Understanding and
mitigating ageing in
nuclear power plants

Materials and operational
aspects of plant life
management (PLiM)

Edited by Philip G. Tipping



Woodhead Publishing Series in Energy: Number 4

Understanding
and mitigating
ageing In nuclear
power plants

Materials and operational aspects
of plant life management (PLiM)

S, o

Eitﬁdfbw)\ J‘; Hl 53?

. —N g, S
Philip Gmpmg{ﬁ 5{{“

WOODHEAD
PUBLISHING

P
. el

Oxford Cambridge Philadelphia New Delhi

© Woodhead Publishing Limited, 2010



Published by Woodhead Publishing Limited, Abington Hall, Granta Park,
Great Abington, Cambridge CB21 6AH, UK
www.woodheadpublishing.com

Woodhead Publishing, 525 South 4th Street #241, Philadelphia, PA 19147, USA

Woodhead Publishing India Private Limited, G-2, Vardaan House, 7/28 Ansari Road,
Daryaganj, New Delhi — 110002, India
www.woodheadpublishingindia.com

First published 2010, Woodhead Publishing Limited
© Woodhead Publishing Limited, 2010
The authors have asserted their moral rights.

This book contains information obtained from authentic and highly regarded sources.
Reprinted material is quoted with permission, and sources are indicated. Reasonable efforts
have been made to publish reliable data and information, but the authors and the publisher
cannot assume responsibility for the validity of all materials. Neither the authors nor the
publisher, nor anyone else associated with this publication, shall be liable for any loss,
damage or liability directly or indirectly caused or alleged to be caused by this book.

Neither this book nor any part may be reproduced or transmitted in any form or by any
means, electronic or mechanical, including photocopying, microfilming and recording, or by
any information storage or retrieval system, without permission in writing from Woodhead
Publishing Limited.

The consent of Woodhead Publishing Limited does not extend to copying for general
distribution, for promotion, for creating new works, or for resale. Specific permission must
be obtained in writing from Woodhead Publishing Limited for such copying.

Trademark notice: Product or corporate names may be trademarks or registered trademarks,
and are used only for identification and explanation, without intent to infringe.

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library.

ISBN 978-1-84569-511-8 (print)

ISBN 978-1-84569-995-6 (online)

ISSN 2044-9364 Woodhead Publishing Series in Energy (print)
ISSN 2044-9372 Woodhead Publishing Series in Energy (online)

The publisher’s policy is to use permanent paper from mills that operate a sustainable
forestry policy, and which has been manufactured from pulp which is processed using
acid-free and elemental chlorine-free practices. Furthermore, the publisher ensures that the
text paper and cover board used have met acceptable environmental accreditation standards.

Typeset by Replika Press Pvt Ltd, India
Printed by TJI Digital, Padstow, Cornwall, UK

© Woodhead Publishing Limited, 2010



Understanding and mitigating ageing in nuclear
power plants

© Woodhead Publishing Limited, 2010



Related titles:

Geological repository systems for safe disposal of spent nuclear fuels and radioactive
waste

(ISBN 978-1-84569-542-2)

The long-term fate of spent nuclear fuel and radioactive waste materials is of critical
importance to the nuclear industry. Long-term safety must be assured without active
human oversight, based on the requirement that we do not pass the burden of nuclear
waste onto future generations. Geological disposal systems and technology, utilising
both natural geological barriers and engineered barrier systems, have therefore been
developed to isolate spent nuclear fuel and radioactive materials from the human
environment. This book critically reviews state-of-the-art technologies, scientific
methods and engineering practices directly related to the design, operation and safety
of geological repositories.

