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The French - Czech - Slovak Winter University
Workshop on Application of non-destructive testing (NDT) methods in characterisation of long-term treated NPP design materials

Monday 10" February 2025, Faculty of Electrical Engineering and Information Technology, Ilkovi¢ova 3, 841 01 Bratislava, A block, 6th floor, room A617

10-14 February 2025,
Kocovce Slovakia
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On the way to a Nuclear Renaissance

A global rising interest and confirmed nuclear activities for the French nuclear sector

2050 pl: Jolas culpe Lilli dyggill ddliall elﬁ[ dacliao
2023 jrouys Baaiall dysell ciljlogl

TRIPLING NUCLEAR ENERGY BY 2050

United Arab Emirates, December 2023

11 Ré A
» Over 85 new reactors already planned and » 100,000 recruitments by the French nuclear
about 350 more are being proposed sector in the next 10 years

All projects will compete for the same critical skills and competencies
Engineering (mechanical, electrical, process, safety, security, radioprotection...)
% Technical (welding, cabling, civil engineering...)

(%@_‘. Project (project management, quality control, ...)

@ I2E N © 2025 I2EN. All rights reserved. This presentation contains information with RESTRICTED ACCESS. 2
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Our Mission

Preparing human capital for the nuclear future

The International Institute of Nuclear Energy’s mission is to provide
countries embarking on or expanding nuclear power programmes with
access to the French education and training resources and to
collaborate in building their own training capabilities.

~
B

~ - v A ! v' )
- . ’
» ' ™ s . :
- : » s o -
@ I2E N © 2025 12EN. All rights reserved. This presentation contains information with RESTRICTED ACCESS. ‘ 3




Our Network
I2EN Members and Partners
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Our Role

Your gateway to the world's leading nuclear experts

B |12EN is a one-stop shop to access a training and education
ecosystem forged by 60 years of French experience in
developing, building and operating nuclear power plants

» Education » Training
e Bachelor, Master level (En/Fr)  Senior officials and Industry
e Student exchange programmes executives
e Summer schools * Civil servants
* |2EN quality seal e Personnel of embarking and

expanding countries
* Train-the-trainers

» And also
 Study tours

* Access to training centers
@ I2E N © 2025 I2EN. All rights reserved. This presentation contains information with RESTRICTED ACCESS. ‘ 5




Our Ambition

Advancing Excellence and Strategic Leadership

B The I12EN Seal

v Certifies the quality of
academic nuclear training
programs in France

v Attests to their relevance to the needs
of industry and R&D organizations

v Showcases the France’s best nuclear
educational and training programs

» Accredited by a Committee of Experts
> Recognized experts in their field

> Representing both academy and industry

‘

B The I2EN Master Class

v Comprehensive and modular program
mixing knowledge and practical insights

v Providing high-level training on strategic
issues to future leaders of the nuclear
sector

v Embedding real-world examples and
leveraging France’s nuclear experience

> Delivered by highly experienced professionals
> Experts from the major key players

> Representing the French nuclear ecosystem

@ I2E N © 2025 12EN. All rights reserved. This presentation contains information with RESTRICTED ACCESS. | 6
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Our Events

Selection of upcoming activities for 2025

B French-Czech-Slovak Winter School i2en fr/ ts/
February 10 — 14, 2025, Kocovce, Slovakia leR[1T0X TS

B French Nuclear Industry Day
March 14, 2025, Paul Scherrer Institute (PSl), Villigen, Switzerland

B I12EN Master Class on Strategic Fundamentals for New Nuclear
June 23 —27, 2025, Paris, France

B |AEA ITC on Human Resource Management

for New and Expanding Nuclear Power Programmes “4
August 25— 29, 2025 (TBC), Paris, France \<

B ESTA — European SMR/AMR Training Academy
October (TBD), 2025, Cadarache, France

-
”
4
‘
@ I2E N © 2025 I2EN. All rights reserved. This presentation contains information with RESTRICTED ACCESS. | 7




"‘leN Thank You

International Institute -
of Nuclear Energy - I— ', ' I\/I erC I

contact@i2en.fr
www.i2en. fr

© Frederick Jacob - EDF
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USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

Application of non-destructive testing
(NDT) methods in characterisation
of long-term treated NPP design
materials

Prof. Vladimir Slugen, DSc.

Institute of Nuclear and Physical Engineering, Slovak University of
Technology, llkovicova 3, 81219 Bratislava, Slovakia

Introduction to 2nd DELISA-LTO Workshop, Kocovce, Slovakia,
February, 10-14, 2025



Distribution of operating reactors in the world by age

O

NUMBER OF REACTORS

20. 2. 2025



Project HORIZON-EURATOM-2021-NRT-01-01

DELISA' <

DEscription of the extended Lifetime and its influence on the Safety
operation and construction materials performance — Long Term
Operation with no compromises in the safety

Project end
31st May 2026

Lifetime

reactors extension

Thermal Non-destructive Modelling
ageing techniques



Samples
from NPP V1

Pressurizer Surge Line

Pressurizer




Outline

Various aspects of radiation environments foreseen for nuclear design
materials were experimentally simulated via ion implantation and studied by a
combination of non-destructive characterisation techniques and compared to
neutron treatment.

As-received steels

Neutron irradiated steels
Hydrogen implanted steels
Helium implantation (swelling)
Thermal aging

Corrosion, stress corrosion, ...



Non-destructive testing

Effective tool for evaluation of structural
changes

No changes in design required

Evaluation of defects via long-term and
regular applications (surveillance
specimens)

Possible round-robin testing
High scientific acceptance



~ Institute of Nuclear and Physical -
% 9 Engineering (2011-) :://// UJ FI

. % ;
PAIRNI®E Slovak University of Technology

USTAV JAD

Avallable techniques for material studies:

Positron Annihilation Spectroscopy: Conventional PALS 2-det. or 3-det. Set-ups
(for irradiated materials), digital Doppler Broadening set-up, experiences with
PLEPS measurements at FRM-I11 in Garching from past

Moessbauer spectroscopy,

Atomic force microscopy,
X-ray diffraction, Barkhausen Noises measurements,
Alfa, beta, gamma spectroscopy including low/background chamber,
In collaboration with other institutes:

TEM, SEM and Auger spectroscopy
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materials ageing institute

SERS, 2 : Collaborative R&D to support
" Long Term Operation

|_ Marie BERTHELOT - MAI Director
marie.berthelot@edf.fr

The French — Czech - Slovak Winter University - February 2025 |
l ~'SeDF

© 2025 — Materials Ageing Institute
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Nuclear context
R&D to support LTO 60+

MAI organisation and objectives
MAI Members’ nuclear fleet

Mission of the MAI

€
~ 5 €DF

© 2025 — Materials Ageing Institute
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Global overview of Worldwide reactors
age & Focus on French fleet
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materials ageing institute

Age of World Nuclear Fleet

as of 1 July 2024

Reactor Age

. 0-10 Years
11-20 Years
21-30 Years
31-40 Years
41-50 Years
51 Years and Over

408 Reactors

Mean Age 50 Number of Reactors
32 Years by Age Class
© WNISR - MYCLE SCHNEIDER CONSULTING

Sources: WNISR, with IAEA-PRIS, 2024

© 2025 — Materials Ageing Institute

Age Classes of World Operating Nuclear Reactor Fleets — Youngest to Oldest via Mean
in Years, as of 1 July 2024
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«'~eDF MAI Members’ Nuclear Fleet

Thousands years of reactor operating experience materials ageing institute

o © uk @O _ p o © china @900 ® (‘e

#

A~ Nuclear Power Plants in China
SCOTLAND @ Planned new sites
@ Tomess @ Sites currently generating
Hunterston @& / ® Closed sites
Chapelcross o
Calder Hall €% @ Hartlepool
(]
Heysham (1, 1)
Wyifa @9
Trawsfynydd @
ENGLAND
€85 Sizewell
WALES
© Berkeley g4 Bradwel
@ Oldbury

Hinkley Point €@%
€% Dungeness

© Russia €90 M OFRANCE @0 P Yo ©iaean O0D P e

Collaboration with Russia ronai 666" &
stopped since Feb 2022 e e ememsese

Lk < A e |

i S n e . . Fessenheim o

| de 1000 a1 500 MW

[0 < 1 000 MW

Année de mise en service

® Biayais 9 de s
EEEN W En construction
1991 - 2010
W 1986 - 1990
W 1981-1985
uuuuuuuu
- 1976 - 1980 - —
®PWR ®BWR @ Plant in decommissioning
[EJOperat d O Ap
7 In review

“‘\"“" = . i v 7 ‘
&
‘ ~ < €DF

© 2025 — Materials Ageing Institute



‘
~ 5 €DF

The French nuclear fleet

Q 18 nuclear power plants - 57 PWR in operation

) PWR Homogeneous fleet:  32x 900 Mwe
20 x 1300 Mwe

4 x 1450 Mwe

Q 1 EPR in operation 1 x 1650 Mwe

Age
Q Average of 38 years ; 17 units are older than 40 years

Fleet’s lifespan

(>

O

The largest LTO Program in the world
© 49,4 biliions €

Mobilization of EDF Engineering divisions and R&D
0 as well as major contractors and vendors

No technical or regulatory limitation

Every ten years a specific authorization must be
granted by the regulator

French Nuclear Fleet

Gravelines 00 00 00 000000 o0
o e o0 oocrH oo oo
°e 00 o0 °0 o0
e® 00 o0 ooo0e oo
¢ materials ageing institute
n 8 -
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La Hague M0 o
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® Caen
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® Para a
® OA @ Nogent-surSeine . 1,300 MW
©® Fosserhaim
Sain-Laurent- Souvtunes 1,450 MW
dos-Eaux
@ ° @ Dawprerro .
1,650 MW
o @ .Mmo
a Numbe
rod
A
Civaux -
Reactor 3
ém A 2 - Brug
o ® CroysManite m Reactor undes
. ¢ LYO" 4 dooom MOMNG
) Mnnna. )
: .A : o . Reso
. Geonobie
Cras [ ] |
a 1 . Pomelatte DERER ruetcy< !
® Gottoch A Resor "
W v
o
M o % Wasto reposilony
Maves

research abornlory

Renewed interest for nuclear energy as independent
energy : “life extension as long as safe *
+ New EPR reactors planned

© 2025 — Materials Ageing Institute
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French Energy Landscape in 2050

Announcement of the French President in Belfort — Feb. 2022 : “Within 30 years, make France the first major country
in the world to end its dependence on fossil fuels and strengthen our energy independence while setting an example in
terms of climate care”

As part of EDF ambition to be a major actor for decarbonated energy, EDF aims at having a sustainable fleet

Consume less energy and be more
energy efficient
-40% of energy consumption by 2050

Produce more low-carbon energy

o additional electricity by 2050

: - : . EPR2
Industrial & residential energy Development of renewable energies
efficiency — Reduction of fossil Consolidation of nuclear fleet
fuels — Uses electrification
NUWARD
LTO > 60 years
ﬁ.? Development of one of the > 25 GW by 2050 out of which o
J major hydrogen industrial pole 6+8 EPR2 and SMR LE PLAN - éE;EAeN "
MOoBILITe
o _:¢:_ @ 100 GW CELECTRlQUE—{} E:l.i:ell.l.;lrllj:;.-l-fuirr
& )
Development of Renewables
%ﬁﬁ & Batteries in France %F\Jl 406w
1Y ¢ LE PLAN )
. J_L TTT 47 GW HYDROGENE LEPLANSOLAIRE
<seor i

6 EDF 2023 - Ce document est la propriété d'EDF - To(gtfo%nl%?éﬁgoggg%r?%ﬂmgn, publication, méme partielle, est interdite sauf autorisation écrite. o ‘ L lﬂ.
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materials ageing institute

Goals:

* Acquire aging data, verify the absence of Main areas of development

deleterious effects at LT

* Develop, verify and validate aging models
for operating times greater than 60 years Long term
ageing of

materials

Goals:
Goals:

e Licensing of methods determining i Climate e Adapting global scenarios to local scales

the available margins in a more N Change
realistic manner for the justification | '
of components and civil works

* Assessing the resilience of nuclear
power plants to climate change

* Propose adaptation solutions

Innovation International

Goals :

Goals:

* Keeping up to date with the state of the
art on issues related to operating life

* Use the best available technologies to
secure the long-term operation of reactors

* Have scientific and strategic relays
outside France eDF

* Benefit from new technologies developed
outside the nuclear sector
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materials ageing institute

In 2020, 33% of the world’s nuclear fleet was 40 years old (80% in 2030)

Materials issues have by far the largest impact on plants’ safety,
performance & availability

Need to understand and anticipate the degradation of key components’
materials

Large R&D efforts needed to achieve these goals

Importance to share knowledge and R&D efforts at international level

¢
’ . . R z:EDF

© 2025 — Materials Ageing Institute
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Material Ageing Institute

A unique collaborative institute led by nuclear utilities

framatome

CRIEP

::::: Feaw Indawry

L]
e MITSUBISHI

HEAVY INDUSTRIES, LT

»
W 108 KANSAI
p SANSA

mr#% ) CGN

© 2025 — Materials Ageing Institute
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~ 5 €DF MAI members & organisation

materials ageing institute

Created 15 years ago, the MAI is now an The main purpose of this collaborative effort is to
international center of excellence on

_ : _ o bring together scientific skills and research facilities
materials ageing, gathering utilities, vendors,

_ to address aging of material used in nuclear power
and research centers from worldwide. plants

IRCRIEPI @ The institute is led by the French nuclear EDF

PN

e el A collaborative approach by sharing research
KANSAI MUSVRIRE experimental results, feedback and scientific

l ELECTRIC POWER
RESEARCH INSTITUTE

. information
eDF

ENERGY

£ Ij All current members joined the institute
wr % G2 CGN ramatome between 2008 and 2011

€
10 &>
© 2025 — Materials Ageing Institute of ‘ eDF
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Safe Long Term Operation Centralize and Improve fundamental Training & Education
of NPPs coordinate R&D knowledge
Knowledge-based Feedback from NPPs, Study ageing mechanisms Train our next generation:
management of materials data, methods and with the help of state-of-the courses, workshops and
and components models art experimental tools and seminars in the field of material
capabilities ageing

€
1 & TEeDF

© 2025 — Materials Ageing Institute
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Missions of the MAI

Safe Long Term Operation

of NPPs

Knowledge-based
management of materials

and components
N1/

Ll B Bl

€
1 ~ TEeDF
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3‘:eDF MAI Research Topics

materials ageing institute

® Non-replacable components
> Difficult or expensive components to replace
® Chemistry in the primary and secondary circuits
© Degradation and ageing mechanisms
©» Non-Destructive Examinations
® Innovative processes

© 2025 — Materials Ageing Institute
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3‘:eDF MAI means and created value

100 M€ of cumulative budget over the last 10 years
~100 researchers workforce all over the world

~40 technical reports / year and end-user Tools

&
& SeDF

© 2025 — Materials Ageing Institute
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%~ EDF Missions of the MAI

materials ageing institute
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Centralize and
coordinate R&D

Feedback from NPPs,

data, methods and
models
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Application Network

L1111
.0.0.:

*_;‘:eDF MAI Application Network

MAI / SNPI Seminar on LTO research & code applications, Suzhou, China, Dec.
2024
= Share research findings on material aging and the latest advancements achieved by

each team. Discuss the new contributions of CGN in the MAI. Visits of CGN
laboratories.

