the Russian rules because at the time of
the construction of NPP Paks, Hungary followed the internationally accepted practice of
importing the regulations together with the plant. We found that these rules were not complete
enough to perform and evaluate for the in-service inspection. Therefore after starting UNIT 1
we started to elaborate our comprehensive ISI (and surveillance ) rules.

These rules are based on the operational and maintenance instruction manuals for the
main components, the pre-service inspection procedures and results, and the experiences of
specialists from other plants.

We developed ten frame programmes detailing the inspections for safety related
components of primary as well as the secondary circuit.. The frame programmes describe in
detail the component areas to be inspected, the testing volume, method, frequency; and the
documentation rules. We summarized the testing procedures and the reporting and the
acceptance criteria in an independent document.

The ISI testing of the primary circuit are made in 4-year intervals. The nozzles are
inspected periodically as it shown in Table 3.

Table 3 In-service inspection of nozzles

Component area

Outer radius

Inner radius

Nozzle of

safe-end

welding

Safe-end to

piping

welding

Whole nozzle

Cladding

Method

PTVT

UTVT

UTVT

R

UTVT

UTVT

R

UTPT

VT

UT

Frequency

1 year

4 year

4 year

4year

4 year

4year

4year

4year

1year

4year

Volume

100%

100%

100%

100%

70%

100%

100%

100%

100%

min 8%

Direction

outside

inside

inside

inside

outside

inside

inside

outside

outside

inside

Remark

PAKS NPP

TRC-SKODA

TRC-SKODA

RID-PAKS NPP

manually PAKS NPP

TRC-SKODA

RID-PAKS NPP

manually PAKS NPP

PAKS NPP

TRC-SKODA
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It should be noted, that we cancelled the automatic UT inspection of the base metal of the
safe-end by the USK-213 system. This was decided because on the one hand we did not find
any defects, and on the other hand we tested approximately 50 % of this area during manual
UT of dissimilar welds.

Russian rules has no criteria for the ultrasonic inspection of austenitic and dissimilar weld
joints. However the international ISI practice shows that for volumetric examination of the
above mentioned welds UT is used.

Our specialists developed an ultrasonic technology for inspection of nozzle to safe-end
and safe end to pipe welds. These was used during the 2nd revision and now the upgraded
technology is included into the ISI frame programme.

Further development in progress to mechanize these UT inspections and to extend the
scope for the inner radius area. The work is going within a project aimed at modernizing the
USK system. This project is supported by the IAEA with contributions from Spanish and
Hungarian institutions.

The results of NDT inspections of the cold leg nozzles of PAKS-2 shown that
unacceptable defects have not been discovered.

Indications exceeding the reporting level of UT were observed during the 0 level
inspection. During the recurring inspections the same indications were found. The results
shown that no significant change of defect size occurred.

OPTIONAL TESTING

During the hydrotest in 1988 acoustic emission and deformation measurement by strain
gauges were performed as optional testing

Acoustic emission measurement was prepared and performed by the staff of the Atomic
Energy Research Institute (AEKI), together with the Power Plant Service Company (
EROKAR ) and specialists of the Material Testing Department of the NPP.

In the nozzle area 12 acoustic emission transducers were put on the vessel and 3
additional ones on the primary circuit tubes attached by magnetic holders placed manually.

A 16 channel acoustic emission instrument (Defectophone) was applied

The maximum pressure during the hydrotest was 191.2 bars ( 55 % overpressure ) with
duration a 10 minutes.

After the hydrotest the acoustic emission data stored in the memory of the Defectophone
device were transferred to a PC and evaluated by data processing software.

During the acoustic emission test no critically active source (propagating defect) was
found.

The measurement of the actual stresses in a nozzle of UNIT 2 was accomplished by the
Iron and Steel Research Institute ( VASKUT ).

26 strain gauges were positioned on a hot leg nozzle in axial and tangential directions in
order to determine the stress condition of this area during the hydrotest. The data were stored
in a computer.

The results shown that the stresses in the nozzle surface followed the Hook's law,
consequently residual deformation did not arise.
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SUMMARY

The main goal of this brief overview was to introduce the material and ISI testing
technology of the inlet nozzle of the PAKS UNIT 2. The authors would like to highlight that
the results obtained from the above-mentioned tests and measurements could serve as a good
basis for the IAEA pilot study on nozzles and can be used during prediction of the WER-440
type reactors.
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THE CHEMICAL COMPOSITION DETERMINATION
AND HARDNESS MEASUREMENT ACROSS THE WELD #4
OF THE REACTOR PRESSURE VESSEL UNIT-1 IN
JASLOVSKE BOHUHICE

LUDOV1TKUPCA, MARTIN BREZINA, MARKO NOVAK, IVANKNIZ*
Nuclear Power Plant Research Institute (VUJE)
Okruzna 5, 91864 Trnava, Czech and Slovak Federal Republic
* Nuclear Power Plant Jaslovske Bohunice (EBO)
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ABSTRACT

In March 1992, the samples from the base material and critical circumferential weld joint
#4 of the reactor pressure vessel V-230 type in Jaslovske Bohunice Unit-1 by means of the
special equipment for the analysis of the chemical composition in Nuclear Power Plants
Research Institute (VUJE) laboratories were prepared. Except results achieved from analysis of
the irradiated samples are presented the results of the hardness measurements of reactor
pressure vessel material across the weld #4 too. All this results will serve as input data for the
irradiation embrittlement evaluation of he RPV Unit-1 NPP V-l in Jaslovske Bohunice.

Keywords:

WWER, reactor, 15CH2MFA steel, annealing, irradiation embrittlement recovery,
chemical analysis, hardness measurement,

INTRODUCTION

This paper is closely connected to the "Regulation Act #5" of the Czechoslovak Atomic
Energy Commission (CSKAE) issued in 1990, concerning to the reliability and safe operation
of the PWR WWER-440 type with Reactor Pressure Vessels (RPV) V-230 type. On the base
of this decision were performed:

• the sampling of the RPV material Unit-1 from the weld #4, and from the base
material above and below this weld

• the hardness measurement across the weld 84, on the external surface of this RPV,
using the special SKODA-made apparatus in the narrow gap between the RPV
and biological shielding vessel.

This activity is wide supported by the World Association of Nuclear Operators (WANO)
program concerning the WWER-440 V-230 type too.

The samples prepared by milling were used for the chemical analysis, both the weld and
base metal, to achieve more precise and reliable informations are available in original
documentation. The hardness measurement using the ball indentor through the stripe from Ni-
foil was performed to identify the real position of the weld #4, and to compare these results
with the measurements on the Unit #2 performed in autumn 1989 [1].
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All activities presented in this paper will be performed on the Unit-2 in Jaslovske
Bohunice at the end of this year before and after annealing operation procedure of the RPV of
this Unit, too.

SUMMARY OF PROVISIONS REALIZED ON RPV IN NPP EBO UNIT-1

On the base of recommendations of OKB Gidropress [2], which were accepted by our
regulatory commission CSKAE, were till this time realized these precautions on EBO Unit-1
during refuelling in 1986:

• the changing of reactor core refuelling scheme
• inserting the isolation valves into main steam pipelines
'preheating of emergency cooling H3 B03 on T=55 °C.

Except these precautions are under realization many other reconstruction works during so
called "small reconstruction" to achieve the goals prescribed by the CSKAE Regulation Act #5
mentioned above. In spite of calculations and precautions mentioned above, the annealing
operation on RPV Unit-2 is prepared with aim to ensure its safe and reliable operation till the
planned end of life and mainly to achieve the greater reserve of safety margin, from the critical
value of the transition temperature point of view.