Advanced separation techniques for nuclear fuel reprocessing and radioactive waste
treatment

(ISBN 978-1-84569-501-9)

Advanced separation technology is key to ensuring the environmental protection,
criticality-safety and non-proliferation (security) of radioactive materials. Separation
techniques are applied in reprocessing nuclear fuels for further power generation as
well as in radioactive waste treatment for radiological-content reduction of materials
due for storage and disposal. Initial sections review materials management issues
and the characterisation and behaviour of the main radioactive materials produced
by nuclear power generation. Further sections cover irradiated fuel treatment, such
as the PUREX process, and radioactive waste treatment, such as supercritical fluid
extraction. Final sections cover next generation processes, including partitioning and
transmutation, and applications.

Materials for energy conversion devices

(ISBN 978-1-85573-932-1)

The term electroceramic is used to describe ceramic materials that have been
specially formulated with specific electrical, magnetic or optical properties.
Electroceramics are of increasing importance in many key technologies including:
microelectronics, communications and energy conversion. This innovative book is the
first comprehensive survey on major new developments in electroceramics for energy
conversion devices. It presents current research from leading innovators in the field.

Details of these and other Woodhead Publishing books can be obtained by:

visiting our web site at www.woodheadpublishing.com

contacting Customer Services (e-mail: sales@woodheadpublishing.com; fax:

+44 (0) 1223 893694; tel.: +44 (0) 1223 891358 ext. 130; address: Woodhead
Publishing Limited, Abington Hall, Granta Park, Great Abington, Cambridge CB21
6AH, UK)

If you would like to receive information on forthcoming titles, please send your
address details to: Francis Dodds (address, tel. and fax as above; e-mail: francis.
dodds@woodheadpublishing.com). Please confirm which subject areas you are
interested in.

© Wocedhead Publishing Limited, 2010



Contributor contact details

(* = main contact)

Chapters 1, 2, 5, 6, 18 and
24

Ph. G. Tipping

Nuclear Energy and Materials
Consultant — NE&MC

CH 5200 Brugg

Switzerland

E-mail: ingphil@ymail.com

Chapter 3

A. Alonso

Universidad Politécnica de Madrid
Departamento de Ingenieria Nuclear
Rafael Calvo 3 2F

28010 Madrid

Spain

E-mail: agustin.alonso@nexus5.com

Chapter 4

P. Contri* and A. Rodionov

European Commission, DG-JRC
Institute for Energy

Safety of Current Reactors Unit

PO Box 2

1755 ZG Petten, The Netherlands

Westerduinweg 3

1755 LE Petten

The Netherlands

E-mail: paolo.contri@enel.com

Chapter 7

M. Bakirov

Center of Material Science and
Lifetime Management Ltd

Office 5

Kirova str. 7

Lubertsy City

Moscow Region 140002

Russia

E-mail: testm@orc.ru

Chapter 8

M. Herndndez-Mayoral
Division of Structural Materials
Department of Technology
CIEMAT

28040 Madrid

Spain

E-mail: m.mayoral @ciemat.es

M. J. Caturla*

Department Fisica Aplicada
Facultad de Ciencias, Fase II
Universidad de Alicante
03690 Alicante

Spain

E-mail: mj.caturla@ua.es

© Woodhead Publishing Limited, 2010



XViii Contributor contact details

Chapter 9

P. L. Andresen

GE Global Research Center
One Research Circle
CE2513

Schenectady, NY 12309
USA

E-mail: andresen@crd.ge.com

Chapter 10

F. A. Garner

Radiation Effects Consulting
Richland, WA 99354

USA

E-mail: frank.garner@dslextreme.com

Chapters 11 and 12

M. Brumovsky

Nuclear Research Institute Rez plc,

Division of Integrity and Technical
Engineering

250 68 Rez

Czech Republic

E-mail: bru@ujv.cz

Chapter 13

S. Lozano-Perez
Department of Materials
University of Oxford
Parks Road

Oxford OX1 3PH

UK

E-mail: sergio.lozano-perez@materials.
ox.ac.uk

Chapter 14

L. Yang and K. T. Chiang

Department of Earth, Material, and
Planetary Sciences

Southwest Research Institute®
(SWRI®)