MAI-AN Seminar with Japanese utilities, MHI & CRIEPI, Japan, May 2024 =

» Workshops showcasing the MAI’s advanced research on materials used in the nuclear
field that could significantly impact the safety operations of nuclear power plants.
These workshops highlighted how the MAI’'s research activities are specifically
designed to meet the needs of nuclear engineers and operators.

MAI nuclear seminar with EDF UK R&D, Londres, May 2024

= The objectives were to build a common understanding of UK Nuclear challenges and
MAI skills and capability, to positively influence the forward direction of the MAI
programme, to identify areas of common interest for value added joint-working.

MAI-AN report published every year
= Examples of MAI deliverables added value for the members.

€
1 & TEeDF

© 2025 — Materials Ageing Institute
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Improve fundamental

knowledge

Study ageing mechanisms
with the help of state-of-the
art experimental tools and

capabilities«\ 1

L B Bl

€
1 ) ~ TEeDF
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materials ageing institute

~80ME€ Investments in experimental facilities at EDF Lab

VERCORS

= Studying in an accelerated way the
__ concrete's behavior and the structure of

" the inner containment of a reactor
building (aging, deformation and sealing)

s Fatcor 2

r Studying the fatigue and corrosion
‘ _@ properties of nuclear reactor materials in
" “ the primary environment.

‘_.
|

i BOREAL

oY
b
. BT

Primary water chemistry mockup
=7, dedicated to the Release of steam
'l generator tubes in Primary water

Cold Spray

Making metal deposits by projecting powder at
very high speed. This additive manufacturing
process is used for applications to repair damaged
parts or build coatings.

.. Identify the fouling mechanisms of pressurized
water power plant steam generators and the
kinetics of deposit formation under different
operating conditions.

Microscopie Electronique

Understanding the aging of materials by focusing
on the microstructure and local chemical
composition of materials by electronic
microscopy.

See other members’ facilities on https://themai.org/research-capabilities/

© 2025 —

Materials Ageing Institute
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Scientific Mehwork
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© Create a strong and active link between partners and MAI research activities

© Contribute to a common knowledge base focused on the methods and approaches required by MAI members
© Address scientific questions on ageing and related processes of materials used in electricity producing plants
© Establish scientific exchanges between the partners for the benefit of common objectives

In Collaboration with

WY P ==
N

Tghoky Manchester, Oxford, Matcalc Montréal, Sherbrooke Xian University CIEMAT
University Bristol, Open Universities Universities

Research Centers (CNRS, CEA, ARMINES, ...)

Universities ( Rouen, Lille, Paris, Loraine,Sorbonne, ...)

Universities (Michigan,
MIT, ...), ORNL

Engineering Schools (ParisTech, Mines, Ponts, Chimie, Arts | ———
et Métiers, Polytechnique, INP-Grenoble, INSA-Lyon...)
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Publication of the MAI Handbook,
“Materials Ageing in Light-Water
Reactors — Handbook of

destructive assays *, Springer - July
2022

= Public version of the well-known handbook of
destructive examinations funded by the MA/
= Handbook of material ageing management for nuclear reactors -

The MAI
% Ris e _j;: "m m . bRy
ELSEVIER JOURNAL OF 'mu“m INTERNATIONAL JOURNAL OF
POLYMER NUCLEAR MATERIALS MEC%AN'CS & METHODS Cement and SOLIDSAND

Research

DEGRADATION S—

AND STABILITY MATEI';IALS pHYSICS PO,  STRUCIURES

Section A: scelorators, spoctromaterns.
detectors and dssociated equipment
Eve
Wilare Qarieea

PSS materialstoday
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https://themai.org/handbook-of-material-ageing-management-for-nuclear-reactors-2/
https://themai.org/handbook-of-material-ageing-management-for-nuclear-reactors-2/

|
%~ €DF Missions of the MAI

Safe Long Term Operation

of NPPs
Knowledge-based Feedback from NPPs, Study ageing mechanisms
management of materials data, methods and with the help of state-of-the
and components models art experimental tools and

capabilities
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Training & Education

Train our next generation:
courses, workshops and
seminars in the field of material

<1, ageing
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MaNuEn master organised at the MAI, February 2025

= This master is a 2-year programme for students wishing to work in the nuclear
industry, in R&D or for research organisations. MaNuEnNn covers the specificities of
materials used in nuclear environment with a particular focus on their durability
under irradiation.

MAI workshop on Micromechanics of cementitious materials, France, Sep, 2023

» This short course proposes an introduction to basic principles of micromechanics
and some applications to civil engineering issues.

= The aim of this workshop is to provide an international forum for reporting progress
and recent advances in micromechanics and its applications to cementitious
materials, and to foster collaborations on these techniques.

MAI conference on European Network for Inspection and Qualification, March
2023

= ENIQ is a utility driven network dealing with the reliability and effectiveness of non-
destructive testing for nuclear power plants and is recognised as one of the main
contributors to today’s global qualification codes and guidelines for in-service

inspection.
22
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Getting the best of what materials can give
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NDE for nuclear components

Winter University 2025
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Definition

® Non Destructive Testing (NDT) refers to a set of of methods to assess the integrity of industrial
components, without damaging them, either during manufacturing (NDT) or during operation (NDE).

® These methods are intensively used in:
® the automotive industry (engine inspection)
® the naval industry (hull inspection)
® aviation (airplane wing, engine, landing gear, etc.)
® Energy (vessel, pipe, turbine, etc.)
® rail transport (axles, wheels, etc.)

® other industries (civil engineering works, etc.)



Nuclear NDT

® Some key figures

® For EDF, NDE represents 10 to 12% of the total maintenance cost of nuclear power plants (150 M€/year)

® Steam generator inspection = 40% of yearly amount

® Actors
® EDF (plant operator)

® Service Providers (Carrying out the actual NDT — Framatome, Westinghouse, Cegelec, ...)

® Nuclear Safety Authorities

® Highly regulated Environment

® Inspection Interval, Coverage, Qualification, Surveillance, Archival...



What are we looking for?

® Defects occuring during manufacturing (NDT)

® Forging : center thinning...
® Casting: cracks, shrinkage cavities, ...

® Welding : underclad defect, gas cavities , slag inclusion, incomplete fusion, lack of penetration, cold cracking, hot
cracking, ...

® Defects occuring during plant operation (NDE)
® Ageing
® Creep, Fatigue
® Corrosion
® scc

® Combined mechanisms (corrosion of radiation hardened materials in agressive medium under stress...)



Local vs. Global methods

Visual testing
Acoustic emission
Thermography

Local

Surface-bound Dye Penetrant

Magnetoscopy

Eddy current

Local Radiography
volume Ultrasound

NDT Handbook, third edition [in print]

Vol. 1, Leak Testing

Vol. 2, Liquid Penetrant Testing

Vol. 3, Infrared and Thermal Testing
Vol. 4, Radiographic Testing

Vol. 5, Electromagnetic Testing

Vol. 6, Acoustic Emission Testing
Vol. 7, Ulfrasonic Testing

Vol. 8, Magnetic Testing

Vol. 9, Visual Testing

Vol. 10, NDT Overview



Ultrasound NDT: The Pulse Echo Method

May 27, 1940: Dr. Floyd Firestone (U Michigan) applies for patent for
the first practical ultrasonic testing method

"My invention pertains to a device for detecting the presence of
inhomogeneities of density or elasticity in materials. For instance if a casting has
a hole or a crack within it, my device allows the presence of the flaw to be
detected and its position located, even though the flaw lies entirely within the
casting and no portion of it extends out to the surface.

The general principle of my device consists of sending high frequency vibrations
into the part to be inspected, and the determination of the time intervals of
arrival of the direct and reflected vibrations at one or more stations on the
surface of the part."



The Pulse Echo Method

Defect detection and positioning using travel time and
amplitude information
Transmitter Qc:;gc/ Back wall

 Combined or separated transmitter and receiver

» Defect sizing possible to a certain extent ’/ S O
» Requires surface preparation and couplant

* Firestone used longitudinal waves with normal incidence

* Independently also discovered in England (Sproule) and | -
Germany (Kruse) |

* Spun of the wall thickness measurement device

 Commercial success (Sperry Inc. Danbury, USA, Kelvin-
Hughes Ltd London, Krautkramer, Huirth)

§
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fa -



Ultrasonic testing - principle

@)  Piezo-electric or piezo- HEEp

Electric pulse .
P @&m composite crystal

Elastodynamic wave

— @b Transmission and
e i : _|_ .

L -— B -t reflec’Flon of a

—- . wave in the /
- + inspected block




Ultrasonic testing - principle

-




a

Depth
Ultrasonic testing - principle °
Backwall
. Normalized amplitude
° Inspects an entire volume 405 o 05
==
* With high spatial resolution o B
* Relatively slow due to scanning 2
* Defect location and sizing capability 0
40
o f n 45TlUZEBdlnl.th(Somme) ]
- FREQUENCE g 50
/\ ﬂ i . 8 0 ' Flaw signal
~ U - - E Broadband signal 70 -i:'?’-
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Defect location and sizing

contact

immersion
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Defect location

Backwall echo

L¢

(a) A /\
contact
(b)
(b) i
Immersion ~ ~£y" (d)
(c) ! 4 (d) 7

Interface echo



Defect detection and sizing

B

/ \
| \
/ \
- '.-u-—‘". — |
/ \

pulse

|

809'-3
Y 40Y%
n /0
" ‘ B
|1 A \ "

X
Defaut 7 H —
_ g iyt
backwall

7AV

H (Drep)? B Arep
(Pper)?  Aper
f ‘ \

x

7

|

Défaut

flat bottomed hole

" 50% A
o J

6 dB drop technique

(defect larger than beam width)

Reference block method

(defect smaller than beam)




Wave types

Probe

N\

L

L g

(il

v

Particles

moving

Compression wave

\
LY

7

Rayleigh wave %

Shear wave

Particle

polarization
1 - ‘ ‘ ‘ ‘ ‘ L/”
= — >

propagation

polarization

propagation

® Wave frequencies

» 1to 10 MHz =» A =c/ fvarying from 0.6 to 6
mm for L waves in steel

® Wave types

» Bulk waves (compression and shear)
» Liquid and gas : LW (No resistance to shear)
» Solid : LW and SW

» Surface waves (Rayleigh) : composite waves
with compression and shear displacements

» Lamb and guided waves
» Plates and pipes (thickness close to )

W

Lamb wave : antisymmetrical mode



Isotropic media

Phase velocities of ultrasonic waves :

V. = & V. _\/(Cll_clz)
L T —
p 2p

Direction of propagation determined governed by Snell-Descartes’ law:
0, ,0;

sing,/V,= sing,/V,
Medium 2




Isotropic media — slowness surface

No variation of the phase velocity versus the direction of propagation

Plexiglas

V= 2300 m/s

0,=20°
Ferritic steel

0,=45°
V=5900 m/s<



Anisotropic media

Xa

1V2 QTv

1V; QL

Anisotropic

Interface

X2

Isotropic

1/ VT

Slowness surface and refracted
waves at the interface between
isotropic and anisotropic media



Anisotropic media

Xa

1V2 QTy

1/V3 QL
Anisotropic

Interface

X2

1V, Isotropic

Slowness surface and refracted
waves at the interface between
isotropic and anisotropic media

Grain axis (15°/vertical axis)




Anisotropic heterogeneous media




Focusing with conventional transducers

. Focal zone (-6 dB

Focal distance from focal point)
= ﬁ: ] : sz
\\\\\\ (F) i ///,/
e E R & B Focal point
_. Focal 1 __ _ _ _ .
diameter (d) : :
PTES 5 .
- | Focal length | kg
...... Lens 1 [ — »’ g
Crystal \ C)
Backing Beam limits (-6 dB from axis)

= Diameter of the focal zone in water (-6 dB) : d,,4.er = A F/D
= Focal length in water (-6 dB) : |, ater = 4A (F/D)?

= Focal length in the material : |;,,= (Vimat / Vwater) lwater

= Focal depth in the material : p= (Vyater / Vinat) (F-WH)

» Vyaer and V4 :velocities in the water and in the material
» D: Diameter of the piezo-electric crystal

» F: Focal distance in water

» WH : «Water height »



Focusing with phased arrays

* First systems developed for the medical domain (real
time sector scan)

* Individual delay laws for each element of
a transducer array allow
- beam shaping (focusing)
- beam steering

* Typical patterns:
- linear
- matrix pt" element ith element
- circular , — N gy e .y

* Obviously in need of modeling
to determine delay laws

* |ssues: grating lobes, side lobes..