THE HARDNESS MEASUREMENT ON RPV UNIT-1 AROUND THE WELD #4

Max."n"-flux
300 mm to axis #111

4005 mm

BM
step 5 mm

grinded places

3805 mm

WM
step 10 mm

3635 mm

BM
step 5 mm

1-

to

14--*

15-4

16-

to

18-

Min.'n'-flux
300 mm to axis #IV

4UUb mm

BM

3805 mm

WM

to

3605 mm

BM

step
6mm

step
Smm

step
Smm

Fig.1. Hardness Measurement on RPV EBO-1
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Before the start of the hardness measuring were realized these operations:

a) the determination of real weld positions on RPV by three independent methods
(chemical etching of weld it 2, determination of weld it 3 position by chemical
etching and measurement, identification of the real position of critical weld U4 by
the measurements of altitudes based on the data from the ultrasonic control
operation performed inside the RPV, and using the Eddy current probe).

b) the grinding of RPV outside surface around the weld #4 in the maximum and
minimum positions of neutron flux in azimuthal plane of the reactor core (Fig. 1)

c) the milling of samples from the weld metal if 4 and the base metal above and under
this weld for the chemical composition determination (Fig. 2).

WM
0.1.4

38O5nun_

Max."n"-flux

300mm

Min.'n'-flux

BM
4005mrr

3605m

#10

# 2 0

300mm

#21

# 3 0

#11

# 2 2

#31

BM

WM

BM

min.'n'-flux
HI

1.22.1 1 Distances are measured

from WM #2
IV

Fig. 2. The sampling of RPV EBO-1

The hardness measurement is performed by pressing the ball with diameter 2,5 mm on the
grounded RPV surface through the Ni-stripe 9 mm wide and 250 mm long with force 1840 N.
By the hardness measurement evaluation are the diameters of recorded prints measured using
the optical microscope. The results of these measurements are summarized in Fig. #3 [4].
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BM WM#4 BM

FIG.3

THE CHEMICAL COMPOSITION
DETERMINATION

Total eight samples were prepared for
the chemical analysis of base and weld
metals, because of lack of precise and
reliable informations about the composition
of this critical part RPV Unit-1. For the
determination of elements: C, Mn, Cr, Ni,
Mo, P, Si, Co, V, S, and Cu were used the

methods: coulomb metric titration, spectroscopy and AAS. The chemical composition is
presented in Table #1.

Table # 1 Chemical composition of samples taken around weld #4 RPV EBO
Unit #1

4000 MM 3?«3 364*

Positions from weld axis #2 [mm]

Number
of

sample

10 max

11 min

30 max

31 min

201 max

202 max

21 max

22 min

Element contents in wt %

C

0,149

0,144

0,169

0,151

0,050

0,048

0,061

0,045

Mn
0,382

0,384

0,499

0,411

1,102

1.148

1,139

1,159

Cr
2.68

2,64

2,79

2,58

1,08

0,99

0,99

0,91

Ni
0,185

0,182

0.221

0,218

0.131

0,126

0,126

0,125

Mo
0,584

0,609

0,562

0.596

0,392

0,395

0.3B6

0.40B

P
0,015

0,015

0,018

0,019

0,043

0,046

0,046

0.046

Si
0,28

0,30

0,31

0,32

0,39

0,40

0,40

0,40

Co
0,023

0,024

0,024

0,025

0,033

0,034

0.034

0,035

V
0,253

0,211

0,249

0,246

0.104

0,095

0,104

0,087

s
0,017

0,017

0.016

0,018

0,014

0,013

0,013

0,014

Cu
0,084

0,083

0,105

0,106

0,099

0,099

0,098

0,099

Mate-
rial

type

BM

•

•

•

WM
•

•

The sampling coordinates are measured from the axis of weld #2. The samples were
taken in minimum and maximum of the neutron flux ( 30° from axis #111, or 920 mm on the
outer diameter RPV, and 300 mm left from the axis #111). From the known chemical
compositions it is possible to calculate the irradiation embrittlement coefficients using
Yermakov and Dragunov [5] so called "chemical relations" (C.R.) for base metal and weld
metal:

AF(BM27o)=1100.%P-2

AF(^,270) = 800 (%P+0,07%Cu)

and the transition temperature by relation:

(1)

(2)

M ° M n -TK0(WM) = 1 0 1 > 6 - 1 7 L

+ 8224.% Cu. % P - 42139. % S. % P - 163.% Cu.% Mo - 2726.%P (3)

The shift of the transition temperature is possible to calculate, if the fluence on RPV is
known by formula:
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THE RESULTS OF ANALYSIS

1) By the analysis of prints on Ni-foil stripes we found that the most of prints on
grounded surface have not the regular shape. This fact was observed by the first
hardness measurement on the RPV Unit-2 too, and brought us the measuring
interpretation problems.

2) As we stated in our first published results [I], the measurement in heavy conditions
using method mentioned above, give us informative results only.

3) The real position of weld #4 was identified 3805 mm above the axis of weld #2 as
itfollows from the contents of elements C, Mn, Cr, P and Cu in samples #201
max., #202 max., #21 max. and #22 min (see Table #. 1).

4) The chemical composition of samples #10 max., and till min, correspond to the base
metal of RPV (forging #431762 above weld #4) samples #30 max, and #31 min,
correspond to the base metal of RPV (forging #431198 under weld #4).

5) The results of calculations irradiation embrittlement coefficients using the
Yermakov-Dragunov "C. R." are.
- AF(BSf) - 14,5 for the base metal above the weld #4,

AF(BSn = 18,9 for the base metal under the weld #4
- AF(Wft{) - 41,5 for the weld metal
- the value of transition temperature of weld metal #4 before irradiation

- the shift of the transition temperature of weld metal #4 caused by irradiation

- the calculations of the critical value of the transition temperature of weld metal
#4 after 12 years of operation using the neutron fluence measurements
(E >0,5 MeV) [6], give us :

- TK(F, K\Q =+l2l°c for the inner RPV surface
- TK(K mo = +62 °C in 1/3 depth of the RPV wall.

6) Comparing the results of the chemical analysis and calculations with the
conservative assumptions given in expertises of both EBO Units [7), bring us
much more optimistic data for revaluation the irradiation embrittlement of this
Unit.
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Electrochemical Monitoring of Ageing Embrittlement of
Ferritic Steel for High Temperature Reactor Pressure Boundary
Component
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ABSTRACT:

Electrochemical method was studied to apply it for the nondestructive evaluation of
ageing embrittlement of 2 V4Cr-lMo steel for the reactor pressure vessel of the high
temperature gas-cooled reactor (HTGR) which is under construction in Japan. Isothermal
ageing were conducted at temperatures from 400 °C to 500 °C for up to 50000 h for this
study. Electrochemical test specimens with dimensions of 10x10x5 (mm) were taken from the
undamaged portion of Charpy V-notch impact bars. In the anodic polarisation curves
measured in 55% Ca (NO3)2 solution, the embrittled materials show the higher secondary peak
of the current density in the passive potential region. This characteristic increase in the current
density corresponds to intergranular segregation of phosphorus which prevents the Formation
of passive layer at grain boundaries, and the degree of the increment can be correlated with the
shift of Charpy ductile to brittle transition temperature (DBTT). It is also suggested from the
comparison of materials isothermally aged with and without applied stress that the
enhancement of phosphorus segregation due to an applied stress is only recognised after 3000
h ageing and is diminished with increasing ageing time.