6220 Culebra Rd

San Antonio, TX 78228

USA

E-mail: Ityang@swri.org

Chapter 15

L. Malerba

Structural Materials Group

Institute of Nuclear Materials
Science

Studiecentrum voor Kernenergie
e Centre d’Etude de I’Energie
Nucléaire

(SCK e CEN)

Boeretang 200

B-2400 Mol

Belgium

E-mail: Imalerba@sckcen.be

Chapter 16

H. M. Hashemian
Analysis and Measurement
Services Corporation

AMS Technology Center
9111 Cross Park Drive
Knoxville, TN 37923
USA

E-mail: hash@ams-corp.com

© Woodhead Publishing Limited, 2010



Chapter 17

W. Hoffelner

Paul Scherrer Institut
CH-5232 Villigen PSI
Switzerland

E-mail: wolfgang.hoffelner@psi.ch

Chapter 19

T. J. Katona

Paks Nuclear Power Plant Ltd
P.O. Box 71

Paks 7031

Hungary

E-mail: katonat@npp.hu

Chapter 20

N. Sekimura*

Department of Nuclear Engineering
and Management

University of Tokyo

7-3-1 Hongo Bunkyo-ku

113-8656 Tokyo

Japan

E-mail: sekimura@n.t.u-tokyo.ac.jp

N. Yamashita

Reactor Mechanical Maintenance
Group

Maintenance Department (Unit
3&4)

Fukushima Dai-ichi Nuclear Power
Station

Tokyo Electric Power Company

22 Kitahara Ottozawa Ohkuma-
machi Futaba-gun,

979-1301 Fukushima Prefecture

Japan

E-mail: yamashita.norimichi@tepco.co.jp

Contributor contact details XiX

Chapter 21

R. K. Sinha* and S.K. Sinha

Reactor Design and Development
Group

Bhabha Atomic Research Centre

Mumbai

India

E-mail: rksinha@barc.gov.in

K. B. Dixit, A. K. Chakrabarty and
D. K. Jain

Engineering and Procurement

Nuclear Power Corporation of
India Limited

India

Chapter 22

B. Raj, P. Chellapandi, T.
Jayakumar, B. P. C. Rao and K.
Bhanu Sankara Rao

Indira Gandhi Centre for Atomic
Research

Kalpakkam

TN - 603 102

India

E-mail: dir@igcar.gov.in

Chapter 23

G. B. Neighbour

Materials and Process Performance
Department of Engineering
University of Hull

Hull HU6 7RX

UK

E-mail: g.b.neighbour@hull.ac.uk

© Woodhead Publishing Limited, 2010



Woodhead Publishing Series in Energy

Generating power at high efficiency: Combined cycle technology for
sustainable energy production
Eric Jeffs

Advanced separation techniques for nuclear fuel reprocessing and
radioactive waste treatment
Edited by Kenneth L. Nash and Gregg J. Lumetta

Bioalcohol production: Biochemical conversion of lignocellulosic
biomass
Edited by K. W. Waldron

Understanding and mitigating ageing in nuclear power plants:
Materials and operational aspects of plant life management (PLiM)
Edited by Philip G. Tipping

Advanced power plant materials, design and technology
Edited by Dermot Roddy

Stand-alone and hybrid wind energy systems: Technology, energy
storage and applications
Edited by J. K. Kaldellis

Biodiesel science and technology: From soil to oil
Jan C. J. Bart, Natale Palmeri and Stefano Cavallaro

Developments and innovation in carbon dioxide (CO,) capture
and storage technology Volume 1: Carbon dioxide (CO,) capture,
transport and industrial applications

Edited by M. Mercedes Maroto-Valer

Geological repository systems for safe disposal of spent nuclear fuels
and radioactive waste
Edited by Joonhong Ahn and Michael J. Apted