Wave front generated

\ by elementi
\ : . Resulting wave front
! Pes

/

Wave front generated \ : I
by element p



Time of Flight Diffraction

TOFD as more accurate sizing technique:

Monitor through-wall extent of welding defects

and in-service flaws for steel components in L n | Leendwer
nuclear plants at the same time Tremitter | <,
* Weak sensitivity to defect orientation T
* PCS determines usable depth range Fipe wll
* Complement to standard techniques l Back wall echo

JW ::'II;'H’*‘ I:T"IJ r"r'n 1\J\|ﬁ,‘!‘ﬁ A e o

lateral
[=ur facse]
L



Ultrasonic Testing

* From Pulse-Echo to Total Focusing

* Requires knowledge of the material properties to relate signals to
defects

* Other aspects not mentioned:
- noise in coarse grained materials
- other advanced transducer concepts such as TRL
- electromagnetic excitation of shear waves (EMAT)
- ultrasound tomography, time reversal, advanced imaging techniques



A typical setup for industrial radiography

1 —source

2 —source container

3 —collimation device

4 — beam

5 —mask

6 — part to be inspected
7 — detector cartridge

8 —silver film

9 — blocking lead filter




Electromagnetic Radiation

Radiation wavelength {nm)

106 105 104 10 102 10 1 10 10-% 10- 104 10-5 10-5
I I I I I I I I I I I I I

I

@ - X-Tays -

=— Radio —»<—— Infrared —— E E-; ~— Llltraviolet —» i --— Cosmic rays —

i <— Gamma rays ——
|
I

10-8 10-8 10-7 10-5

A few terms:

10-5 10-4

Photon energy (MeV)

| | |
10-1 1 10

104 103

lonising radiation: radiation with sufficient energy to free electrons from the atoms forming the matter traveled

through

X-ray, Roentgen-Rays, Bremsstrahlung, braking radiation vs. Gamma-Rays, y-radiation



Attenuation/Absorption

The principal effect used in radiography is absorption.

o

lo

1=1y exp(-ud)

L - total attenuation coefficient,
depends on the material and the
guantum energy of the radiation

The intensity difference between I,
and |, generates a contrast.



Direct vs scattered

* Direct radiation refers to unscattered particles (a)

 Scattered radiation refers to particles with scattered trajectory (c)
and/or reduced energy (d)

 Some scattering events produce
additional particles (photons - electrons) @ (b) (©) (d)



Quantifying Scattering: Build-up

T o
@
Il!

100~ 400 ke¥ (002 mmPb) AP

- & 3

7’ =
@‘é / / o.smmm-)
//é’,’ 7//1/ 0.5‘“‘"Pb)
3 /’, L //
S 4 1/ e}
W e s
/'////
L ol
0 100 —~=d [mmFe]

ItotaI= | direct+ | scattered

— k
_Idirect BU

BU=1+l scattered/ Idirect

Idea: Quick estimate of total radiation
using straight-line attenuation and
tabulated build-up factors

Definition: Factor by which radiation
intensity (at a given observation point)
exceeds the value associated with only
direct radiation



Gamma radiation - Units

* Produced through the radioactive decay of isotrope sources
o Activity” refers to the number of decay events per second [Bq][1/s]
* 1 Ci =3.7E10 Bqg (disintegration rate of 1g of pure Radium)
* One decay event # one particle!

» Half-Life T (period, half decay time)

0 74 148 222 296
Time (days)

_(ln_Zt) , A t/T
N =Nye \T decay fraction = A—=O.5 /
0

* Practical consequence: The activity of a given source depends of its age and can
not be ,, adjusted” to the needs of the practitioner



I T O T
' ' Energy [keV]  63-308 66-401 206-612 1173-1333
v radiation

Half decay 32d 119d 74d 5.27a
time

A small radioactive pellet is enclosed in steel and stored q % “-“

in a shielded projector
Radloactlve Isotope Material

A crank remote control permits the safe release
of the isotope during the exposure

Legal framework for
Ownership, transport and
handling




v radiation

_ sers o

Energy [keV] 66-401 206-612 1173-1333
Half decay time 119d 74d 5.27a

Cobalt: shielding typically 150mm of steel, weight 200kg
Iridium: shielding typically 70mm, weight 20kg



X-ray radiation

* Discovered by Wilhelm Conrad Roentgen in Nov 1895
while studying cold cathode tubes

e X-Ray / Roentgen rays / Bremsstrahlung




Coolidge tube

e William Coolidge invents hot cathode tube (1913)
with tungsten filament

EHT Vacuuim

o O /

heavy metal target
electron beam y |

filament opper anode

X ray beam

US patent 1,203,495 filed in 1913, granted in 1916



X-ray radiation (Bremsstrahlung)

e Within the target, abrupt deceleration of charged particles (electrons)
produces X-ray radiation

* The deceleration takes place in the first
50u of target material (for Tungsten)

40}—

dJ/dE

30

20

10

D

#il W’;

Incident
Electrons

N

/ 4+ 3
ML 1 . "\ Bremsstrahlung

[ /KT T\ \\ \

(e -
AN Elastically
S A Scattered

7

« T~ ./  Electron

™~ ”
V‘>\T—‘- "

Inelastically
Scattered Electron




Geometrical considerations

sphere area
4nir?

intensity at

source strength

The energy twice as far fromthe 2
source is spread over four times
the area, hence one-fourth the intensity. 3r

[ I = D2 T D

|, = original intensity

|, = new intensity

D,? = original distance
D,2= new distance

Inverse square law

X-ray Source

\;
a
Object »L
b

Detector

magnification

Source Focal Spot (f)

\WJ Detector \'Y_J
\ Penumbra (Ug) /

geometrical unsharpness




Radiographic film as a detector

e Industrial radiography film consists of 7 layers

 Two emulsion layers double the speed

* The emulsion contains silver halide crystals
suspended in gelatine

* During exposure to light and ionizing radiation,
AgBr grains get ionised, and secondary electrons
activate neighbor grains (latent image)

 Development reduces activated grains to silver

Plastic base

™N

Py
|

ORISRt

Silver bromide grains Emulsion



Radiographic film development

* The development process reduces activated grains to silver faster
than non-activated grains

* A stop bath stops the development process

* After development, an acid neutralises non-activated grains to
stabilise the image (fixer bath)

* A wash bath removes remaining residue



Intensifying screens

* Only about 1% of the incident radiation is absorbed in the emulsion
layer

* To utilise more of the available energy, intensifying screens are used
* The basic mechanism is photoelectric

A-ray
absorption and Compton scattering vt Lot Sorson
* An intensifying screen behind the o LQMJ}
film (back screen) is used to backscatter ¥y
Film
electrons 7
Sec:tiiﬂonil View of Lead Fail
LASE2(2 @
Xrays = T Suport T
Secondary  mee i

Electrons 4}



Source

Inherent unsharpness

Radiation ___| Uffmm] __

50keV X-ray 0.03 —_
200keV X-ray 0.09 L (a)
Ir-192 0.17 — 1|1

g N
Co-60 0.35 54 | N "
8MeV LINAC 0.6 £ ol

Experimental assessment of inherent unsharpness requires precautions
- Small microdensitometer aperture

- Density change must be as small as possible

- Source must be virtually point source-like

(d)




Filters

* Many applications at higher energy require additional filtering, in
addition to the filtering provided by the front screen

* Appropriate filtering can significantly reduce scattering

* To fully appreciate the role of filters, we need to consider the spectral
response of the detector

* Some applications for detectors with inappropriate spectral response,
sandwiched filters made of different materials may be indicated



Film sensitivity

* Characteristic cuve log E vs. D
 Steeper gradient means more contrast
e Strong Implications!

density D

Lat

(%]

log E (exposure) — relative units



Film granularity

* Granularity refers to local statistical
variations of optical density

* Granularity is a perceived property-
film grains (silver particles) are
10 times smaller

* Visual clumping/clustering of
particles in the emulsion

e Granularity limits spatial resolution
* Faster films have higher granularity



Finding the best compromise



# | diameter _

. . 1 3.2
Image Quality Indicators 2 23
3 20
4 1.6

EN462-5 5 1.5
A 050 T
/7 0.8

8 0.63
9 05
10 0.4

11 0.32

12 0.25

13 0.20

14 0.16

15 0.125

16 0.10



Digital radiography

* Digitized film

* Imaging Plates (CR — computed radiography)
 Flat Panel Detectors (DR — direct radiography)
* Photon counting detectors

Largely driven by advances in the medical domain.

Slowly adapted in industrial NDT, facing a number of challenges for applications with
moderate to high wall thickness.



Wrap up

 Established technique

* migrating from silver to digital

* Health risk due to radiation

* Pace set by medical applications

,Largely a matter of finding the best compromise between contrast,
resolution, exposure time*



Eddy Current Inspection

standard damage

Particular damage

Clogging of tube support

Circumferential cracking
plate

due to vibratory fatigue

Wear under anti-vibration

spacer bar or between
bended tubes

Primary corrosion

(PWSCC 600 MA - 600TT)

Loose parts

Secondary corrosion (IGA/IGSCC -
600 MA)

Circumferential corrosion
cracking and conductive
deposit on the tube base

48




Eddy Current Testing

coil probe excited by an AC electrical

current
/

® Dedicated to the inspection of thin components or to surface inspection

Defect: modification of eddy currents and
coil currents

® Sensitivity and penetration depth of the induced currents depend on the frequency

1

0= |——
wou f

49



Eddy Current Testing

® Advantages
* Detection sensitivity

* Automation (to follow up the evolution of a indicatj

* Detection of emerging and underlying defects
® Limit : No depth sizing
® Techniques of inspection
* Absolute mode
» impedance directly compared to a reference value given by a part without defects
» combine transmit receive probe
» separate transmit receive probe

* Differential mode: same coils side by side and wired to provide differential signal

—mn



Fddy Current Testing — Example (STT)

Circonferential and outer wall defect

ext. ang. 50° thick. 40% + STT probe Measurement

Coil voltages drawn in a XY impedance diagram = Lissajous curve



Eddy Current Testing - Example

\

a4

/

<«—__  Axial probe (SAX) = « universal probe »
High rate

Detection, on the entire tube length, of :
Outer corrosion

Wear and lacks of material,
Tube deformation
Cracking (Expansion zone, bending)




Eddy Current Testing

® Rotating probe (STL) :
® 2 parallel coils at 45°

® Detection and characterization of longitudinal cracks located in the expansion
zone of the tube sheet

® High resolution

\ /




Wrap-up

Eddy current is mostly used for the inspection of SG tubes

We see applications for defects close to the surface in welds

It represents a considerably amount of the total NDE budget
Understand the difference between bobbin and rotating probes
The first application of automatic NDE analysis

Related applications are clogging/fouling detection



NDE Modelling

* Why Computer modelling of NDE techniques?
- Inspection procedure design and optimisation
- Aid in interpretation of results/understanding of phenomena
- Training
- Inspection procedure qualification

* Modelling for inspection procedure qualification
- reduced number of mockups
- study of influential parameters over a wide range
- study of influential parameters not accessible experimentally



NDE Modelling: Radiography

e CIVA, Artist, Moderato:

A Monte-Carlo model combined
with straight line attenuation
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NDE Modelling: Eddy Current

e CIVA, C3D, Comsol...

A number of different techniques used:

- semianalytical models for specific
geometries (SG tubes)

- finite elements

- very computation-intensive

-/Release 3 « C3D-CND » (2016)\
o CND oriented GUI in QtPy
o Hidden SALOME calls
o Hidden cluster calls




Examples of eddy current probes

= SAX : quick detection of all types of defects

M-

.....
s Imaaan
ISR
RS 8




NDE Modelling: Ultrasound

* CIVA, Athena, PZ-Flex...

A number of different techniques used:

- semianalytical models, ray tracing

- finite elements (2D and 3D)

- point source synthesis

- a combination of approaches to benefit of the
simpler physics in the coupling medium




Weld inspection

= The micro and macrostructure of the weld
affects the ultrasonic beam and degrades
inspection performance.

= Beam deviation due to anisotropy can lead to
wrong positioning of defects

= Coarse grain structures reduce signal to noise
ratio due to backscatter

= Modeling helps to understand these
phenomena and to determine inspection
parameters to minimize their effect

= But requires knowledge about the structure
to be inspected




Weld modeling

Knowledge of the actual weld structure is
necessary to properly interpret UT data
Weld modeling allows to predict the weld
structure from the welding specification
MINA is a 2D weld prediction model for TIG
welds (tungsten inert gas)

The output of MINA is a cartography of the
weld, indicating local grain orientation
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Techniques not mentioned

o Visual |nSpeCti0n NDT Handbook, third edition [in print]

* IR and Thermal methods Vol 1, Lesk Testng
Vol. 2, Liquid Penetrant Testing
P Vol. 3, Infrared and Thermal Testing
et Vol. 4, Radiographic Testing
Vol. 5, Electromagnetic Testing
Vol. 6, Acoustic Emission Testing
Vol. 7, Ultrasonic Testing
Vol. 8, Magnetic Testing
Vol. 9, Visual Testing

Vol. 10, NDT Overview
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Computer Modelling of NDE techniques

- Some history

- Motivation — why develop and use computer models for
NDE techniques?

- Codes and Applications for
Ultrasound
Eddy Current
Radiography*



Computer Modelling of NDE techniques

Phase 1: Exploration

2002

Time reversal

1979 (Fink)

Phased Array




Computer Modelling of NDE techniques

Phase 1: Exploration

3 Phase 2: Quantitative

Qualification requirement

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

2002

1979
1985

Phased Array

.....

vvvvv




Computer Modelling of NDE techniques

Phase 1: Exploration

3 Phase 2: Qualification

ualification requirement
Q d Phase 3: Advanced Methods

I ——
) ¢

2002

Time reversal
(Fink)

1979

2005
FMC/TFM
(Drinkwater, Wilcox)

Phased Array




Eddy Current Modelling: Steam Generator Tube Inspection

* SG tube inspection is the major ET application

e Earlier codes used combined BEM/FEM approach

to avoid meshing of the air between
probe and tube

e C3D uses a simpler FEM only formulation

« This allows to simulate configurations
where the environment must be
taken into account (AVB, TSP, fouling)

Support plate
clogging

Wear under anti-
vibration bars (AVB)

Circumferential
cracking due to
vibration

Foreign parts
Fouling

Secondary side

corrosion of Inconel

600 (now solved)

Primary side
corrosion of inconel
600

Stress corrosion
cracking in the
expanded zone




Eddy Current Modelling: C3D

Axial Probe
X-Probe PlusPoint

Long Rotating Probe

Transverse Rotating Probe



Eddy Current Modelling: Types of defects

* Most of the work done with C3D concerns qualification...but not all

* This requires simulating defect response under different conditions
(influential parameters)

—

Diameter Varying Tube Tube Profile




Eddy Current Modelling: Tube roughness

« Background noise in ET signals of SG tubes degrades inspection
performance

e Prior studies [1] show that background noise is often related to
irregularities of the tube inner surfaces, related to the cold pilger
rolling process

* Modeling study to reproduce
noise from laser scans of inner surface
to confirm origin

L4 A J \J
20 180 279
Angular Position, dagreo

[1] A.R. Mcllree, "Guidelines for PWR Steam Generator Tubing Specifications and Repair,”
EPRI TR-016743-V2R1, 1999



Eddy Current Modelling: Fouling and Clogging

« Fouling and clogging affect the performance of the
heat exchanger

« Fouling can degrade NDE performance

TWO issues:

« Determine NDE performance for wear defects covered
by fouling

« Can we use NDE to assess fouling?