Keywords:

2 V4Cr-lMo steel, reactor pressure vessel, electrochemical method polarisation, ageing
embrittlement, phosphorus segregation, carbide, nondestructive examination

INTRODUCTION

Nondestructive test techniques which can evaluate the material degradation directly from
pressure boundary components or from specimens with relatively small volume possess a
promising potential to improve a reliability of remaining life estimation of a reactor pressure
vessel (RPV). Recent studies have demonstrated that the electrochemical technique provides a
wide range of applicability to the nondestructive detection of several kinds of ageing damages
in high temperature components. This technique makes use of the preferential dissolution of
some specific microstructure, such as carbides or segregated impurity atoms which have a close
relation with the material degradation [1] [2]. Thus, electrochemical parameters for
characterising the material degradation can be determined based on a certain
phenomenological background.

In this study, the electrochemical method was applied to the nondestructive evaluation of
ageing embrittlement of normalised and tempered (NT) 2 V4Cr-lMo steels for the reactor
pressure vessel of the high temperature gas-cooled reactor which is under construction in
Japan (HTTR, High Temperature Engineering Test Reactor). It is well known that low alloy
ferritic steels become brittle due to intergranular segregation of impurity atoms such as
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phosphorus and tin when they are subjected to temperatures from 375 °C to 550 °C. Since the
service temperature of the pressure vessel of the HTTR is around 400 °C, the evaluation of the
ageing embrittlement in terms of the shifts of Charpy ductile to brittle transition temperature
(DBTT) becomes a major concern for assuring the structural integrity.

Grain boundaries are preferentially dissolved in picric acid solution when they are
segregated with phosphorus. Chemical etching and electrochemical polarisation methods
which are based on this phenomenon, for example, have been proposed to evaluate the degree
of the embrittlement [2]. However, the sensitivity of these methods was not sufficient to predict
the embrittlement accurately or quantitatively. Recently, Watanabe and Shoji have shown
using artificially aged lCr-0.5MoV steels that the characteristic change of anodic polarisation
curves can be successfully correlated with the shift of Charpy fracture appearance transition
temperature (FATT) when they are measured in hot calcium nitrate solution [1]. The main
purpose of the present study is to apply this method to NT 2 V4Cr-lMo steels caused by
isothermal ageing at temperatures from 400 °C to 500 °C for up to 50000 h for the pressure
vessel of the HTTR, and to establish the correlation between the electrochemical parameter
and shifts of DBTT. The effect of applied stress on the impurity segregation behaviour was
also examined, referring to the change in anodic polarisation curves.

EXPERIMENTAL PROCEDURE

Materials used in the present experiments were two kinds of NT 2 ^Cr-lMo steel plates
of 160 mm thickness designated as A387 Gr.22 CI.2 according to the ASTM Specification
[ASTM speJ£<.ation for Pressure Vessel Plates, Alloy Steels, Chromium-Molybdenum].
Chemical compositions at the '/4T position (T is thickness) and heat treatment conditions are
shown in Table I. The microstructure of these steels consists mainly of bainite with a small
amount of proeutectoid ferrite.

Table 1. Test materials (chemical composition wt % and heat treatment
conditions).

Chemical composition (wt %)

Designation || C

NT-1

NT-2

0.15

0.15

Si

0.05

0.03

Mn

0.55

0.56

P

0.008

0.009

Ni

0.11

0.11

Cr

2.33

2.42

S

0.01

0.007

Cu

0.07

0.11

Mo

0.90

1.00

As

0.006

0.021

Fin
0.008

0.017

Heat treatments
NT-1; 900/930 °C-6.5h, water cooled, 670/690 °C-7h, air cooled, PWHT (680/710 °C-20h)
NT-2; 900/925 °C-5h, water cooled, 640/660 °C-6h, air cooled, PWHT (677/690 °C-22h)

Isothermal ageings in air were conducted at temperatures from 400 °C to 500 °C for up to
50000 h. The blocks with dimensions of 230x60x20 (mm) were cut from the V4T position of
160 mm thickness plate for these treatments. After isothermal ageing treatments, Charpy V-
notch (CVN) impact specimens with the 45-deg and 2 mm-deep notch were taken from the
center portion of these blocks. The orientation of the crack extension in a CVN specimen is
parallel to the final rolling direction. Testing blocks with cross section area of 60x12 (mm) as
shown in Fig. J were prepared for ageing treatments under stress (referred as "stress-ageing"
hereafter). CVN specimens were taken from the blocks after the stress-ageings which were
conducted at 450 °C for up to 8800 h under the stress of 210 MPa.

Anodic polarisation test coupons with dimensions of 10x10x5 (mm) for the materials
without applied stress were taken from the undamaged edge portion of CVN bars as
illustrated in Fig. 2. For stress-aged materials, test coupons were taken from the
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Fig. 1. Testing block for stress aging
treatments

•'10mm

""..Charpv V-notch SDecirrten

10mm

Strea»-og»d

5mm

| j0Uwn™l» ajed material

FIG.2. 2-shape and dimensions of the
electrochemical test specimen for the
anodic polarization measurement.

perpendicular side of C VN bar (see Fig. 2) to
evaluate the loading direction dependence of
impurity segregation. The coupon with a
copper wire soldered to the one end was
mounted in an epoxy resin. After polishing the
surface mechanically to a 1 (im diamond
finish, the edge of the coupon was coated with
electrically insulated lacquer to prevent a
crevice corrosion. The surface area exposed to
the test solution during the anodic polarisation
test was 0.6-0.7 cm2. 55%Ca(NO3)2 deaerated
beforehand by bubbling nitrate gas was used
for the solution. The test was conducted at 30
°C using a constant temperature bath. The
schematic diagram of the electrochemical
polarisation test apparatus is shown in Fig. 3.
Anodic polarisation curves (anodic current-
potential relationships) were determined in a
three-electrode-corrosion cell with a Pt and
saturated calomel electrodes (SCE) as counter
and reference electrodes, respectively. All
electrical potentials are referred to SCE (mV

vs SCE). Polarisation was initiated at a corrosion potential to transpassive potential at a
scanning rate of 0.5 mV/sec. After polarisation tests, optical and scanning electron
microscope (OM and SEM) observations on the surface of the coupon were conducted to
compare with the polarisation behaviour.

Function Generator

o

Potentiostat

Potential Current
Output Output

Rofefencs electrode
(saturated calomel) Capillary

X-Y recorder

Working etectrodo
(tssl material) Counter electrode

( P t )

Fig. 3 Electrochemical test apparatus for anodic polarisation measurements
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Results and Discussions

50

isothermal afling temp.

p
40

Fig. 4 Shifts of the 68 J (50 ft-lbf) Charpy
ductile to brittle transition temperature as
a function of ageing time

Shifts of the 68 J (50ft-lbf) Charpy
ductile to brittle transition temperature (A
vTr5o) as a function of ageing time are
shown in Fig. 4. At first, embrittlement
proceeds most rapidly at 500 °C, whereas at
a later stage lower temperature ageing
causes severer embrittlement. Severest
embrittlement in the long-term ageing is
most possibly achieved at 400 °C. This
embrittlement behaviour is characteristic to
the reversible temper embrittlement caused
by segregation of impurity atoms to prior
austenite grain boundary [3].

FIG.5. Scanning electron
micrographs of fracture surfaces in
Charpy V-notch impact bars; (a) as
received and (b) 450C *1000 h aged
materials.

Fig. 5 shows the fracture surfaces of CVN specimens tested at -100 °C (lower shelf
region). The fracture mode was altered, that is, the fraction of intergranular (FIF) increased
with increasing DBTT
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It was shown by auger electron microscopy (AEM) analysis that phosphorus was
segregated on the intergranular facets of the embrittled materials. Thus, it is concluded that the
embrittlement of this steel is mainly caused by intergranular segregation of phosphorus.