© Woodhead Publishing Limited, 2010



XXii

10

11

12

14

15

17

18

19

20

21

22

Woodhead Publishing Series in Energy

Wind energy systems: Optimising design and construction for safe
and reliable operation
Edited by John D. Sgrensen and Jens N. Sgrensen

Solid oxide fuel cell technology: Principles, performance and
operations
Kevin Huang and John Bannister Goodenough

Handbook of advanced radioactive waste conditioning technologies
Edited by Michael I. Ojovan

Nuclear reactor safety systems
Edited by Dan Gabriel Cacuci

Materials for energy efficiency and thermal comfort in buildings
Edited by Matthew R. Hall

Handbook of biofuels production: Processes and technology
Edited by Rafael Luque, Juan Campelo and James Clark

Developments and innovation in carbon dioxide (CO,) capture and
storage technology Volume 2: Carbon dioxide (CO,) storage and
utilisation

Edited by M. Mercedes Maroto-Valer

Oxy-fuel combustion for power generation and carbon dioxide
(CO,) capture
Edited by Ligang Zheng

Small and micro combined heat and power (CHP) systems:
Advanced design, performance, materials and applications
Edited by Robert Beith

Hydrocarbon fuel conversion technology: Advanced processes for
clean fuel production
Edited by M. Rashid Khan

Modern gas turbine systems: High efficiency, low emission, fuel
flexible power generation
Edited by Peter Jansohn

Concentrating solar power (CSP) technology: Developments and
applications
Edited by Keith Lovegrove and Wes Stein

Nuclear corrosion science and engineering
Edited by Damien Féron

© Woodhead Publishing Limited, 2010



23

24

25

26

27

Woodhead Publishing Series in Energy xxiii

Power plant life management and performance improvement
Edited by John Oakey

Direct-drive wind and marine energy systems
Edited by Markus Mueller

Advanced membrane science and technology for sustainable energy
and environmental applications
Edited by Angelo Basile and Suzana Nunes

Irradiation embrittlement of reactor pressure vessels (RPVs)
Edited by Naoki Soneda

High temperature superconductors (HTS) for energy applications
Edited by Ziad Melhem

Infrastructure and methodologies for the justification of nuclear

power programmes
Edited by Agustin Alonso Santos

© Woodhead Publishing Limited, 2010



© Woodhead Publishing Limited, 2010



Foreword

Y. DOU, Shanghai Nuclear Energy Research and
Development Institute (SNERDI), P. R. China

The development and commercial use of nuclear energy in the form of cost-
competitive electricity and district heating was one of the most significant
industrial achievements of the 20th century. The 21st century is now
approaching its second decade, and global energy consumption continues to
grow rapidly, and projections show a doubling of world electricity demand by
2030, creating the need for considerable amounts of newly installed generating
capacity (of all origins) in the next 25 years. The current global nuclear
energy capacity is about 367 GWe, and between 524 GWe and 740 GWe is
expected to be needed before 2050. This will necessitate building between
200 and 400 new nuclear power plants (NPPs) worldwide to just replace the
lost capacity of electrical power from decommissioned NPPs and to provide
the new capacity that will be necessary by 2050, not only to satisfy the needs
of growing energy consumption, but also to ease environmental pressure by
reducing dependence on fossil-based energy. For example, in China, where
the economy has continuously increased by 9% per year, on average, over
the past 30 years, the current portion of nuclear-generated energy is only
around 2%, which is a relatively small percentage in comparison with the
world’s current nuclear-generated energy portion of about 16%. To satisfy the
demand for energy in an environmentally friendly way, free from greenhouse
gas emissions, China is thus launching an ambitious nuclear power plan to
raise the portion of nuclear energy by 4-5% by the year 2020. That means
that 40-60 new NPPs of 1000 MWe should be built in a decade or more.
Such ambitions for new-build requirements for NPPs create considerable
logistics and planning tasks, having due regard for the industry’s overall
current and projected ability to supply the heavy equipment required for
NPPs (e.g. pressure vessels, quality alloys for piping, steam generators,
core shrouds, pumps, high quality cement for containment buildings and
cooling towers, etc.). Furthermore, action must be taken now to ensure that
sufficiently trained, educated and experienced personnel are available to
operate the plants and to regulate them. Also, the need to have fossil-fuel
free low ‘greenhouse gas’ energy sources puts the focus squarely on the
nuclear option, as long as it can remain safe.
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XXVi Foreword