Flow hole




Ultrasound Modelling

Nozzle Inner-Radius,
Nozzle Inconel repaired

* First application: Sub cladding defects in the e | Fonaetiead
pressure vessel (mid 80s) Nozde o sae- [

* Inspection by large focused transducers in pggﬁdpmw | :i...
immersion = ol rearad s

* The long water path made this problem — > Snatanet v
challenging (because A=c/f) area e v

| M support

« A combined surface integral/FEM approach S
to avoid meshing the water path e




Ultrasound Modelling: Athena-2D
« Graphical user interface MILENA and solver Athena

Ultrasour i tions
i 00 &° - o e |
™
O © import CAD e Y 0] n \
Modify ' ~ ary
S

Database © Modify Object A,dd Primary Transducer v Add  Add




Ultrasound Modelling: Complex wave/defect interaction
 Creeping waves

.

b

Creeping wave Creeping wave
re:ec%on reflection

« Complex



Ultrasound Modelling: Complex structured materials

« Finite Elements are well adapted to study strongly

heterogeneous materials: Cladding, welds and cast austenitic
stainless steel (CASS)

Low frequency High frequency

0.09

0

- ¢
Wan e otn oo I U O R T T 1




Ultrasound Modelling: SCC in safety injection line

« Combine digitized macrograph with weld chamfer model to produce finite
element mesh




Ultrasound Modelling: SCC in safety injection line

T40° plane defect T40° weld only T55° plan defect T55° weld only
+3dB +1dB

I

i

Wi




Ultrasound Modelling: SCC in safety injection line
Results at 5SMHZ T45° - better focusing reduces weld form

Echodynamic n

L0 320 340 J6.0 0.0 400 420 440 460 480 500 52.0 H4.0 560 5B.0 OO B

echoes

Plane defect +10dB



Ultrasound Modelling: EPR set-in weld inspection

« Study the detectability of defects within the set-in weld
 To what extent does the weld affect the inspection?

* Transducer: 16 element PA with 55° L-wave delay laws

* 4 configurations

Lack of fusion on |

r defect in base metal
weld root /

Weld alone r ‘ |- reference SDH




Reference: SDH 2mm 68mm depth in base metal

Amplitude A-5can hMax 20.53 val 0.05 46.23 ps spl 1773

0 HS
412 422 432 442 452 462 472 482 492 502 51.2 52.2 532 54.2 55.2 56.2 57.2 58.2 59.2 60.2




Lack of fusion on top of lower chamfer +6dB with respect to reference defect

Amplitude A-Scan hMMax 41.14 val 0.22 47.52 ps spl 1937

00
41.8 428 438 448 458 468 478 488 498 508 518 528 538 548 55.8 5H6.8

Some parasitic
echoes

Echodynamic n

Amplitude Echodynamic 41.14 pos 25 maxat2s

10,0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 §0.0 85.0 90.0 95.0 pos




Lack of fusion on bottom of lower chamfer +5dB with respect to reference defect

Amplitude A-Scan tMax 36.28 val 31.94 54.43 ps spl 2218

Parasitic echoes
present

Echodynamic n

Amplitude Echodynamic 36.58 pos3 maxat3d

0
0.0 5.0 10.0 15.0 20.00 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0 85.0 90.0 95.0  pos



Comparing results with and without weld

Echodynamic

Amplitude Echodynamic 36.58 pos3 maxat3d
=

pos

Echodynamic

5,467 AmPlitude Echodynamic 35.47 pos3 maxat3

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 60.0 65.0 90.0 95.0 pos




Why do we observe a backwall echo delay?

symmetrical asymmetrical

1MHz 2MHz 1MHz 2MHz




Why do we observe a backwall echo delay?




Radiography modelling: MODERATO

Unlike UT and ET,

radiography does not produce an electric signal

The image is interpreted by a human inspector (human factor)
The physics do not lend themselves to finite elements. A Monte
Carlo approach is used to simulate particle propagation

Small memory footprint

No reasonable 2D approximation

(a) (b) (c)




Radiography modelling: MODERATO

* Isotope sources, X-ray tubes and a linear accelerator

* Material database covers most nuclear materials

* A combined straight line attenuation model and a Monte
Carlo model:
- direct radiation/attenuation calculated rapidly with straight
line attenuation
- Monte Carlo provides scattered radiation
- Combination of both gives final image

e X-Ray film library

* Anintegrated visibility quantifier

Recent/ongoing work:

A model for electron propagation within film cartridges
* A more realistic noise model

e Avisibility quantifier from the medical field

H0® 6606 =200
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USTAV JADROVEHO A FYZIKALNEHO INZINIERSTVA

DELISA-LTO project and NDT methods

Prof. Vladimir Slugen, DSc.

Institute of Nuclear and Physical Engineering, Slovak University of
Technology, llkovicova 3, 81219 Bratislava, Slovakia

Introduction to 2nd DELISA-LTO Workshop, Kocovce, Slovakia,
February, 10-14, 2025



Prof. Ing. Vladimir Slugen, DrSc.

Slovak University of Technology in Bratislava, Slovakia

» Full time professor in Nuclear Power Engineering since 2004.

« Guarantee of Slovak nuclear power engineering study program
over 15 years. Lessons are focused on nuclear installations,
nuclear safety and decommissioning.

« Scientific orientation on: nuclear safety, radiation embrittiement
of NPP design material embrittlement, corrosion cracking,
positron annihilation technigues.

» Author of 6 books and over 200 scientific papers, h-19

* Vice-chair of Slovak National Nuclear Fund since 2007

» Co-author of Slovak national policy and program for
decommissioning and nuclear waste management.

» President of Slovak Nuclear Society (since 2004 - ) and former
president of European Nuclear Society (2009-2011).

* In 2021-2023 leader of Scientific council for Slovak NPP unit
Mochovce 3 commissioning.

* E-mail = vladimir.slugen@stuba.sk
 Phone =+421915837843
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and construction materials performance — Long Term Operfation with no
compromises in the safety
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PWR - VVER reactors
Long-term operation

By the end of the year 2024 (10/2024)

415 power reactors were in operation, and 62 new reactors were under
construction worldwide.

276 reactors worldwide were operating for longer than 30 years. It represents
more than 66,5% of power reactors.

The next 160 reactors will probably be shut down in 2030 if appropriate
measures towards LTO are not taken.

Only 65 (15%) new units have been put into operation during the last decade,
and only 31 (7%) units in the decade before.

Currently, 67 VVER reactors operate in 12 countries, and about 20 VVERSs
are under construction.

In EU countries (Finland, Slovakia, Czech Republic, Hungary, and Bulgaria),
19 VVER units are in operation. The next 15 reactors are in Ukraine.

https://pris.iaea.org/PRIS/WorldStatistics/OperationalByAge.aspx



https://pris.iaea.org/PRIS/WorldStatistics/OperationalByAge.aspx

Distribution of operating reactors in the world by age

O

NUMBER OF REACTORS

20. 2. 2025



Status of LTO programmes in the world

Country Status

Belgium Ten-year icence extension for one unit.

Canada Ongoing refurbishments and lifetime extension process.

Finland Twenty-year licence extension of four units.

France Mo legal end to the licence. Perodic safety review (PSR) every ten years.

Gemany Phase-out planned.

Hungary Twenty-year extension of four units.

Japan Used to have no legal end to the licence term. Currently envisages limiting the lifetime to 40 years.
Korea (Republic of) No legal end to the licence.

Russia (Federation of) Licence extension of different reactors by 15-25 years.

Sweden No legal end to the licence. Replacement of NPPs allowed, but no additions.
Switzerand Mo legal end to the licence.

Ukraine Twenty-year extension of two units and ongoing LTO programmees for several others.
United Kingdom Licence extensions for several years.

United States Twenty-year licence extension of 73 units approved and 13 in review.

20. 2. 2025 7



Belgium

Regulatory approaches to LTO in different countries

Licemce
remewal

Periodic safety
review (PSR)

In Belgium, service life (operating licence) for NPPs is set by law at 40 years. Lhilities hawve to
conduct a PSR for their operating NFPPs every ten years and have to submit the PSR report to
the federal regulator for nuclear confrol for review and approval. In the case of Tihhange 1,
there will be the possibility of a one-of extension of ten years of the operating licencs, under
the condition that the results of the next PSR for this reactor are approved by the federal
regulator.

Finland

According o the NMuclear Energy Act, the operating licences are granted for a fiixked term. The
licence conditions may by changed dwuring its period of wvalidity by the govermment. The
licence can also be revoked if the icensee is failing to comply witih the licence conditions and
the nudclear regulator (STUK) is given power to monitor the operation of the plants and take
any measures reguired to ensure public safety.

France

In Framce, the operating licence for a nuclkear reactor does not set a limit for service life.
Howewer, article 29 of the Transparency and Muclear Safety Act (13 June Z2006) requires that
the operator of a nuclear reactor performs a safety review of the facility every ten years.

Hungary

According to current Hungarian regulations the operating cence s subject to a PSR, which is
performed (everny 10 years) as a self-assessment by the licensse under the control and
approwval of the regulatory body during the original design lifetime (30 years for the currently
operating MPFs). The licenses has to prepare and submit to the regulatory body a licence
renewal request for permitiing LT, justifying a design lifetinee, up to 20 years beyond the
ariginal design lifetnmes_

Korea,
Republic of

A PSR has to be conducted ewvery ten years and submitted for regulatory review and approval
to justify the next ten years of continued operation. The “final ten-year PSRE™ may also be used
o request extension of the original service life by another ten years. The service life of
existing designs is between 3040 years.

Russian
Fedearation

eas

The operating licence is limited to the original design lifetime of the plant (30 years for the
currently operating MFFPs). Relicensing by the regulator (Rostekhnadzor) s a prereqguisite for
the extension of the operational lifetime. The duration of the cence extension is determined
individually for eacih unit based on residual life. The licensese has o prepars and submit o the
regulatory body a proposal for permitting an LTO period of which depends on revised, justified
and approved longer than the original design lifetime. The Russian plants undergo constant
reviews and inspections, and Rostekhnadzor can order the shutdown of the unit or take any
other actions to ensure public safety.

Switzeriand

In Switzerdand, the service life for NFFPs is not limited. Article 10 of the MNuclear Energy
Ordinance (MEC) defines the principles for the design of the safety functions of NPPs. These
inchude, in particular, single failure criterion, principles of redundancy and diversity. functional
and physical separation, automaton principle and conservativism in design. In the NEO and
the MNuclear Energy Act it is stpulated that the lcence holder shall upgrade the NFPP o the
extent that it is necassary in keeping with operational experience and the current state of back
fiting technology, and beyond insofar as further upgrading is appropriate and results in a
Turther reduction of the risk to human beings and the environment.

Uirnited
Kingdom

In thve United Kingdom, a single nmon-transferable licence is granted to cowver the life of the
nuclear site from start of construction to final decommissioning. There is no pre-determined
end date for operation. NMuclear facilities are permitted to continue to operate for as long a
period as the licenses can demonstrate that it is safe do so. The PSRs (conducted with a
periodicity of around ten years maximum since the early 1920s) should confirm that original
safety standards will be mamntained, identify any fedimiting features on the plant. and
demonsirate that all reasonably practicable measures o improwve the plant o modsm
standards are baing implemented. The regulator may reguire the licensese 1o carry out plant
modifications that hawve been dentiied during the PSR as reasonably practicable or
undertake other acliviies. e.g. perform additional analyses. If the plant cannot be brought
sufficiently close o modern standards, the licensse may be required to cease operation. The
end points of past PSRs of UK's facilites have included all of these potental outcomes.

| The S Atomic Energy Act of 18954 allows the Muckear Requlatory Commuission (MEC) to




Age of PWR
reactor round
the world (2023)

Red — shut
down NPP

or plans for
shutt down

From 35 listed NPP:
« O5Sx reactors 50+ years

e Ox reactors 40-50
years

e 11 reactors over 30
years

« 4 NPP 20- - 30 years

» 1reactor in energetic
sturting-up

Country
Armenia

Belgium

Czech Republic

Finland
France
Germany
Hungary
Japan
Netherlands

Russia

Slovakia

Slovenia
Spain

Sweden
Switzerland
UK

USA

NPP Type
Metsamor VVER-440 V-270
Doel PWR
Tihange
Dukovany VVER 440
Loviisa VVER 440
Blayais PWR
Bugey PWR
Grafenrheinfeld PWR
Isar PWR
Neckarwestheim PWR
Paks VVER 440
Mihama 3 PWR
Sendai PWR
Takahama PWR
Borssele PWR
Kola VVER 440
Novovoronezh VVER 1000
Jaslovske Bohunice V1 VVER 440
Jaslovske Bohunice V2 VVER 440
Mochovce VVER 440
Krsko PWR
Almaraz PWR
José Cabrera PWR
Ringhals Westinghouse
Benzau PWR
Sizewell B
Ginna

H.B.Robinson, etc.

Start
operation
1980
1975
1975
1985/1987
1977/1981
1981/1983
1979/1980
1988
1988/1989

1983/1987
1976
1984/1985
1984/1985
1973
1973/1984
1973/1981
1972
1980/1981
1985

1998/2000

1983
1983
1969
1981/1983
1965/1968
1995
1970
1971

End
operation
2026
2025
2025

April 2023

2023

2033

2016
2006/2008
2045

2058/2060
2043

2006

2029/2031
2023

Lifetime
(years)
46 — now 43
50 — now 48
50 —now 48
Now 38 -36
Now 46 -42
Now 42
Now 44

35

Now 40 -36
47
Now 38 - 37

60
Now 38-50
Now 42 -50

44

26-27
60 — now 37
60 — now 25-
27
60 — now 40
Now 39

37

Now 42 -39
60 — now 54
40
Now 53
Now 52


https://en.wikipedia.org/wiki/Metsamor_Nuclear_Power_Plant

LTO contributes to collection
money for decommissioning

« Decommissioning costs are about 15% of the overnight
construction costs, compared to less than 5% at all other
energy production technologies.