Secondary Anodic Peak Current Density in the Passive Potential Region
Fig. 6 shows the typical anodic polarisation curves of the as-received and embrittled (450

°C x 10000 h aged) materials. The polarisation was conducted in 55%Ca(NO3)2 solution at 30
°C. After passing through the active region, both materials started to passivate at around 0 mV.
No significant difference between these materials can be observed up to this potential.
Subsequently, a secondary peak was clearly observed at around 140mV in the passive potential
region. Potentiostatic etching were performed at 140 mV for 20 minutes to identify the cause
of the secondary peak of the current density.

On the other hand, it has been suggested
that carbon content (most of them as carbide
exist) at grain boundary in iron alloys is
known to be related with the depassivating
action, resulting in the occurrence of
intergranular corrosion in the passive

c) FIG.7. Scanning electron micrographs of specimen
surfaces potetiostatically etched at 140 mV for 20
minutes:
(a) as received, (b) 450°C *1000 h aged materials,
and (c) intergranular penetration in a cross section of
450"C*1000haged material

o- 0

T 1 I I I I I I) I

After dQ"~6fflfcrittfino
(575-Cxih)

Aging temp,
r 40CTC
• 450T
• 075-C
A 500T

potential region [6]. Since 2V4Cr-lMo steel
contains many carbides which have formed
during tempering treatments, carbides
evolution may also affect the intensity of the
secondary peak. Fig. 8 shows the current
density of secondary peak for the
isothermally aged materials after de-
embrittling treatment. Since the de-
embrittling treatment which was conducted
at 575 °C for 1 h could actually lower the
DBTT to the initial level [7], the decrease of
current density of materials after the de-
embrittling treatment should represent the
carbide evolution during the long-term
ageing. The decrease was not observed for
materials aged below 450 °C. This suggests
that thermal ageing below 450 °C caused
almost no change o! carbides as far as ones
at grain boundaries are concerned.

Cheruvu [8] showed that carbides originally formed in the tempering treatment are stable
in Cr-Mo steels after the long-term service exposure. The decrease of current density after the
ageing above 475 °C may, therefore, be associated with some new precipitate phase at grain
boundaries.

10 10
Aging time ( h )

10"

Fig. 8 Current density of secondary
peak for the isothermally aged and stress-
aged materials after de-embrittling
treatments as a function of time
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Fig. 9 Transmission electron
micrographs ot carbon extraction
replicas and energy dispersion X-ray
spectra of the carbides (indicated by
arrows) at grain boundary; (a) as-
received and (b) 500 °C x 2000 h aged
materials

Fig. 10 Difference of the secondary
peak of the current density of aged
materials before and after de-embrittling
treatments as a function of ageing time

Fig. 9. shows the transmission electron
micrographs of carbon extraction replicas
and typical energy dispersion X-ray (EDX)
spectra of carbides at grain boundaries in the
as-received and 500 °C x 2000 h aged
materials. Most of the carbides at grain

boundaries in the as-received condition were identified to be M7C3 type by relative peak ratios
in the EDX spectra. On the other hand, carbides identified to be M2C type were found in the
500 oCx2000 h aged material. Thus, we assume that the precipitate of MjC type carbides or
changes of grain boundary chemistry accompanied by this precipitation impeded the
intergranular corrosion.

Fig. 10 shows the difference of the secondary peak of the current density between
materials before and after de-embrittling treatment (designated as Alp) as a function of ageing
time. Alp is thought to be related to the degree of phosphorus segregation, regardless of the
carbides evolution. For the ageing above 475 °C, Alp seems to be almost constant over the
ageing time. Alp of the materials after ageing below 450 °C increased with increasing ageing
time. Thus, the dependence of Alp on ageing temperature and time is consistent almost with
that of shifts of DBTT represented in Fig. 4. This fact shows that Alp can be the representative
parameter for evaluating the degree of the embrittlement non destructively. The correlation
between Alp and the degree of embrittlement in terms of shifts of DBTT will be discussed in
the later section.

Effect of Applied Stress on Phosphorus Segregation

When NT 2V4Cr-lMo steel is subjected to the practical exposure at elevated temperature,
the effect of applied stress, one of the important environmental factors, on ageing
embrittlement phenomena must be taken into consideration. Stress-enhanced phosphorus
segregation is a major concern in the present study. Fig. 11 shows the comparison of shifts of
DBTT (AvTrJ0) between the stress-aged and isothermally aged materials

242



40

30

o 20

10

o-
10*

1 1—I—I I I I 11

Aging temp.: 450*C
• Stress aging

" O Isothermal aging

After d«-embritttins
treatment

10"
Aging time ( h )

Fig. 11 Shifts of the 68 J (50ft-
Ibf) Charpy ductile to brittle
transition temperature of
isothermally aged and stress-aged
materials as a function of ageing
time

Main results these stress-ageing experiments [9] [10] were:

1) The applied stress results in the shifts ofDBTTas compared with isothermal

2)

3)

ageing treatment only,
The fracture surfaces of stress-aged as well as isothermally aged materials
showed the presence of intergranular fracture,
The de-embrittling treatment lowered the DBTTto the initial level with the
exception of the material stress-aged for up to 8800 h,
The creep damage like void formation and crack initiation could not be observed
in stress-aged materials.

These facts indicated that the
applied stress seemed to enhance
phosphorus segregation. As suggested,
Alp is based on the preferential
intergranular dissolution caused by the
presence of phosphorus segregation at
grain boundaries. Here, Alp was used
to identify the enhancement of
phosphorus segregation by an applied
stress. Fig. 12 shows the comparison of
Alp in the stress- aged and isothermally
aged materials. It is noted that Alp of
the material stress aged for up to 3000 h
is higher than that of the isothermally
aged materials, while Alp of materials
treated for up to 8800h are almost the

same. Preferential dissolution was observed for grain boundaries which were relatively
perpendicular to the tensile axis. Typical optical micrograph is shown in Fig. 13. Shinoda et al
[11] studied intergranular segregation of phosphorus on a Cr-Mo steel stress-aged at 500 °C
for up to 100 h by means of AEM, showing that the effect of applied stress on the
enhancement of phosphorus segregation tended to be diminished with longer ageing time.
Although the severer embrittlement in the material stress-aged for up to 3000 h is thought to
be caused by the enhancement of phosphorus segregation, the mechanism which caused the
severer embrittlement in the material stress-aged for up to 8800 h is not merely due to the
enhanced segregation. For example, Suzuki et al [9] suggested that creep deformation reduces
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the grain boundary fracture stress through the stress concentration in the phosphorus
segregated grain boundaries. The irreversibility of DBTT in the stress aged for up to 8800 h,
as indicated in Fig. 11, is believed to be related to the above process.

Non destructive Evaluation of Ageing Embrittlement
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Fig. 14 shows the correlation between A
Ip and AvTr30 of materials isothermally aged
at 400 °C and 450 °C, and stress-aged. The
correlation between these values suggests
that the degree of the embrittlement in terms
of the shifts of DBTT is non destructively
evaluated by Alp measurements, although
the correlation depends on the ageing
temperature. It is noted in the correlation
that the response of Alp in the severer
embrittlement is more sensitive than that in
the initial embrittlement.

Fig. 14 Correlation between Alp and Shifts of
the 68 J (50ft-lbf) Charpy ductile to brittle
transition temperature of isothermally aged
and stress-aged materials

Kupper et al [4] studied the intergranular corrosion of Fe-P alloys with 0.003-2.5 wt% P
in 55%Ca(NO3)2 solution at 60 °C. The equilibrium for phosphorus segregation was
established by annealing at several temperatures and current-time curves at a constant potential
in the passive potential region were measured with varying the concentration of phosphorus at
grain boundaries. Their results have shown that the material with the high concentration of
phosphorus exhibited the shorter incubation period for the initiation of the intergranular
corrosion. Since the potential was scanned in the present experiment, the presence of grain
boundaries with high concentration of phosphorus would be more critical for the increase in A
Ip. Kameda et al [12] have shown that both the mean and maximum concentration of impurity
atoms, such as Sb, Sn and P at grain boundaries in Ni-Cr steel, broadened with increasing
ageing time.