Two crucial and decisive factors to sustain long-term operation of nuclear
power plants are their safety and profitability, which can be achieved through a
combination of applying optimum management strategies with an understanding
of the ways in which the safety-related systems, structures and components
(SSCs) perform and interact in their respective operating environments. The
SSCs are made of various materials (e.g. metals, alloys, concrete, plastics)
and it is the behaviour of materials due to their operational conditions (e.g.
temperature, pressure, loading, irradiation, coolant chemistry) that can
lead to ageing degradation with attendant impact on NPP availability, SSC
reliability, or a lessening of safety margins and possible attendant operational
constraints. It is the duty of NPP operators to ensure that their NPPs are
safe as well as profitable. Operators can be assisted in achieving these goals
by using ageing management and plant-life management approaches, based
on science and technology and global experience. Ageing management and
plant-life management covers various aspects of knowledge on SSCs, such
as information on requirements of design basis, manufacture, installation,
commissioning and operation, understanding of material degradation
mechanisms, inspection programmes, evaluation and robust implementation
of associated methodologies for assessing SSC fitness-for-service, use of
database techniques, etc. For those countries having various designs and types
of NPP, the available experts and plant personnel may need information or
have to deal with tasks or problems from the different units synchronously.
It is therefore extremely useful to have a single book which provides a wide
range of the most recent information covering all types of NPPs on ageing
and plant-life management techniques and also gives insights and guidance
on how to keep NPPs operating safely and reliably. This is facilitated by
understanding how ageing degradation occurs in SSCs and then by using this
knowledge to develop scientifically based methods to mitigate or eliminate
it.

This book has been produced through a multinational team of globally
recognized experts in their respective fields. The scope of this modern book
is therefore immense and records the knowledge and experience gained with
materials in NPPs over the last 50 or so years of nuclear power development.
The suggestions for further reading and the references provided give the
reader access to even more information. Accordingly, this book is a practical
and technical manual for engineers, technologists and specialists involved in
all aspects of NPP operation. Students and younger technologists studying
nuclear technology, or those just embarking on their careers in nuclear
power, will find here a source of inspiration and current information to help
them achieve their academic and career goals. Furthermore, this book is a
record of the current knowledge and experience that needs to be kept for
future generations. This is even more so now, due to the gradual but steady
loss of the “pioneer” generation of nuclear technologists and researchers, as
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Foreword  xxvii

they go into retirement. External organizations, including design institutes,
technical supporters, sub-contractors of nuclear steam supply systems,
materials suppliers and regulators will also find valuable information in this
book to enable them to carry out their respective tasks. In a word, this book
is essential reading for anyone associated with nuclear power.

In China we have a proverb, namely, ‘Experience is the best teacher’. I
believe that this book will act as one of the best teachers currently available,
since it is based on the cumulative experience of more than 750 person-
years when the career years of all the contributing authors are taken into
consideration. It remains to be seen what the next generation of NPPs will
demand in terms of specialist knowledge and operational practices. One
thing is certain: as new knowledge is obtained, it must also be recorded in
a book such as this.
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Executive summary

PH. G. TIPPING, Nuclear Energy and Materials Consultant,
Switzerland

Overview of the book

This reference book is a comprehensive state-of-the-art, science and
technology record of the current knowledge base concerning materials ageing
degradation (AD), and its mitigation and elimination in systems, structures
and components (SSCs) used in commercially operated nuclear power plants
(NPPs). Accordingly, it covers a wide range of subjects relating to NPP SSC-
AD, and so the phrase ‘from atoms to zirconium’ could be a fitting one when
attempting to capture the very essence of this book. It traces the historical
development of commercial nuclear power, while illustrating the way our
understanding and mitigation of SSC-AD has continually increased through
basic and applied research approaches. The effectiveness and integration of
validated SSC-AD mitigation methods (which have been largely furnished
by basic research efforts) into the daily operation of NPPs is exemplified
throughout.