* Due to prolongated lifetime of NPPs this portion get relative
smaller in the discounted calculations of electricity generation
costs and the utility (government) obtain additional time for
upgrade of decommissioning plans and financial resources
collection.

* Nuclear industry is the only one which is obliged to collect
money for full decommissioning of nuclear facilities during
their operation lifetime.

20. 2. 2025 10



Expected costs for decommissioning of Slovak NPPs (mil. Euro)

Contribution to DGR

Decommissioning costs at
NPP

Costs for spent fuel storaging

Total costs

20. 2. 2025

Current prices
(2023)

Nominal prices

Current prices
(2023)

Nominal prices

Curring prices
(2023)

Nominal prices

Current prices
(2023)

Nominal prices

JE V2

1644

4 067

960

1810

208

563

2 813

6 440

JEMO 1, 2

1192

3 587

955

2375

96

349

2 243

6 311

JE MO 3,
4

1430

3 583

966

3719

61

259

2 456

7 560

Total

4 266

11 237

2 881

7904

365

1171

7512

20 311

Source: NJF, UHP
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Samples
from NPP V1

Pressurizer Surge Line

Pressurizer
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Towards LTO to/beyond 60 years of safe operation of NPPs

.




Generally, the limiting factors
for VVERs from the LTO point of view:

a)Radiation embrittlement
of the reactor pressure
vessel (RPV)

b)Thermal aging

c) Stress-corrosion
cracking (SCC)

d)Low-cycle fatigue
e)General corrosion

f)Swelling

Slressors

Stress constant

Strain constant

Stress/sirain
variable

Tamperature

Irradiation

Cormosive
medium

Fedative molion
of Nuids and
solids

—p

—_—

Ageing .
mechanisms Consequances
Degradation . Embrittlement
Craap R (damage) Daformation and cracking
: Degradation Deformation
Relaxation i {dan‘li@ ﬂ}
Degradation Deformation Embrittlement
Faligue [damage) and cracking
Degradation Embrittlameani
Tharmal ageing —————*+ (damage) and eracking
Irradiation Degradation Deformation Emibriftlement
damage 1 (damage) and cracking
Corrosion » ';';.:';IF'E:; Matenial loss
Degradation Deformalion Embnittlament
Wear & erosion —— {damage) and cracking

Matarial loss




Commonly registered failures of components

Main circulation piping — cracks of welds — mechanisms SCC, vibration, wear

Main circulation pump — problems with sealing and damage of the sealing, pressure
flanges — SCC, fatigue, mechanical wear, vibration

Pressuriser — problems with weld joints (dissimilar weld) - SCC

— pressuriser electric heaters' coils - thermal ageing
Pressuriser surge line — significant additional stresses — thermal ageing
Steam Generator (SG) — cracks of dissimilar weld joint, mostly in nozzles — SCC

—auxiliary pipelines, steam generator — general corrosion, sediments on the
heat exchange surface and corrosion products accumulation

Collector bolts — cracks — SCC - high level of tensile stress and a complex corrosion
environment

SG collector — cracking of the lot leg primary collector - plugs in the hole were rolled before
welding, which brought additional stresses into the material of ligaments and trans-crystalline
cracking occurred - SCC.

Feeding path — leaky condensers and heaters with insufficient corrosion resistance — Cu-
containing alloys, corrosion/erosion

Emergency Core Cooling System — cracks near weld joint on piping surface - SCC




Outline

Various aspects of radiation environments foreseen for nuclear design
materials were experimentally simulated via ion implantation and studied by a
combination of non-destructive characterisation techniques and compared to
neutron treatment.

As-received steels

Neutron irradiated steels
Hydrogen implanted steels
Helium implantation (swelling)
Thermal aging

Corrosion, stress corrosion, ...



Non-destructive testing

Effective tool for evaluation of structural
changes

No changes in design required

Evaluation of defects via long-rterm and
regular applications (surveillance
specimens)

Possible round-robin testing
High scientific acceptance



Overview

_—

TEM Transmission electron microscopy

Techniques

>

XRD X-Ray Difraction -

SEM Scanning electron mi(lscopy

Defects

Imensions

D

OM Opti

copy

APFIM Atom Pr-Microscopy

SANS Small Angle Neutron Scattering .

PAS Positron annihilation spectroscopy

3

/ Grain boundary

Dislocation loops,
precipitations

Dislocations

Frenkel Defects, Small Vac
clusters

;FB%\

~10mm ~100 nm ~10 nm
~10°m ~107"m ~108m ~109m
~105A ~1000 A ~100 A ~10 A




Nondestructive Detection of

Material degradation

Methods - overview
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TEM — transmission electron microscopy US — ultrasonic waves



Fission and fusion neutrons

Relative frequency
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Gamma radiation only ionizes electrons or excites atoms.
Neutrons: knock-out atoms from the lattice pg

i

— Epithermal neutrons ( >0,5 eV )and fast neutrons (>100 ke\ EI %i
— Primary knock-out atoms with higher kinetic energy produce o

secondary knock out atoms with smaller kinetic energy, % * %
— Atom depletion area and local surrounding the place of -
neutron absorption, %
— Open-volume defect accumulation — change of diameters
and material swelling. !ﬁ' pEe
ﬁh *
Material transmutation - changes of the nuclear-physical, == ™ ' e
chemical and mechanical properties e CuNi Mn = P atoms
— Thermal neutrons (<0,5 eV),
— (n, @) and (n, p) nuclear reaction — accumulation of helium and *'Fe(n, p)>*Mn
hydrogen nuclei, 0Cy (n,a)6°C0

— Defect immobilization by helium — residual stress increasing,

10 T
— Hydrogen diffusion to the grain boundaries and segregation - B(n, o)Ll
embrittlement and intergranular corrosion. 3He(n, p)3H

"Li(n,a)’H




Irradiation-induced changes

v Neutron-irradiation

— Defect production

o Self-interstitial atom
(SIA) & vacancy (V)
rich regions

— Matrix damage

o SIA-clusters, SIA-
loops

e Micro voids
— Solute atom diffusion

* Precipitates

o Complex defect-solute
configurations

» GB segregation

Slugen, V., Safety of VVER-440 Reactors — Barriers Against Fission Products Release, Springer, 2011



Feritic/martensitic (FM) steels

 Temperature limit - 650°C (ductility loss),

« Appropriate values of strength (martensite)
and ductility (ferrite), 10° grrmp g rrep e

 Lower content of nickel R g =
and cobalt — reduced R e
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PAIRNI®E Slovak University of Technology
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Avallable techniques for material studies:

Positron Annihilation Spectroscopy: Conventional PALS 2-det. or 3-det. Set-ups
(for irradiated materials), digital Doppler Broadening set-up, experiences with
PLEPS measurements at FRM-I11 in Garching from past

Moessbauer spectroscopy,

Atomic force microscopy,
X-ray diffraction, Barkhausen Noises measurements,
Alfa, beta, gamma spectroscopy including low/background chamber,
In collaboration with other institutes:

TEM, SEM and Auger spectroscopy



What kind of
iInformation we can
obtain from Positron
Annihilation
Spectroscopy?

Y
/3 i 3

Report: EUR 22468 EN
Vladimir Slugen
JRC-Petten, 30.8.2006

R

Defects density

Annealing
effectiveness

! Precipitation

Types of defects
Near surface
region study

MViicrostructural changes
due to irradiation, ageing,
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ODS 14%Cr ferritic steels: MA957
Less hardening than conventional and low activation F/M Steels

ODS-MA957
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Displacement damage (dpa)

J. L. Boutard, IAEA Technical Meeting, Vienna, 27-29 June 2011

28



Relevant literature

[1] M. Ghoniem, F.H. Hammad, Int. J. Press. Vess. & Piping 74 (1997) 189.

[2] J. Koutsky, J. Kocik, Radiaton damage of structural mat., ed. Academia Prague (1994).
[3] V. Slugen, et al., J. Nucl. Mater. 274 (1999) 273.

[4] J. Cizek, I. Prochazka, J. Kocik, E. Keilova, phys. stat. sol. (a) 178 (2000) 651

[9] S.J. Zinkle, A. MOslang, Fusion Eng. Des. 88 (2013) 472.

[6] R. Lasser et al., Fusion Eng. Des. 82 (2007) 511.10.

[7] V. Slugen et al., Materials. 15 20 (2022) 7091.

[8] V. Slugen, P. Domonkos, J. Nucl. Mater. 557 (2021) 153164.

[9] V. Krsjak et a., J. Mater. Sci. & Techn. 105 (2022) 172.

[10] B. Li et al., J. Nucl. Mater. 535 (2020) 152180.



Project scope

e Effective combination of the NDT techniques,
experimental validation and simulations in
order to describe and create a basis for the
establishment of the modern and functional
monitoring system fulfilling the most
advanced requirements on the safe LTO.

e The LTO possess new challenges on materials
that need to be explored and/or described in
deeper detail, even the well-known
mechanisms as swelling — almost negligible
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D2/WP4 Experimental
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WP4 — First TEM results (STUBA)

350°C+1083 hours 400°C+2000 he

400°C+2000 h
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P Romic Force Microscope

* Device primarily used for studying surface properties of materials.

O = 11° (Veeco)

Principle of Operation:

Sharp tip scans sample surface.

Interatomic forces between tip and
sample bend cantilever.

Bending detected as displacement
of reflected laser beam.

Probe oscillates; system monitors
deviations in cantilever oscillations
from reference value and
compensates for them using
feedback loop (by adjusting
vertical probe-sample distance).

Probe's vertical movement used to
generate surface topography.

Head

0 = 20° (NT-MDT)

Feedback
Loop

Position- Laser
Sensitive * Diode Piezoelectric
Detector . Actuators

Adjustable
Mirror

G. Binnig, C. F. Quate, and Ch. Gerber (from IBM):
Phys. Rev. Lett. 56 (1986) 930.



4-quadrant Si photodiode:

Beam Spot
\ 7’ - - ? B = N\
A\ B Cantilever Deflection: I,’ - S
I
A+B+C+D 4—'\- Normalization
\ C D
A, B, C,and D are ' - \\ ,
photocurrents measured Cantilever Twist: S o _7
in each quadrant of diode _(B+D)—(A+C)
~ A+B+4+C+D

Example: Si PIN photodiode by HAMAMATSU, model S4349
Total photosensitive area: 3 x 3 mm?
Gap width between quadrants: 0.1 mm




T

*  Monolithic design

Material:

* Monocrystalline silicon* or silicon nitride (Si;N,)

*) Monocrystalline silicon is doped with antimony to enhance the tip's conductivity,
thereby preventing the accumulation of electrostatic charge.

Fabrication Process:
 Photolithography and etching**

e Batch Production: A single 6-inch silicon wafer yields over 1,000 AFM probes.

**) In the case of Si, anisotropic wet etching is used, where the material is removed
more quickly along certain crystallographic directions.

Probe Types:

* Each type of sample requires a specific probe. There are probes designed for soft
samples, hard samples, magnetic samples (with tips having varying magnetic



100-500 pm

Cantilever (top view)

Substrate
- has standardized
dimensions

Substrate or Chip
(bottom view)

Thickness: 0.3 mm

probe with
€— V-shaped
cantilevers

Substrate
(top view)



mlﬂerent Tip and Cantilever Geometries




antilever

* Modify probe properties, and their presence depends on the specific model.

Coatings can be applied to:
* the tip side (facing the sample surface), where they provide:

— Conductivity: Essential for nanolithography (using local anodic oxidation) and certain
AFM techniques, such as:
Conductive AFM (C-AFM), Electrostatic Force Microscopy (EFM), Scanning Spreading
Resistance Microscopy (SSRM), and Scanning Capacitance Microscopy (SCM).

— Magnetic properties of the tip: Required for Magnetic Force Microscopy (MFM).

— Mechanical properties: Extends the tip's lifespan (but increases its radius).

— Chemical properties: Used in Chemical Force Microscopy (CFM).

* the cantilever side (facing the detector), to improve laser reflectivity.

— Avreflective coating on the cantilever is especially beneficial for thin (even partially
transparent) cantilevers and shiny sample surfaces.

Drawback of coatings: They have a different coefficient of thermal expansion
compared to the cantilever material (causing a "bimetallic effect").



I Composition of Probe Coatings

Reflective Coatings:

e  Most common: Al, Au*®
< higher reflectivity

*) applied over an adhesion layer of Cr or Ti

Electrically Conductive Coatings:

< higher conductivity

e Au, Ptlr, TiN, polycrystalline diamond
dopped with Bor N

higher hardness >

Coating Thicknesses:
* Polycrystalline diamond (100 nm)

Non-Conductive Hard Coatings:

 Amorphous carbon (Diamond-Like
Carbon = DLC)

Magnetic Coatings:

e Co**, oralloys such as CoCr, CoPtCr,
NiFe (Permalloy)
< higher coercivity

**) protected with a Cr coating to prevent
oxidation of the magnetic layer



icroscopes

* Contact Mode — Continuous contact with  Contact Mode:
sample surface. Feedback loop can either  Adyantages:
maintain constant deflection (adjusts
height) or be disabled (fixed height).
Tapping Mode — Probe oscillates, making
intermittent contact with surface, while * Allows detection of friction.

* High lateral resolution.

* High scan speeds.

feedback maintains constant amplitude. Disadvantages:

* Non-Contact Mode — Cantilever resonant ¢ Sensitive to capillary forces.
frequency shifts due to tip-sample * Lateral forces exerted on tip may
interaction. Can be detected in 3 ways: damage sample and alter imaging.

phase detection, amplitude detection,
frequency modulation.

* Not suitable for soft samples.

Tapping Mode (Most Commonly Used): Non-Contact Mode:

Advantages: Advantages:

*  Weaker forces = Less damage to soft e Gentle on both tip and sample.
samples. Disadvantages:

Disadvantages: e Typically requires vacuum.

* Slower scan speeds. e Lower lateral resolution.



“

Image Acquisition Process: e Step size determined by scanned
1. Probe moves from center of scanned area and image resolution.

area (starting position) to bottom-left

corner.
2. Topography scanned along single line. 5.

Measurements at discrete points.