Therefore, although the concentration of phosphorus at grain boundaries is not
determined in the present study, more sensitive response of Alp in the severer embrittlement is
believed to be due to the high concentration of phosphorus built up with longer ageing time,
resulting in the occurrence of the severe intergranular penetration shown in Fig. 7. It is also
noted that the isothermal ageing at 400 °C exhibited a more increase in Alp to a certain AvTr50

than that of at 450 °C. Here, since the normal operation temperature of the pressure vessel of
the HTTR is around 400 °C, it is suggested that the degree of embrittlement in service can be
detected more sensitively. From the knowledge of the thermodynamics of segregation [13], the
severer equilibrium of phosphorus concentration will be achieved in 400 °C ageing than in 450
°C ageing. Thus, it would be possible that the high concentration of phosphorus is built up
locally through this severe embrittling process. Accordingly, the enhanced sensitivity of Alp to
a certain shift of DBTT would be also explained in terms of the high concentration of
phosphorus.

244



Conclusion

Electrochemical method was investigated to evaluate the degree of embrittlement caused
by phosphorus segregation non destructively and to examine the effect of applied stress on
phosphorus segregation in NT 2V4Cr-lMo steels isothermally aged at temperatures from 400
°C to 500 °C for up to 50000 h and aged under stress at 450 °C. Main results obtained in this
study were as follows:

1. The ageing embrittlement in terms of shifts of DBT1 is mainly caused by
phosphorus segregation to prior austenite grain boundary in NT 2J/4Cr-lMo
steels isothermally aged at temperatures from 400 °C to 500 °C for tip to
50000h

2. In the anodic polarisation curve measured in 55%Ca(NOs)2 solution at 30 °C, the
embrittled materials showed the higher secondary peak of the current density.
This is due to intergranular segregation of phosphorus which prevents the

formation of passive layer.
3. For higher temperature ageings, the precipitation of Mo-rich M2C type carbides

at grain boundaries impeded the intergranular corrosion, resulting in the
decrease in the secondary peak of the current density.

4. From the comparison of materials isothermally aged with and without applied
stress, the enhancement of phosphorus segregation by an applied stress is only
recognised after 3000 h ageing, and is diminished with increasing ageing time.

5. The degree of the embrittlement in terms of the shifts of DBTT is correlated with
the difference of the secondary peak of the current density of materials before
and after de-embrittling treatment (Alp). The response sensitivity of Alp which
depends on the embrittlement level and ageing temperature was explained in
terms of the high concentration of phosphorus at grain boundaries.
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Inservice Inspection Techniques for Primary Circuit of
WWER-Reactors

G. ENGL*, D. PASTOR**, T. MIKUS***
*Siemens-KWU, Erlangen
**Siemens-KWU, Lubmin
***Reakiortest, Trnava

INTRODUCTION

Periodic Nondestructive Inservice Inspections provide most relevant criteria for the
assessment of the integrity of primary circuit pressure components.

The task is to reliably detect defects and realistically size and characterize them, thereby
allowing for discontinuously monitoring of eventual defect initiation or growth.

The scope of these examinations is concentrating on areas selected by criteria like material
properties and fabrication (e. g. weld areas) or operational considerations (like higher stresses
e. g. at nozzle inner radii)

For reasons of limited access, of minimizing radiation exposure to examination personnel,
of reproducibility and of consistence of the NDE data obtained, these examinations are
performed by use of mechanized equipment.

In the following equipment and techniques for and experience with some of most
important examination areas are presented.

REACTOR PRESSURE VESSEL EXAMINATION

The ISI-scope includes all shell, flange and nozzle welds, as well as the nozzle inner radii
and selected areas, where surface examination is required (Fig. J).

Based on past experience, and recent discussions the cladding as well as the cladding
interface are included into the wall thickness to be examined. Nozzle to pipe welds are being
integrated into the scope as well.

In the light of the recent discussions about allowable defect size under operation and
transient load conditions as well as with regard to potential material degradation (e.g.
embrittlement), a highly sensitive, reliable inspection technique with realistic sizing and
characterization capabilities is of most importance.

Under these prerequisites, the inspection from the inner surface must be regarded as the
best solution, allowing even for the application of eddy current examination as complementary
technique for cladding examination.

The ultrasonic examination in contact technique, as developed according to the stringent
requirements of the German Code, has proven to be reliable an effective, also in the
international ISI-scenario.

Central Mast Manipulator

This concept is supported by an efficient manipulator concept. The Central Mast
Manipulator (Fig. 2) has been proven as a flexible tool specifically for the inspection of
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WWER pressure vessels of different sizes and has been applied successfully in the NPP
Greifswald over several years. The principle of modularity has been consequently realized as
far as assembly of different probe systems for different areas is concerned, therefore allowing
to maximize the amount of coverage by specifically adapted probe system arrangements.

The change of probe systems or probe arrangements is performed within several minutes.
This flexibility means no sacrifice of stability or positioning accuracy or the capability to carry
heavy modules as would be required for repair or sample removal.

Examination Techniques

In order to achieve the necessary defect detection capability, multiple probe systems are
utilized, combining diiTerent techniques respectively angles of incidence.

The cladding as well as the interface together with the adjacent base metal layer is
inspected with 70° longitudinal dual element probes with an experience of almost 20 years of
application. The eddy current technique is also integrate into the probe system as
complementary approach for the examination of the claddding. The remaining major part of
the wall thickness is examined with a combination of 45° and tandem technique or of 45° and
60° techniques. If only single probe techniques are employed, specific attention has to be
directed to achieve maximum sensitivity with a high signal significance by discrimination
capability. This means a very thorough optimization of the ultrasonic parameters such as
frequency, transducer size, focusing etc.

These considerations have to be supported by an adapted concept of data acquisition and
processing. As a principle, all available ultrasonic signals are stored (as raw data) and
processed with no respect to recording level. Additionally, time of flight criteria are employed
quasi on line for discrimination. Basically, two data acquisition and processing techniques are
being applied, TIMLOK and ALOK; TIMLOK is based on a gated 32 channel system,
collecting the maximum signal with its time of flight for each channel, whereas ALOK is
collecting all relevant signals of the Ascan in one channel per probe.

Both methods provide the mapping of indications (TIMLOK: C-scan per gate., (Fig. 4)
ALOK C-, B- and D scan (Fig. 5) as well as defect reconstruction based on time of flight
information (Fig. 6).

Experience

Utilizing this ISI-technique as described, a complete examination of a KWU-Konvoi 1300
MW Reactor Pressure Vessel can be performed within ca. 7 days (Fig. 7). Experience with
RPV examinations in NPP Greifswald and Bohunice shows that RPV ISI can be performed in
an interval of ca. 10-13 days, dependent on scope and additional techniques employed.

This duration includes the fully mechanized examination of the complete longitudinal weld
in the bottom head. For the first time in a WWER Pressure Vessel, this task was successfully
completed in the recent examination of the Bohunice 1 Reactor Pressure Vessel.