The necessity for always keeping SSCs ‘fit-for-service’ is a vital safety-
related aspect, but it is also an important commercial requirement as well,
since NPPs may thereby retain the technological basis, and thus the regulatory
possibility (in satisfying licence requirements), to continue safe and reliable
operation, even in excess of their original design life. The chance that this
‘long-term operation’ (LTO) can be realized is significantly enhanced when
NPP plant life management (PLiM), ageing management (AM), ageing
surveillance programmes (ASPs) and standard operational practices (OPs)
are optimized, and when plant-specific and worldwide lessons learned are
continually and robustly integrated into the operational management of NPPs.
The effectiveness of PLiM, AM, ASPs and OPs is also shown to depend
significantly on the level of safety culture prevailing in the NPP’s workforce,
as well as on efficient plant knowledge management (KM) and associated
job succession and training strategies for personnel. These essential themes
are discussed throughout the book.

Each chapter may be regarded as a ‘stand-alone’ contribution, providing
in-depth information concerning the specific subject matter dealt with. The
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XXX Executive summary

authors responsible have provided concise abstracts, summaries, conclusions,
references and further information sources regarding SSC-AD, PLiM, AM
and ASPs from their perspectives. The book is structured to allow the reader
to select specific subject areas on the topic of interest in order to provide
detailed information on SSC-AD, and also to give a perspective on the
commercial nuclear power industry as a whole.

Overview of Part |

Part I reviews the role of nuclear power in the global energy mix, and the
importance and relevance of plant life management (PLiM) for the safety
regulation and economics of nuclear power plants.

In Chapter 1, by Tipping, a strong argument for the use of commercial
nuclear power is provided with respect to its role as a non-fossil based energy
source. Accordingly, aspects concerning the world’s climate, and the part
nuclear power has in providing safe, cost-effective, and low environmental
impact energy, are presented. Owing to climate and carbon dioxide emission
issues, current and future use of nuclear power is considered to be a vital
factor in the global effort to improve on the Earth’s environmental ‘balance
of health’. (Viewed relatively, the carbon dioxide content of the atmosphere
is currently about 70% more than it was 40 years ago, and this trend is
continuing.) Comparison is made between nuclear and other forms of energy,
not only in terms of carbon footprint and greenhouse gas aspects, but also
in terms of costs and availability of fuels. Attention is brought to the finite
nature of fossil-based fuel resources compared to nuclear fuel cycles that
can ‘breed’ further fuel. Cost-competitive fissionable materials suitable for
fuel in current and future fission-based nuclear technology are conservatively
estimated to be sufficient for at least the next 500 years at projected usage
rates/requirements estimates. Features and characteristics of next generation
NPPs have also been provided to introduce the reader to this evolving aspect
of commercial NPP development, and fusion-based nuclear power, although
beyond the scope of this book, is also briefly addressed in terms of a future
fossil-fuel free energy source.

The key elements, principles and approaches to NPP-PLiM for plant
designs most commonly in current use are explained in Chapter 2, by
Tipping. Goals and essential features of PLiM, AM, ASPs and standard
OPs are shown to be the result of logical and safety-based approaches to
ensure that resources are primarily invested into the most important SSCs to
maintain adequate safety margins and to continuously increase safety levels.
Common NPP SSC-AD terminology and definitions are listed. Many SSCs
can be routinely maintained or replaced, but it is the condition of the large,
passive SSCs, which are deemed irreplaceable (due to practical and cost
issues), that will ultimately decide the operational life of a NPP. Failures in
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