3. Returns along same path, takes
measurements again.

4. Moves to next line. Steps 2-4 repeated

until area is scanned. o 1
5. Returns to starting position.
* L ® ® ® ® °
4 . 3.
* Each discrete measurement =1 pixel. G o @
—
2.
Step

Size



cope and Its Components




mlcroscope and Its Components

Microscope Room Adjacent Room

¢




Wagel“" Atomic Force Microscope




in the Scanning Head
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Surface Properties:

* Average (R,) or root mean square (R,) roughness
e Specific surface area

e Specific volume

Object Characteristics:

* (Average) height of protrusions

* Diameter or lateral dimensions of protrusions (less accurate than height)
* Periodicity (e.g., in stripe domain structure)

Statistical Analysis:
e Height distribution
* Power Spectral Density Function (PSDF)



Examples of AFM Applications



Collaboration with student MSc. Lubos Cehlarik (PriF UK)
TASK: Examine surface morphology of prepared samples.

A

2,2'-Bis(4-(trifluoromethyl)phenyl)-4,4'-bithiazole
— 180 nm

90

20 x 20 um?

2D Visualization



ondauctors

Collaboration with student MSc. Lubos Cehlarik (PriF UK)
TASK: Examine surface morphology of prepared samples.

A

2,2'-Bis(4-(trifluoromethyl)phenyl)-4,4'-bithiazole

0.18 ym

0.00 ym

3D Visualization



500 x 500 nm?2

0]

Collaboration with Assoc. Prof. Martin Weis, PhD. (UEF FEI)
TASK: Investigate surface morphology of vacuum-evaporated Au as a function of layer thickness d.
A

Glass Substrate Au,d=1nm d=3nm d=5nm

. )

Y
Monitored Parameters:

. Compared
1. Period with optical
2. Average roughness :» measurements

3. Specific surface area (UEF FEI).



Study Title: Observation of stress corrosion cracking using real-time in situ high-speed
AFM and correlative techniques

Source: S. Moore et al., npj Materials Degradation 5 (Nature Partner Journals, 2021) 3.

DOI: 10.1038/s41529-020-00149-y

Key Application:

Visualization of stress corrosion cracking on AISI Type 304 stainless steel in an
aggressive salt solution.

Key Insight:

High-speed AFM revealed uplift of grain boundaries before cracking, suggesting a
subsurface role in the cracking process. Subsurface intergranular cracks, linked to
oxide formation, were confirmed by complementary techniques.



https://doi.org/10.1038/s41529-020-00149-y

Magnetic Force Microscopy
(MFM)



G

* Technique: Based on AFM, detects magnetic interactions to visualize the magnetic structure.

*  MFM Tip: Coated with ferromagnetic * Steps 1and 2 are repeated over the
material and magnetized before entire scanned area to acquire the
measurement. The tip has a fixed complete image.

magnetic moment oriented along its axis.

Step 2

Measurement technique (LiftMode™):

e Step 1-Topography is recorded along a
single line. Then, the probe is lifted to a
user-defined height (lift height), where
magnetic forces are assumed to
dominate over topography forces.

Lift height

Step 1

e Step 2 —The probe retraces the
previously recorded topography profile
while maintaining the lift height.
Magnetic interactions alter the
cantilever's oscillation, causing changes

Y. Martin and H. K. Wickramasinghe (from IBM):

. if . Appl. Phys. Lett. 50 (1987) 1455;
in phase shift, amplitude, or resonant J. ). Sdenz et al.: J. Appl. Phys. 62 (1987) 4293.

frequency, which can be measured.




PSR St e

Dynamic (most commonly used): Static:
* Probe oscillates * Probe does not oscillate
e Higher sensitivity * Low sensitivity
* Sensitivity to: * Sensitivity to:
magnetic field gradient magnetic field

* In 2023, N. H. Freitag et al. (Commun. Phys., Vol. 6, p. 11) introduced a method
based on MFM, enabling simultaneous measurement of a sample's magnetic field
and its gradient.

MFM Limitation: The MFM tip is sensitive only to the component of the magnetic
field that is parallel to the tip axis, which causes ambiguity in determining the
orientation of magnetic moments.
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(e)

(d)

C. Kittel: Physical Theory of Ferromagnetic Domains,

Rev. Mod. Phys. 21 (1949) 541.



ppy Disk

Floppy disk from Verbatim with double-sided recording, model Verex™.
MAGNETIC MATERIAL: y-Fe,05;, SHAPE OF MAGNETIC PARTICLES: needle-like.

100 x 100 um?

Phase shift (Magnetism)

— 480 nm — 1.3°
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2.5" disk from Seagate utilizing PMR, model Momentus ST9500423AS.
DISK CAPACITY: 500 GB, RECORDING DENSITY (specified by the manufacturer): 541 Gb/in2.

Writing direction

e




pplications: FeZrB Alloy

Collaboration with Prof. Dr. Marcel Miglierini (UJFI FEI)
TASK: Investigate magnetic structure of °’Fey,Zr,B, in as-quenched state and after annealing.

A

Topography Domain structure




mp ications: FeZrB Alloy

Collaboration with Prof. Dr. Marcel Miglierini (UJFI FEI)
TASK: Investigate magnetic structure of °’Fey,Zr,B, in as-quenched state and after annealing.

A

Topography Domain structure
J ve

»

As-quenched

After annealing 4=




opy Laboratory




r Samples

e Surface: Solid, dry, flat, clean, and low roughness (nm range ideal, pm range max.).

* Measurements on large samples possible (height up to 2cm, area up to 30x30cm?).
 Sample can be oriented vertically, but this is uncommon.

* Knowing sample history (production and preparation) simplifies result

interpretation.
Magnetic

Sample Mouting: stainless-steel
Vacuum chuck support disc Magnetically

Conductive double
sided adhesive ;
carbon tabs .

Vertically



Any aquestions, please?
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Perspective of using PAS in the
research of materials exposed to
extreme radiation conditions.

11. February 2024

Vladimir Krsjak



Outline:

Probing the Nanoworld

A Brief History of the Positron

Positron Annihilation Spectroscopy
Positron Sources

Radiation Effects in F/M Steels: Helium

An Example of a Research Application



How to probe the nanoworld



How to probe the nanoworlc

7~

Positrons Neutrons
(PALS, (SANS.
CDBS) Diffr.)

Electrons
(SEM, TEM, EDS)

Protons
(PIXE)

S

(optical microscopy, XRD) (mSR)

S

Source - emission Sample — interaction Detector - detection
(o, By, P, N, I .n) # Nuclear reaction B, 7, n, 1 ...)
» Radioisotope sources » Scattering / Diffraction » Energy
» Particle accelerators > Photoelectric effect » Momentum
» Cathode ray tubes etc. » e e annihilation etc. » Charge
» Time etc.




How to probe the nanoworld

The Planck-Einstein equation is the starting point of quantum theory

E=hf = E and Planck's constant h (6.62607004 x 10-3* m?kg/s)
J s at the heart of quantum mechanics
Light (EM wave) can be quantified -> EM wave of given wavelength (\) corresponds to a

guantum of energy (E) - photon

But it works also the other way around! Particles (all) with a given energy have an
associated wavelength (de Broglie hypothesis)

The wavelength is given by A = h / p where p is the momentum of a particle.

The higher the energy of the particle, the lower

2
_1 2_(mv) _p _
E, ‘EmV " Tom  2m P p=v2Em . wavelength, the higher the resolution




How to probe the nanoworld
THE VISIBLE SPECTRUM - Wavelength in Nanometers

Let’s take a nice
ORANGE color with
wavelength of 621nm

621nm = 2eV (3.2x101%))

400 450 500 550 600 650 700 750
(uitra) Violet Blue Cyan Green Yellow Orange Red (infra)

Let’s take 2eV electron

p=(2mT)¥/2=(2x9.1x103x 1.6 x 10 x 2)/2=7.63 x 10> kg m/s.

A=h/p=6.625x1034/7.63 x 102 =

Electron 20keV= 0.272¢c= 0.01nm Thermal neutron = 1.5nm




What about positron?

The wavelength of positron as a
probing particle does not really
matter in experiment

N((“ 4= O))))

electron

positron
(0.511MeV rest mass)

(0.511MeV rest mass)

Positron sacrifices itself when it encounters with an electron.
This “illuminates” the annihilation site




A brief history of positron

..... let’s start at the beginning



How to probe the nanoworld
HISTORY OF THE UNIVERSE

accelerated

Pair production and annihilation 1 000 000 001 electrons for every
in a thermal equilibrium 1 000 000 000 positrons

[High-energy| [Proions Y SRR\ for more details google “CP-symmetry violation”)

cosmic r
>
[T Py 4 { e
4

A

=
(o=
Q
m
o
28
o
-
o
P
=

[

S O

t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 1010 joules)

K . . . .
_ Y electron-positron annihilation
starts to dominate

black

Particle Data Group, LBNL © 2015 Supported by DOE

The concept for the above figure originated in a 1986 paper by Michael Turner.



13.8 Billion years later...

Positron as the antiparticle of the electron (the first
antiparticle in physics) was predicted by Dirac in 1928 (At the
time he was 26 years old)

Positron was for the first time observed by Chung-Yao Chao

(Caltech) in 1930, although he was not aware of this and did

not investigate the strange electron-like particle any further (At
~ the time he was 28 years old)

Discovery of positron was performed only later
(1932) at the Caltech by Carl Anderson and thanks
to “lack of interest” of his predecessor he got was
awarded the Nobel price for it in 1936 (At the time he
was 27 years old)

10



13.8 Billion years later... [CAN-II Spacecrat _f, =

["'Cl6-QH-BTA-1(PIB)

= Line /’
. b—--.-u . A i
e e g . \j.' -
. -8 .“‘?ll} ST
A A ‘-“‘ o d
-

- Energy and momentum conservation during the annihilation process could be utilised to
study properties of solids.

- 1945 - 1975 various experimental techniques of positron annihilation based upon the
equipment of nuclear spectroscopy developed.

- nowadays - recognized as a powerful tool of microstructure investigations of condensed matter

- advanced applications, as positron beams, microscopy and wide range of other applications
in medicine, particle physics, cosmology & astronomy were developed 11



Positron Annihilation Spectroscopy

12



What is so special about positron

0000 0060
0000 0060
00060

veole ¢

3 7/ \:
;/III["“ N
OO
G

5

Self-Seeking

(positron diffuse typically ~100nm in metals and seek for sites with higher positron
affinity than bulk i.e. it is attracted by certain type of defects!)

Sensitive
Defect type SenS|.t|V|ty range (detection limit vs. saturated
trapping)
neutral vacancies 5x1021...10®* m™3
dislocations 1072...5x10"° m2

precipitates (r=2nm) |102°...102 m?3

grain boundaries 5 um ... 200 nm (particle size)

microvoids (>50

1020...5x102 m™3
atoms)

Macroscopic samples
Information on sub-nm scale features from a large volume (few mm?)

Sensitive to H and He.
H and He presence in defects affect positron lifetime and changes the electron

momentum distribution 13



How does it work?

Positron Two techniques of positron annihilation spectroscopy, Coincidence
Annihiation based on different physical principles, have been Doppler
Lifetime widely established in the material research. Broadening
Spectroscopy Spectroscopy
e’ source thermalization Positrons annihilate mainly with the electrons of the outermost
O Ojo O 0 O shell due to the repulsion of the nucleus. Such annihilation results
in Ey = 511keV. But the annihilation occurs also with core electrons

,—
/

A AE & sy 0 9
\\ /

-

000000

trapping

After thermalization (~ 3ps), positron diffuse through the
lattice until trapping / annihilation. Diffusion time and
trapping rate are a function of the microstructure and they

can be measured.

(electrons with higher momentum). Such annihilation leads to
O O e deviation in the energy of annihilation gamma, which is
dnﬁ?s:on] proportional to the momentum of the electron-positron pair.
ypica
O O diffusion
length:

OOO =100 nm

Counts

EO =511keV Energy 14



22Na > 22Ne + 3* + v_ +7(1.27MeV)

Thermalization (~100um)

Diffusion (~100nm) ~ 100 ps
0000000000000000000( 0000

Trapping ~ 100 ps *
Annihilation

potenal /3 /A /LA VAL 1 AVAVAVAVAVAY,




Positron Annihilation Lifetime Spectroscopy .

Counts

10°

10"

Lifetime spectra can be fitted with sum of
exponential decay components

n —types of defects =
components

k+l

N(f)= Z—exp —

i=1 f

¢

n+1

200
Channel

300

500

Eositrons )

Metals

Ons|

Lifetime

0
| & =
\ | 3 /
) spectrometer 3"/
L “

positronium
Mesoporous materials
low-K dielectrics
Zeolites
Silica gels
Polytror s Porous glasses
: et ey ——
T e PR E AR U UV
Lifetime (ns) 142 ns
R.K. Rehberg
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Positron Annihilation Lifetime Spectroscopy

The lifetime of a positron trapped in 0. o Troev etal 2006 (BCC Fe)
a vacancy cluster depends on the
size of the given cluster.

S
o
o
]
104
?
10}

Based on theoretical and empirical
data, we can estimate the average
size of vacancy-type defects in the
material.

300 - &

Positron lifetime[ps]
\

200 /

The intensity of the corresponding e

time component is proportional to Defect radius [nm]

the denSity of the 8iV€n defect. Correlation between positron lifetime and the size of
the vacancy cluster in BCC iron [Troev et al. 2009]
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Positron Annihilation Lifetime Spectroscopy

3
t
n(t)=n, » I, exp - l =1-1,-1,
=) j

T, , 5 — lifetime components 1 1 1 1
|, 35— components intensities O = ) = PR T, = _ﬂ, Ty = /1_
1, = 1/ A, - lifetime in defect-free bulk 12 D1 D2

D,, D, (indexes) —defect 1, defect 2
Kp1 pp — POSitron trapping rate at defect (proportional to defect concentration N and positron trapping coefficient of the
given defect m).