A large emphasis, is placed on the quality of the inspection. For assuring defect detection
probability as well as reliability of defect evaluation the techniques as described have been
applied and investigated in international programs such as PISC I and II as well as within large
national verification programs. Recently, this work has been continued within the framework
of PISC III as well as within the Full Size Vessel Program of MPA Stuttgart (Fig. 8).
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The result of the TIMLOK technique applied within the Full Scale Vessel Program was
that all defects larger than 2 mm were detected. The sizing capability was giving slightly
conservative results consistently (between 0 % and 50 % conservatism).

All these investigations proved the effectiveness of this ISI-approach. One representative
result out of PISC II is presented in Fig. 9, the German ISI-technique is included in "Special
Procedures".

MAIN COOLANT LINE

Safety and availability considerations make it highly desirable to have redundancy in form
of a reliable information about the eventual presence of defects before they grow to a leak.
This is also the case for the stainless steel main coolant lines of WWER-reactors, where the
leak before break criterion has been established and a highly sensitive leak detection system is
necessary.

Geometry (weld preparation, shrinkage and weld crown), material (coarse grain with
strong acoustic anisotropy) as well as restricted access pose severe difficulties for these
inspections.

Through the past years considerable experience with the inspection of stainless steel
piping has been achieved, specifically in BWR-plants with unstabilized stainless steel
susceptible to intergranular stress corrosion cracking. The involvement in this difficult
examinations has strongly contributed to the development or adaption of appropriate
techniques. Further impact can be expected out of the PISC III program. These experiences
help with the selection of probes and techniques.

In principle the techniques to be employed have to be adapted and optimized to each
specific inspection problem. This means that a testblock realistically simulating the inspection
conditions, should be available. Generally, the wall thickness is subdivided into several layers.
Each layer is inspected with at least one specific technique. Mostly low frequency, longitudinal
dual element probes are utilized. Transducer sizes arrangements (linear " focussing") as well as
the angles of incidence are adapted to each wall thickness layer.

Recently, phased array systems (partially with EMAT principle) have been introduced.

Mechanized examination is able to add spatial criteria to the data, thus generating a more
consistent data base allowing direct correlation between signals from different
probes/techniques. A large number of manipulators has been developed, all easily operable,
some allowing modularity as for carrying inspection systems, as well as milling, cutting and
welding tools etc.(Fig. 10),

Within a national German program a Round Robin test with a WWER pipe weld sample
has been performed where all the above mentioned techniques have been employed. After the
NDE results had been submitted, destructive examination has started and was completed most
recently.

Final results with thorough comparison of nondestructive and destructive examinations
can be expected by the end of the year.

COLLECTOR

The welds of the stainless steel collectors of WWER Steam Generators pose a specific
problem to perform an effective ultrasonic examination: The relatively large wall thickness
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together with the nonparallel cross sectional geometry add to the difficulties known in
conjunction with the coarse grain weld material.

Extensive experimental investigations at 1:1 testblocks resulted in an approach with
specific ultrasonic techniques, which could demonstrate good correlation with the results of
radiographic examination. For this problem, again longitudinal wave probes with different
angles of incidence, partially focussed, were the solution for the detection phase. For sizing,
linear holography has been employed, utilizing the signals of different probes matched ed into
one reconstruction, thus synthesizing a larger aperture in spite of narrow beams with each
single probe.

Based upon the development in the area of imaging techniques within the past years, a
new sizing method has been implemented, the so called Linear Synthetic Aperture Focussing
Technique (L-SAFT) respectively its physical equivalent, the Broadband Holography (HOLO
3000). These techniques proved to achieve results superior to those of the Linear Holography.

It is obvious that these sizing and characteristization techniques are also available for
resolving indications in the main coolant line as well as other (also ferritic) components.

For this inspection a special manipulator has been developed (Fig. 11). This manipulator
is also designed for carrying other modules like for ET examination of the trebing, for tube
plugging, etc..

CONCLUSION

The technical approach for an effective ISI technology is based on a large effort of
continuos R & D work and implementation into practical application on the site. The
experience gained provided considerable feedback for the subsequent and continuos
improvement of the system.

The first generation of equipment and technology was oriented towards Siemens PWR
and BWR plants. In an early stage already the ISI technology was adapted to application in
reactors of other suppliers.

For examination of WWER primary circuit this adaption resulted in modular technology
e.g. manipulators, ultrasonic instruments, computerized data acquisition and processing.

The basic technical approach is following the same philosophy with regard to the solutions
for the various components: Techniques with high detection sensitivity, realistic sizing and
characterization; multichannel UT-instrument for versatile utilization; data acquisition and
processing with problem-adapted data display; modular manipulator design for examination
and repair.

This technology allows for reliable inspections to be performed in a minimum of time.
This efficiency is paired with effectiveness which has been proven in international and national
verification programs.
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ACOUSTIC EMISSION TESTING OF V-213 PVR-S

PETER PELLIONISZ
KFKI Atomic Energy Research Institute
Budapest, H-525 P. O. B. 49; Hungary

1 INTRODUCTION

In 1987, after four years of operation, the first reactor of the Paks Nuclear Power Plant
(4 x 440 MW of PWR units type WWER-440) was stopped and its first periodic in-service
inspection was carried out. This was followed by similar periodic in-service inspections of the
other units, one reactor unit per year, between 1988-1990.

The inspections included complete NDT-testing of the reactor pressure vessels and
subsequent hydraulic proof tests at a pressure 50% higher than the value at normal operation.
Proof tests represent potentially dangerous overloads, especially in most of these cases, where
pressure tests were applied to system already examined and completely reassembled with
fuelled reactor core. By this reason, for achieving higher degree of safety, it was decided to
apply monitoring acoustic emissions during the first test in order to detect any anomaly. At
Unit 1 two small, experimental a.e. measuring systems were applied. This sort of surveillance
proved to be a valuable method and by this reason acoustic emission monitoring has been used
as a regular process at each of the following; proof tests at the Paks Nuclear power Plant.

This paper presents techniques, instrumentation and methods applied in monitoring the
inspections, after a short description of the proof tests themselves.

2. PROOF TESTS OF THE REACTOR PRESSURE VESSELS

The hydraulic proof tests were applied to reactor pressure vessel, primary water cooling
loops and water cleaning system, after reassembling the whole reactor. The main
characteristics of the V-213 type reactor pressure vessels are as follows:

diameter: 4270 mm
height: 11800 mm
wall thickness: 140 mm
material: high-strength steel 15CH2MFA
Nr. of water loops: 6.

After increasing the temperature of the reactor up to wall temperature of 120 °C, pressure
was risen step by step up to 192 bar. Figure 1 shows the pressure-time relation at the test of

Unit 2. At a pressure level of 153 bar, the primary circuit
system integrity was checked visually.

tnimt nuikirl

During the hydrotests, from the beginning to the
end, acoustic emission monitoring was performed, in
most cases together with strain-gauge measurements.
Acoustic emission sensors were applied generally at three

».> I,J u i.i o r.i furmiii.i Unit 2 (1988).
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regions of the structure, as Figure 2 shows.

Fig. 1. Pressure-time during the proof test



tables as Table 2 shows.
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Fig. 2. Monitoring acoustic emission at the
area of the duct nozzles (A),
at inlet-outlet ducts (B),
at weldment 5/6 (C).