Izls(ﬂm_/lDz)"‘ Iz(ﬂb _ﬂ*Dl) @

K =
|1
The trapping coefficient must be determined by an
independent method.
_ |2|3(ﬂ132_/1D1)+|3(ﬂb_ﬂDz)_ N
K, = = Hp2Npo _ . .
|1 Quite accurate values available for simple defects; only rough

values available for complex defects (helium nano-bubbles)

18



Doppler broadening spectroscopy (DBS)

Parabolic valence part

Gaussian Core part

1keV =3.91 x 103 m,C

Counts

E=511+0.6keV")

Defect fee
......... Defect

. NIoeak (

Nwing2

Nwing‘l X
(512.8keV - 514.8keV’)

(507.2keV - 509.2keV")

>
EO =511keV Energy

“The energy ranges for S and W are subjects of agreement. Here —the W
values were chosen to cover the characteristic He peak

* S-parameter corresponds to positron annihilation with the valence electrons and W-parameter corresponds
to positron annihilation with the core electrons.

e Sis sensitive to open volume defects and W is sensitive to the chemical surrounding at the annihilation site.

* Increase in S-parameterindicates presence of vacancy defects.
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Coincidence Doppler broadening spectroscopy (CDBS)

Two detectors in a coincidence setup significantly suppress the background of the spectra. The elliptical
region extending diagonally with E1+E2= 1022 keV corresponds to the true Doppler shift whichisE , - E , .
This region is nearly background free.

File Setup Help

1 OE L T I T I
s QICDB: e L]  [im
- 0-2MeV
N Sample L259_30MSps
1l s e 1e+06
1 05 L — 3% 540 i
3 Elapsed Time 0d 14:40:49 ]
— C Counts total 1.14E+07 1,200 18 : IO
[77] [ Counts in max. peak 6037 530 A} 1,000 il ’
et
" — B Time till buff, Ful 4m 225 1
c 4 Countrate 241 cps T
= 10 M S = 520 00
. E | Filtered 91 % = 1 gy I
E C AvgCountrate 216 cps g | |- O E L 9
1*] - Peak countrate 412 cph & ‘}x L 8 = B c
— W 510 + : S w - 1,000 §
3 " FiWHM 0,884 keV % @ & 800 3 7y
[
g 10 3 511 Resolution 0.066keV - =l |
= E Buffer Size 100000 =00 ] F 100
c : Sampling Rate 30 MSps 7 - 10 600
Q R Filter 490
Lo 500 i - 10
Flat Top Noise 3 g 2
.| 400 - o)
Coincidence 14 480 7| L, Sl [ .
I =" T T T T
Ik 2720.00 = 480 490 SO0 S10 S20 S30 540 400 £00 800 1,000 1,200
§ . L . TauR 2720.00 | Right E[keV] Right E[keV]
480 490 500 827x1169in <« F n | »
v-ray energy (keV) [ M. Petriska et al, J. Phys. (c) 443 (2013) 012086
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Coincidence Doppler broadening spectroscopy (CDBS)

2

Ratio to the chosen reference spectra (experimentally obtained with the
same apparatus) enables to obtain chemical information about the atoms

surrounding positron trapping centers.

Although the use of the CDBS is necessary for this (information comes from
high momentum region), Helium fingerprint (peak) is located in relative low

momentum region, thus DBS is “sufficient”.

1.8
V1
1.6 4 il ——V. #He,
V9
1.4 - —\ tHe,
()
L;) . Vg +He,
3 121—=F Ao,
2 Pure F
ure re
2 1.0 4
(]
e
0.8
0.6 -
Ov4 L] I L) l L) l Ll I

0 5 10 15 20
p_x 10° mc

25

Ratio to pure Fe
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Positron sources
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Radioisotope sources

Positrons are obtained for laboratory setups usually by the B+ decay of isotopes ?°Na,
64Cu or ®8Co

3+
- s ) 2.602y
Na->2°Ne + 3" + v_ +y(1.27MeV) 2?Na
Physical Half-Life: 2.602 Years E.C. (9,5%)
2" 1274 o
- 3.7 ps B*(90,4%)
E Y 1274 keV
:’.: stable 0 0 /B (0,1%)
£ A 4
S

- 22Na positron source - continuous spectra

v 0 — 545 keV
0 20 4 60 80 100 120 - correspondent depth in bce iron 0 — 130 um
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Radioisotope sources

84Cu > %Ni + B* + v, + y(1.35MeV)
Physical Half-Life: 12.7 hour

1;0
12.7 h
64CLI
B* (18%)
2* ;1346 keV o
0.88 ps E.C. (0.475%)
[ ]
0*;0 /E.C. (43%)
stable

64Ni

B (39%)
0*;0

stable

[3'+

647n

/ 64Cu

3

.I./J..i. i.i&l.h.ﬁ.j.¥..
- T
J

enerqgy (Mev)

v T —  + + ' L T T r T B
%0 10 3 ,I—l"’.'.‘.—___—’—_—i E
L ./
g [ &
= ™1
vo 1 :_/ -
© i I d
[ _0-0-0 ]
S -/ g-o-0-07" '
2 o
B I P —m— RPI (Pos 45) .
.5 0]_ - /DD _D_ TRIGA =
< 7 :
.9 0
= i
8 u|
o
v 001tY——>——— L e s L
0 12 24 36 48

Irradiation time [h]

64Cu specific activity vs. irradiation time,
considering continuous irradiation of natural

copper RPI vs TRIGA (1.6 x 10" vs 9.7 x 107"
neutrons/cm?.s)

$

Feasible ®4Cu production at the TRIGA
Reactors
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Radioisotope sources

10-15x 0.5l 22Na solution

\

<

7.5 um Kapton foil — positron window

/

Kapton tape 25um + 43 um silicon
adhesive layer

2.3mm opening

e

]
.
1
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High-flux positron facilities

-

Nucleus Electron (e7)

A High energy gamma

q.)\ (from fission reactions)

9
Positron (e™)

nthorm
: : : Cd
< Pair production using | RS AW AW\
bremsstrahlung of a decelerated NN
beam of MeV-electrons Pt y 4

stainless steel window + pt/ . vx'--.’_. . *_ ~=-
\ 2 /

Nuclear reaction with neutrons producing high energy gamma;
e.g. 113Cd(n,y)114Cd - three y rays and pair production —



Internal positron sources — samples exposed to extreme conditions

Impulse-log Skala

._..
=
L

14

1ir

IA 1-1C+E.CNF

—=
=
I

ﬁOCO

"ﬂ'h"

T91 irradiated in BR2 reactor at
the SCK CEN, Belgium

Fard: 1 ALl

’ 'l'Tl’th,‘\W.'i im"-"|I"H'I|J'I.I'*WW'

5 500 750 1000 1250
EnargielkeV]

1500

1750

Impulse-log Skala

104

2-BF-F37 UND F40.CNF

T91 irradiated at SINQ

”H' W‘ 11[‘ MM

50 L] 150 1000 1250 1500 175 2000
enargi kv

Some isotopes produced in spallation reactions undergo B* decay. Positrons are produced
within the investigated sample.
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Internal positron sources — samples exposed to extreme conditions

260 - B External *’Na source
] ® Internal **Ti source
250 -
o
.2.' -
()
c 240
=
(] J
=
§ 230 - + _L;__}——’:?:,—%
E -
[
S 2204
)
= |
(@]
[a T
210 — f
200 -
| ' | ' | ' | ' | ' | ' | ! | ! | ! |
4 6 8 10 12 14 16 18 20 22
dpa
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Internal positron sources — samples exposed to extreme conditions

2

1083.05

1 589y

o

. . . 4. . . 00,65 aTj
In spallation irradiations, #*Ti is a product of b
. . . o 146.22 Qec=267.5keV
SSFe(p, X) reaction. It is present in all STIP " e ]
samples of steels R ST

hat-td
Q;=3653.3keV

=98.97%

Gamma emitted
1157.02 .
] . . AdTs 99.875% per *Sc decay together with
Irradiated sample containing **Ti Scintillation detector bositron
> YTi > %Sc>%Ca+e +v +7y > » 1154keV O

e* diffusion =f (material)

Time = F (material, defects
e* trapping = f (defects) 1 [ps]=F( )

» e +e*annihilation > » 511keV+AE  AE=F(material, defects)
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Internal positron sources — samples exposed to extreme conditions

- The #4Ti/**Sc source has a much longer half-life (59.6 y) which
ensures a long-term stable production of positrons.

- Homogeneous probing of the whole bulk

- No surface treatment required

- There are practically no limitations as regards the sample size and
shape.

- Methodology is suitable for very active samples (°°Co activity is
usually equal or lower than #*Ti activity).

30



44Ti — smoking gun of supernovae

(T1/2=6Oy) - Extremely rare on Earth, there’s lot of it out there

Hubble image shows the remnant of
supernova SN 1987A, first detected in
February 1987. Distance of of the object
is about 166,000 light-years.

PSR B0540-69

SNR 1987A

After the initial flash has faded, the total
luminosity of the remnant is today provided by
decay of #*Ti, produced in the explosion. #4Ti
keeps it hot to radiate light.

31



44Ti — smoking gun of supernovae

This is the remnant of
Kepler's supernova, the
famous explosion that
was discovered by
Johannes Kepler in
1604. The red, green
and blue colors show
low, intermediate and
high energy X-rays
observed with NASA's
Chandra X-ray
Observatory, and the
star field is from the
Digitized Sky Survey.
Image released March
18, 2013




Radiation effects in f/m steels: helium

33



Journal of Nuclear Materials 108 & 109 (1982) 299-305 299
North-Holland Publishing Company

20% CW 316
AN OVERVIEW OF NEUTRON IRRADIATION EFFECTS IN LMFBR MATERIALS
J.L. STRAALSUND, R.W. POWELL and B.A. CHIN
Hanford Engineering Development Lab., P.O. Box 1970, Richland, Washington 99352, USA
Received 8 January 1982; accepted | February 1982
L Berogustion Metal Fast Breeder Reactor (LMFBR) cores. If this
Following 1967, void swelling of metallic compo- swelling phenomenon continued to increase with fluence,
nents became a major concern to the design of Liquid large increases in the size of the core components were
—
e
e
s
20% CW 316 —
AEFTS
UNIRRADIATED FLUENCES
FFTF
GOAL
UNIRRADIATED FLUENCES
CONTROL BEYOND

FFTF
GOAL

Radiation-induced volumetric swelling of a tube (fuel
cladding) made of AlSI 316 steel (EU 1.4401) exposed to
o il neutron flux in the EBR-Il reactor. Fluence: ~1.5 x 10*°
s sy oo o o n.cm™ (E > 0.1 MeV) or ~75 dpa at a temperature of

510°C. Swelling: ~10% linear or ~33% volumetric.
e R ]
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Aging of materials exposed to radiation environments - examples

Q!

(11 ! “ t"""|

Garner, F. (2006). Irradiation Performance of Cladding and Structural
Steels in Liquid Metal Reactors. In Materials Science and Technology
|| (eds RW. Cahn, P. Haasen and E.J. Kramer)
| (T 131N B 2 7 2 % 7 2 0 C Bisi> oA

Fuel assembly made of D9 steel after irradiation with neutrons at a fluence of 2.1 x 10*°
n.cm™ (E > 0.1 MeV). The uneven elongation of some fuel rods is caused by small
temperature and neutron flux gradients across the assembly and minor differences in
processing and machining. On the right is an equally irradiated assembly made of a different
material (HT9), which does not undergo radiation-induced volumetric swelling.
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Aging of materials exposed to radiation environments - examples

Four examples of extreme
material embrittlement
caused by radiation-induced
volumetric swelling:

h‘“

a. 6-10%

j b. 14% AV
l c. 30% Vo
| d. >100 %

(@)

Ty S A . o V-5Fe TEM sample (52dpa)

© 600°C 500°C 400°C Archive

Specimen 36

https://www-pub.iaea.org/MTCD/publications/PDF/PUB1732_web.pdf



https://www-pub.iaea.org/MTCD/publications/PDF/PUB1732_web.pdf

Dimensions

3

20% CW 316

hour

1
days-years
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Radiation environments of modern nuclear
facilities - helium and its consequences

1GeV ip
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Helium and its consequences

1200

1000 | | | | :‘> Temperature
[ | |

800 -

400 |
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F/M stce Alfa decay of heavy

\ nuclei (fuel) /
(R e
\

@

o 4 He + 3.5 MeV
n+ 14.1 MeV

Temperature (C)

200

\ Current (Gen Il fission réacton . :
o | TER wsn reactor | ; }
0 50 100 150 200 250

Displacement Damage (dpa)

Radiation
ageing
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Helium and its consequenc

An alpha particle (the nucleus of a helium
atom) is a product of several nuclear reactions.
The rate of production/accumulation, however,
varies greatly.

He+ implantation

Spallation sources

Fusion devices
Fast breeders L

1,E-07 1,§-06 1,E-05 1,E-04 1,E-03 1,E-02 1,E-01

Most high-dpa experiments
conducted in fast reactors

\_

» He production rate [ppm/S]40




Helium and its consequences

Helium is practically insoluble in metals and tends to accumulate in

lattice defects. It significantly increases the binding energy of a vacancy in
a (helium)-vacancy cluster.

The accumulation of helium in the lattice significantly alters the behavior
of the material in a radiation environment, leading to accelerated growth of
volumetric defects and the formation of helium bubbles. > embrittlement,
hardening, volumetric swelling...

Helium can be introduced into materials more realistically - via
transmutation - or less realistically - by ion implantation it using

accelerators. Although the second approach has certain drawbacks, it

also offers significant advantages.
41



Helium and its consequences

SRR L

IR LI L

LI RIS I IS I

0 O\ OO0
o*o*o‘t‘or .‘\Te*o*o*o*o*o*o*o

NE Y

L L

\ IR NI

)
TR AR A A S

ANNANANRSSENM N NN NN N
- " » LR IR AN NNNANNINN

IR NSRS S B AL S

RS

R R KRR L

R 0 0 o 8 8 o ok &
*. *0 *Q *. *. *. *0 *O *. *.

S LI

IR L

LA LT L 0 I JC IR NI IV
ORI

S P I

Q’.J.OC..OO
LRI ANARANTC RO ARANRANANIANRNNIN.

T3
S

SN VPN

LRI IO I LR RN NIRRT
\/
= E " = -

IR

LRI INRN
.*.*.*.*:

TR N NN AN NN.

R 2

LR IANRNAANRNANIN.
>. *Q *. *. *Q *Q *Q *. *Q *.