The number, application mode, and type of a. e
sensors placed at regions A, B and C varied from one
proof test to the other as Table 1 shows. In region A the
a. e. sensors were placed manually and attached by
magnetic holders, in region B austenitic steel straps were
applied on the cooling ducts: On the cylindrical surface
(C), sensors were placed by the remote controlled robot
arm of the ultrasonic system. Generally two local a. e.
systems at places D and E were applied, each one,
communicating with a remote computer through RS-
232-C serial data transmission links. Before the proof
test, sensors, instruments, communication lines,
computers were checked and calibration measurements
(sensitivity, noise, propagation velocity, signal damping)
performed. During the proof tests, data were presented
on-line on two computer screens in the form of data

Reactor unit

Year of test

Number of a. e. sensors

- in nozzle region (A)

- on ducts (B)

- at welding 5/6 (C)

Type of sensors

- at (A), (C)

- at (B)

Number of Oefectofons

and Expander units

Remote check of sensors

1

1987

12

09203

3

-

2

1988

12

4

8

D9203

D9210*

3
1

-

3

1989

12

4

12

D9203

D9203"

3

2

Experim

4

1990

15

6

12

09203

09203

3

3

Sist. Tester

Table 1. A. e. sensors and instrumentation at the proof tests (* = high-temp,
sensor, ** = with waveguide)

4, 4, 4, 4 act. chanels Threshold = 36 dB Delta ET = 100 ms Delta T = 10 s Mem. code = 0
Dead time = 50.0 ms DT max. = 300 Bus ARR/INDEP Coinc = 0 us Damp = 0 dB/ms

Index

1337
1339
1340
1341
1342
1343
1345

El. Time

6992.4
6996.3
6996.7
6996.7
6997.6
6997.6
6999.7

G/FC

1/4
1/4
1/2
2/1
1/4
2/4
1/4

Ampl.
[dB]

32
39
32
34
42
45
32

Counts

165
1075
1911
3652

11548
12409

523

Rise Time

IN
1

104
0

801
5736
5953

0

Ev. Width

IN
660

4580
7610

15750
50740
53760

2060

DT1

IN
950
371
389

0
1093
398

1093

DT2
IMS]
1363
1363

0
941

3582
2210
3582

DT3
IMS]
1043
1043
484

1077
2757
1283
2757

DT4
IMS]

0
0

409
857

0
0
0

Table 2. Detail of the real-time display (G/FC = group and channel number of
the first hit sensor, DT-s = arrival time differences)
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By continuous surveillance of the parameters of the acoustic events, acoustically active
regions and time periods could be identified. As loading periods were followed generally by
pauses or depressurization, when acoustic activity was not detected, there was available time
during the measurement for detailed analysis, (plotting correlations between different
parameters, making source location maps, etc. The real-time analysis was followed by more
detailed post-processing after the tests. As the discussion of the gained a. e. data and. their
interpretation is beyond the scope of this paper, results are not discussed here.

The acoustic emission investigations were performed by a e. researchers of KFKI (Central
Research Institute for Physics, Budapest) and by those of EROKAR (Service Company for
Power Plants) in cooperation with the NDTstaff of Paks Nuclear Power Station.

3. ACOUSTIC EMISSION INSTRUMENTATION

The acoustic emission measurements were performed by the a. e. instrumentation
developed and put in commercial production by the Central Research Institute for Physics,
Budapest. The applied equipment was based on the multichannel a. e. analyzer system
Oefectophone NEZ-220 which is a complete family of the necessary a. e, instrumentation items,
comprising amplifiers, frequency filters, testers, etc. An important part of the system is a
powerful software package for IBM-PC and compatible computers enabling them to program
and to control the measuring units as well as to receive and to analyze the a. e. data arriving
through the RS-232-C standard asynchronous communication line.

As Table I shows, the applied systems became larger and larger from year to year As an
example, figure 3 presents the block diagram of the system at the nozzle region, when
measuring Unit 4, which can be taken as a typical subsystem.

M« RtHfftt

- 1 0 m

Fig. 3. Block diagram of the a. e. system applied to the a. e. sensors in the
nozzle region during the proof test in 1990.

A. e. sensors (type 0 9203A, frequency: 100-400 k Hz) attached to the reactor wall (I.) by
magnetic holders were provided with small, impedance matching transformers, and connected
by coaxial cables to logarithmic amplifiers put at an accessible place (II.) together with the
programmable Oefectophone System Tester. This assembly was connected to the
Defectophone plus Expander units each having 16 a. e. plus 16 parameter input capacity (III.)
and processing 4 arrays of 4 a. e. sensors on the first-hit principle. In some of the
measurements a. e. sensors were attached to ducts also by stainless steel straps.
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4. DATA EVALUATION

Both burst data (acoustic events) and sampled values of continuous signals (acoustic
averages and values of parameter signals) were displayed on the computer screen, real-time, as
Table 2 shows. Correlation between pressure variations and burst data would have helped the
acoustic emission experts to detect any anomaly, if had occurred.

If change in instrument parameters was needed, one could replace the data display on the
computer screen with the front panel of the Defectophone, with a single keystroke and the
required command could be sent to the measuring device, then displaying data could be
continued

Data display - real-time listing of a. e. parameters- offers a general overview on the
acoustic activity, but details, correlations between different a. e. parameters, location maps, etc.
are also needed to have a complete and detailed analysis: The Defectophone data processing
software offers many options to facilitate it. A very important one is filtering, i.e. generating
new data files which exclude data not satisfying user-selectable criteria (e. g. short and/or small
pulses, events from certain area, etc.)

Fig. 4. Correlation plot between event
duration and ring-down count

By way of illustration, some typical plots are
shown. Figure 4 shows a correlation plot between
event duration -ring-down counts; events not alike
can be easily separated. Figure 5 presents statistics
on the measured peak amplitudes. Basically, any
parameter can be presented as a function of any
other one. Figure 6 shows a series of location
maps at a certain period of the proof test of Unit
2.

Fig. 5. Statistics of peak amplitudes of
events

An important diagram for the overall
estimation of the safety of the pressure vessel is
shown in figure 7 from the proof test of Unit 2 in
1988. One can see that a. e. activity stopped
during de-pressurization or at constant pressure,
showing that no critically active acoustic emission
source 5 was present in the inspected vessel zone.
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Fig. 6. Location map in the
nozzle area of the reactor
vessel without filtering (a),
filtering simultaneous arrivals
(b), further filtering events with
counts less than 1500
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Figure. 7. Cumulated number
of acoustic events and
pressure during the hydrotest
of Unit 2

5. CONCLUSION

Between 1987 and 1991 five
acoustic emission tests have been
realized. By location maps,
acoustic emission sources were
separated and their activity and
intensity were analysed according
to the ASTM standard E-569-85
which classifies sources as inactive,

active or critically active. None of the sources were found critically active: no intervention was
necessary during or after the measurement.

The techniques and methods of the acoustic emission testing have been developed
gradually: the experiences gained in the measurements were applied at the instrumental and
software development. The portable, remote-operated Defectophone devices proved to be
useful, flexible and easy-to-handle instruments.

The work was performed under the supervision of Mr. P. Trampus from the side of the
nuclear power plant. The a. e. monitoring measurements were made with the participation of
engineers and technicians of the KFKI as well as those of EROKAR [project leader. Mr. P.
Sziics]. Thanks are due to all contributors.

ueei
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Chairmen's report. Session 4.

Assessment of Material Degradation and Reliability of Defect
Detection

Session 4.

Chairman: S. Rosinski
Cc-Chairman: I. Becker

This session included several interesting presentations
and discussion concerning material degradation analysis and
non-destructive analysis techniques to determine material
integrity.

Mr.Tipping (Switzerland) presented results of an
irradiation annealing and reirradiation study performed on a
JRQ pressure vessel material (similar to SA533B). Standard
Charpy toughness, tensile and hardness properties were
characterized for the unirradiated, irradiated and annealed
plus reirradiated conditions. A heat treatment of 460 °C for
18 hours after 50% of the target fluence proved successful as a
means for mitigating neutron irradiation embrittlenient. Tensile
properties in particular were partly restored and it was
indicated that the rate of reembrittlement after annealing and
reirradiation to the target fluence was no faster than when no
intermediate anneal had been performed. The Charpy toughness
parameters also benefited from the annealing showing the
potential of this method for facilitating plant life extension
goals. The importance of obtaining annealing conditions from
material having similar thermal and irradiation histories as
the pressure vessel itself was also presented as a practical
recommendation from this study. Additional studies
investigating the effect of irradiation flux on embrittlement
were recommended.

Mr. Szabo (Hungary) presented information describing non-
destructive examination methods utilized by the Hungarian
during utility inspection of the inlet nozzle area of WWER 440
reactor pressure vessels located at Paks. Pre-service and in-
service inspection techniques were described. To date, no
rejectable defects have been discovered during inspections of
the cold leg nozzles at Paks-unit 2.
It was recommended that the data obtained through this
programme from and other related inspection activities be
included as part of the pilot study on ageing sponsored by
IAEA.
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Mr. Kupca (SFR) summarized information regarding the
chemical analysis of the reactor pressure vessel material from
the weld region of the Jaslovske Bohunice Unit-1 WWER-44 0
pressure vessel as well as hardness measurements taken across
the weld. The hardness measurements involved the use of a thin
strip of Ni foil and were performed within the gap between the
vessel and the biological shield in order to identify the exact
location of the weld. Prints on the Ni foil were measured to
give a relative indication of hardness and to indicate weld
location. Once the weld was identified boat samples were
removed to determine chemistry. This procedure will also be
utilized before and after the anticipated anneal of the
Bohunice-Unit 1 vessel.

Mr. Nishiyama (Japan) presented results of a unique non-
destructive testing technique that utilized electrochemical
property determination to evaluate the thermal ageing
embrittlement of a 2 l/4%Cr -l%Mo pressure vessel steel being
used in the high temperature gas-cooled reactor presently under
construction in Japan. During the anodic polarization tests in
a calcium nitrate solution the embrittled material exhibited a
higher secondary peak of the current density after initial
passivation. This change in the secondary peak was due to the
intergranular segregation of phosphorus and can be successfully
correlated with the shift of the ductile-to-brittle transition
temperature. This electrochemical technique also possesses the
potential for application to the radiation embrittlement
monitoring of pressure vessel steels. Further studies in this
area were recommended. Selecting a proper electrolytic
solution (to be chosen depending upon the mechanism of
radiation embrittlement) will be a key factor for application
of this technique.
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Assessment of Material Degradation and Reliability of Defect
Detection

Chairman: J. Guinovart
Co-Chairman: E.Czoboly

Mr. Engl (SFR) reported on the ISI techniques applied to
primary circuit pressure components ( pressure vessels, main
coolant lines, collectors) of WWER reactors. The RPV inspection
is being performed using central mast manipulator equipped with
UT and ET probes. Highly sensitive UT methods are most
important and can be achieved resp. optimised by appropriate
selection of the ultrasonic parameters e.g. beam angles,
complete raw data acquisition and processing etc. Detection
and sizing of defects have been improved significantly by these
means. Remote controlled inspection techniques eliminate
subjective mistakes and provide of higher significance of data.
Broad band holography was evaluated to improve imaging
technique and consequently sizing of defects. Questions about
the smallest detectable defects as well as about the
orientation were asked and answered by exemplary results from
performance demonstration exercises.

Mr. Attinger (Switzerland) gave an overview of the
principles of the acoustic emission local monitoring technique
used in . Artificially induced cracks were employed and the
crack propagation due to alternative loading was investigated.
Detection of microcracks and their location is possible with
great accuracy. Application of the evaluated technique was
demonstrated by a low-cycle fatigue test of a piping system
provided with a circumferential artificial inner crack starter.

Mr. Pellionisz (Hungary) showed the possibilities of
practical application of acoustic emission method with special
regard to the pressure vessels of NPP Paks. The instrument
used for this experiment was introduced and the results gained
during pressure test of the vessel were given and analysed.
The selection of criteria for this critical activity of any
region of the vessel is given in ASTM 569.

After the presentation details of the measuring techniques
were discussed. In general the actual status of AE technics
does not allow to asses the crack growth propagation directly
and the technique requires further development. However, the
AE during pressure testing of RPV is a valuable complementary
testing method.
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Recommendations

During plenary and subsequent 1-5 session several useful
recommendations were made as follows:

Plenary Session

1. Further efforts on simplified methods for elastic-
plastic fatigue analyses should be considered to fulfil gaps
incurred in codes and standards. Furthermore, additional
efforts should be made directed to combine US methods for
assessment of the characterization in transition weldments.

Session 1.

2.The multibarrier safety flow chart presented by Dr.
Blauel could be included in the IAEA document for life time
management and ageing evaluation methodology.

3.Testing could be conducted on an international basis
to obtain fracture toughness data -dynamic, K ^ and arrest
K^a - for WWER reactor pressure vessel materials,

4. An international data base could be constructed for
all fracture toughness data (static, dynamic, arrest)
received on specimens with different thicknesses, different
manufacturers different pressure vessel materials made to
meet the requirements of different codes.

5. Standard procedures for determining statistically
based mean and lower bound fracture toughness curves as
well as the determination of realistic fracture toughness
data distribution could be evaluated.

6. Calculational examples with a detailed comparison of
the use of different codes for a typical WWER reactor
pressure vessel, preferably of V-230 type could be
conducted. This example could contain calculation of
resistance against brittle as well as fatigue resistance.

7. A calculation example similar to (4) could be
conducted but using a probabilistic approaches.
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Session 2.

8. The Czech and Slovak as well as the German LBB
program was considered valuable and it should be continued
beyond 1992 by extending the LBB concept to the secondary
side as far as possible- This step could be accompanied by
further experimental work susceptibility to degradation
mechanisms e.g., erosion, corrosion could be included in
this moment..

9. The results chould be carried over to other WWER
440/230 type plants but for plant specific conditions. A
similar programme for WWER 440/213 and WWER 1000 was
strongly supported.

10. Participation in the IPIRG programme (International
Piping Integrity Research Group) was encouraged.

Session 3.

11. It is recommended that all available ISI data sets
be considered so that the analysis results are
representative and not biased by limited data. It is
further recommended that the flaw distribution methodology
be disseminated internationally for potential use by nuclear
reactor owners. Code and reactor type specific information
are major criteria for implementation.

12. It is recommended that the guide-lines presented by
M. Puls also be made available to non-Canadian CANDU reactor
owners when these guide-lines are finalized.

13. It is recommended that the details of the Spanish
programme on steam generator materials be made available to
all PWR owners internationally.

14. It is recommended that the paper on risk-based steam
generator life time optimisation should receive broad
distribution internationally.

Session 4:

15. Further studies to investigate the effect of
irradiation flux on embrittlement were recommended. PV
annealing can mitigate irradiation embrittlement.

16. It was recommended that the data obtained through
this programme and other related inspection activities be
included as part of the pilot study on non-destructive
inspection sponsored by IAEA.
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17..The electrochemical technique for monitoring ageing
of steels seemed to have potential for the radiation
embrittlement monitoring of pressure vessel steels. Further
studies in this area were recommended. Selecting a proper
electrolytic solution (to be chosen depending upon the
mechanism of radiation embrittlement} is likely to be a key
factor for application of this technique.

Session 5.

18. The inspection programme of the WWRs has shown by
the presentation exhibited a larger number of items than
those of Western PRV. Automatic inspection inside vessel was
strongly recommended.

19. In general, the status of AE techniques do not
allow the assessment of the crack growth propagation and the
technique requires further development. However as used in
pressure testing of RPV supports it is a valuable
complementary NDT method.
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