42



Radiation embrittlement accelerated by He
Y. Dai, G.R. Odette and T. Yamamoto, 2012

— Q
600 = F82H T<=300°C & -
o T9 m
Optimax-A/C P
500F " . _
¢ Optifer-V/-IX v
*  Eurofer97 + - g
O 400F o EM10(CEA) . -
— | 0 m 1
C 300} °. _
o -
<1 200+ [ 1
/A i
100 2770 dpa -
- Neutron irradiation | T91,F82H,E-97 |
[} 1 l L ] 1 ] " | ] ] ] . L . I , I

0 2 4 6 8 10 12 14 16 18 20
Displacement (dpa)
Samples irradiated in a spallation neutron source
with high helium production exhibit a significantly
higher degree of embrittlement compared to
samples irradiated with neutrons alone.




A case study
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He ion implantation experiment
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Objective: Characterizing the early-stage radiation damage in Fe/Cr alloys

— 7 \
“_: 4

+availability of research accelerators
+samples are not radiactive after irradiation
+non-uniform damage distribution

- low displacement damage levels
- “unrealistic” He concentration (He/dpa ratio)
- non-uniform damage distribution

Note: Introducing a
near-surface damage ->
slow positron beams
are required to
investigate this area
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A suitable analytical tool should be depth-sensitive or capable of analyzing
micro-samples taken across the thickness. a7



Why not look at dpa when He production rate (He concentratio) varies?

280 -

270 1

260 -

250 +

240 -

T av [PS]

230

220

210 1

200

—{1— spallation

—O— He 250keV 3.0e17cm-2
—/5— He 250keV 9.0e17cm-2
—/— He 250keV 1.5e18cm-2

T Ay [PS]

280 ~ —J— spallation
—O— He 250keV 3.0e17cm-2
270 | —£— He 250keV 9.0e17cm-2
—/— He 250keV 1.5e18cm-2
260 /Y
250 4 /
/
V4
240 4
230 4
220 -
210 4 O—
200 — . N
1000 10000

He (appm)
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[0 FeSCr (TEM)
/A ODS Fe9Cr (TEM)
> Fe9Cr (PALS)
7 ODS Fe9Cr (PALS)
- --- Exp. decay fit Fe-9Cr, Adj.R?=0.95
"7 95% confidence interval
- Exp. decay fit ODS Fe-9Cr, Adj.R?=0.98

-1 95% confidence interval

LRI | 5 LT SR R SR LA | . LERA 7 L L PR T ! % A TR TR AT
1000 10000 100000 ¢, (appm)

Combining the SPB (PALS) experiments and TEM, we were able to characterize the
region from 1.5 to 40 dpa (250-13,000 appm He/dpa).

V. Krsjak et al, Journal of Materials Science & Technology, Volume 105, 2022, Pages 172-181,
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Summary:

e Positron is a unique probe for material characterization and
various techniques based on positron annihilation have
been established in the material research

 PAS techniques offer new insight into the processes of
nucleation and growth of helium bubbles.

e Combination of positron annihilation spectroscopy and
transmission electron microscopy has a potential for
significant improvement of the understanding of the
microstructural evolution of radiation-induced cavities.

50



Thank you for attention




MBN — Magnetic Barkhausen Noise

11.02.2025

Jarmila Degmova

SLOVENSKA TECHNICKA
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DT - classical mechanical testing is good solution, but...

(1) components are over-dimensioned using safety factors that allows al
produced components to withstand all possible loads.

(2) this implies higher production costs as well as higher environmental
impact in terms of material and energy consumption.

reusage of the testing samples is not possible

NDT is time and money saving solution

MBN



ction

re many methods and techniques, based on
nt physical effects, that can be used for NDT.

‘ Physical effect ‘ Test method

Proof load
Acoustic resonance testing
e Ultrasonic testing

Mechanics

e Visual (camera) inspection
e Thermography
Ontics » X-Ray, Gamma-Ray (inc. tomography)

Eddy current testing
Magnetic particle inspection
» Barkhausen effect

N

Electromagnetism

NSKA TECHNICKA
ITA V BRATISLAVE
LEKTROTECHNIKY

MBN

One of these techniques is
MBN method which is utilized
to assess changes in the
surface layer of ferromagnetic
materials, especially to monit
changes in
hardness and
residual stresses.



ction

The BN method functions on the interaction between the extern
magnetic field and ferromagnetic material.

Subsequent reorganization of the magnetic domains and the
formation of an internal magnetic field are registered by the
specialized probe (sensor).

The magnetization creates an interaction with the material that
measures typically from the near surface up to a few hundred
microns below the surface. This could be controlled by the
magnetizing frequency.

BUT...the magnitude of the registered signal and its parameters
depend on many factors.

AND...many of them are non-correlated, while others share a
correlation.

A TECHNICKA MBN
V BRATISLAVE
ROTECHNIKY



* The advantages of this technique are

— Itis NDT,

— possibility to test different parts and shapes
— portable equipment

— different scanning depth

— correlation with other techniques

works with irradiated materials as well.

MBN



* The limitations of this technique are

— the sensitivity of the physical condition of the sensor,
— partintegrity (e.g., micro-structure or surface topography)
— the presence of an oxide on the surface

— the sensor employs a ferritic material to magnetize the tested
surface. This material could wear down, especially if the

measurement is dynamic, which may influence the BNT sig

MBN



duction

The BNT method is classified as

an electromagnetic method of
NDT

SLOVENSKA TECHNICKA
UNIVERZITA V BRATISLAVE
FAKULTA ELEKTROTECHNIKY
INFORMATIKY

N\

NDT METHODS AND TECHNIQUES

VISUAL AND OPTICAL
O

- Optical microscopy (OM) O

ELECTROMAGNETIC (ET)

- Optical mass inspection (AOI)

- Confocal laser scanning microscopy (CLSM)

- White light interferometry (WLI)

- Scanning near field optical microscopy (SNOM)
- Optical coherence tomography (OCT)

ACOUSTIC

O

- Acoustic emission (AE or AT)
- Acoustic-ultrasonics
- Non-linear acoustic

- Alternating current field measurement (ACFM)
- Alternating current potential drop (ACPD)
- Barkhausen noise testing (BNT)

- Eddy-current testing (ECT)

- Magnetic flux leakage (MFL)

- Magnetic-particle inspection (MT or MPI)
- Magnetovision

- Remote field testing (RFT)

- Magnetic resonance imaging (MRI)

- NMR spectroscopy

- Terahertz nondestructive evaluation (THz)

LASER

ULTRASONIC
O
O

- Puls-echo technique

- Transmission technique

- Ultrasonic tomography

- Pitch and catch technique
- Guided waves

- Micro-array ulstrasonic

- Electronic speckle pattern interferometry (ESPI)
- Speckle pattern shearing interferometry
(SPSI or Shearography)
- Low coherence interferometry (LCI)
- Holographic interferometry (HI)
- Optical coherence tomography (OCT)

SCLEROMETRIC

RADIOGRAPHIC
O
-/

- Digital radiography

- Computed tomography (CT)
- Computed laminojgraphy

- Beam hardening corretcion
- Local tomopgraphy

- X-Ray diffraction (XRD)

- Static techniques
- Dynamic techniques

OTHER NDT

O
THERMOGRAPHIC
O

- Transmission termography

- Pulse phase thermography

- Step heating

- Vibro-thermograhy

- Scanning thermal microscopy

- Thermoelastic stress analysis (TSA)

- Scanning electron microscopy (SEM)
- Liquid penetrant inspection

- Leak tightness inspection

- Endoscopic testing



Iple of Barkhausen noise method

T NI BRI N7l co0000

Arrangement of magnetic moments in domains (ferromagnets,
antiferromagnets, ferrimagnets) and in substances without magnetic
moments (paramagnetics at H = 0, diamagnetics)

* In aferromagnetic material, the inner magnetic field forms domains with
preferred orientations relative to the local crystal orientation.

The spontaneous magnetization vectors

e : arranged in such a way that one can speak
: ﬁ & A ﬁ ds‘s‘?s T il rWﬁ closed magnetic flux. From the energy poi
: 440 4 ey L ! view, the such arrangement of domai

RN T — i ° ¢ ’ characterized by practically co

suppression of magnetostatic energy.

Magnetic domains by Kerr effect

* In a demagnetized material, the domains cancel each other out witho
forming a long-range internal magnetic field.

LOVENSKA TECHNICKA MBN
VERZITA V BRATISLAVE



of Barkhausen noise method

When subjected to an increasing external magnetic field, the domain
line up with the external field grow at the cost of the other orientations.

« The material becomes magnetized, and the inner magnetic field grows
considerably stronger in comparison to the imposed external field.
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of Barkhausen noise method

During the process of magnetization, when the preferred orientation
the domains grow, the entities known as Bloch walls between the do
move.

* The domains are separated by a
space called the Bloch wall.

* Inthese inter-domain walls, the
direction of the spin magnetic
moments gradually changes, and
therefore it is necessary to
understand them as spatial, not
planar, formations.

* The thickness of the wall is
determined by the effort to reduce
the energy hidden in it.




e of Barkhausen noise method

« We start from a domain structure arranged in s
way that the resulting magnetization is zero.

« The external magnetic field is the cause of two bas
events:
— the movement of the domain walls and

— the rotation of the vectors of the spontaneous magnetization of t
domains.

=
i

=

[
nevratngé | 5

ES

--—4 vratné =

 The movement of the walls enlarges the domains
aligned with the external field.

 Of the mentioned mechanisms, the one that is less
energy demanding is always carried out.

« Walls mostly move in weak fields and in strong
there is rotation. This process is shown by the
magnetization curve.

TECHNICKA MBN
BRATISLAVE
OTECHNIKY



e of Barkhausen noise method

* Due to the presence of obstacles in the microstructure, the Bloch wall
motion materializes in discrete steps.

ematic illustration of step-wise motion

ps) of a 180> domain-wall pinned by I [ %j T [, &

acles due to an increasing external field, H.

I[f

a) b)

 For a material that contains few obstacles, the motion occurs in bi

MBN



of Barkhausen noise method

The magnetically soft material is easy to magnetize/demagnetize.
Transformer sheet is an example of such a material.

* In a magnetically hard material, which is hard to magnetize/demagnetize
there are numerous obstacles that render the motion of Bloch walls diffic
forcing the magnetization to occur in small steps.

BT

teel — how it is possible ;
change the @
ostructure from soft

MBN



e of Barkhausen noise method

Microstructure vs magneti
mechanical properties

» Heat treatment is a fundamental reason behind the success of steel in
modern society.

» The different microstructures formed by heat treatments have different
mechanical properties because of different obstacles’ amounts and
strength for plastic deformation.

* In mechanically soft materials, the resistance for dislocation motion is low
while it is high in mechanically hard materials.

» Naturally, different microstructures, besides having different mechanical
properties, also have different magnetic properties.

MBN
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Into the experimental se

* The basic equipment consists of a measuring device with a sensor
connecting cable to generate and measure BN.

Central unit Sensor

Amplify and Detect BN-signal
Output Natatetics |

Display and
Output

Apply External Magnetic Field




ow to measure magnetic Barkhausen noise

Into the experimental set-up

e The BN analyzing instrument requires to both generate the applied
magnetic field, to send into the material, and to pick up and .....

Magnetizing coil

N

Magnetizing pole pieces
(magnetizing yoke)
L Sensing coil

(pick-up coil)

(a) Sensor (b) Application

MBN 11.02.20




How to measure magnetic Barkhausen noise

Into the experimental set-up

present the BN signal generated from the material.

*STU SLOVENSKA TECHNICKA MBN 11.02.2025
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measure magnetic Barkhausen n

Into the measurements pa

(a) Magnetising current
Barkhausen signal

Barkhausen signal (mV)

Magnetising current (mA)

Continue in accordance with

Parameters Values Values
M agnetizing frequency 10 Hz 100 Hz
M agnetizing voltage 2 Vpp 1 Vpp
M agnetic offset 0 0
Number of bursts 10 10
Sampling frequency 1 MHz 1 MHz
Signal input scale 5V 5V
M agnetizing current input ON ON
M agnetizing current input scale 1A 1A

the applied magnetising frequency

Time (ms)

In any conductive material, eddy currents arise when the
agnetization changes, while the magnetic field induced by them
cts against this change.

e greater the magnetization frequency, the more is pronounced
ir effect and the smaller is the reached depth of the MBN signal
material.

MBN




easure magnetic Barkhausen

Into the measurements
For a low-alloyed hardened and tempered steel component, if we use a magnetizing voltage frequency of 125 Hz, the
penetration depth of the applied magnetic field is around 2 mm. For industrial applications, such as grinding burn detection,
heat treatment defect detection, analysing frequency range is 70 — 200 kHz. For the same steel component, this range will give
an analysing depth around 0,1 mm.

Material

Mild Steel 300M
(Annealed) (Hardened and Tempered)

Conductivity 10° Q-m (estimated)

Relative Permeability 200

Frequency Range Analysing Depth
3 -15 kHz 0.07 mm 0.40 mm
20 - 70 kHz 0.035 mm 0.18 mm
70 = 200 kHz 0.015 mm 0.10 mm

The actual values of analysing depth of measurement may be somewhat (approx. 30%) higher than given in the above table,
due to the actual variations in g(f).
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MicroScan - [po_rade®]
File Edit Session Device Settings Window Help
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Into the output of the

New Open Save Measure Baich Add Delete Cascade Tile General settings Session settings
Measurementview  Amplitude spectrum  Burstanalysis  Integral  Pulse height distribution  Overview  Results
Measurement view
Amplitude spectrum pulse height distribution single burst (+)
Single burst (+/-) Integral Single burst (-)
- —
D Neme  Showdiagram Time Tester  Sensor Filepath RMSavg  RMS-  RMS+  Peakavg [mV] Peak - [mV] Peak + [mV]  Peakposavg  Peakpos-  Peakpos+
M_vz4 _ 03/11/2023 12:27 copy of po_rade_0079.meas 246.35 250.54 24215 39343 405.88 38099 2768 2741 2795
M_vz4 _ 03/11/2023 12:27 copy of po_rade_0080.meas 246.40 246.21 24659 392.05 390.42 39367 2847 2852 2842
Mzs _ 03/11/2023 1203 copy of po_rade_0011.meas 249.77 25253 247.00 40893 41405 40380 2774 3033 2514
Mazs _ 03/11/2023 1203 copy of po_rade_0012.meas 246.16 25096 24136 395.24 2850 3058 2641

MBN
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Into the output of t

How do Barkhausen noise values correlate with residual stress?

BARKHAUSEN NOISE
INTENSITY

SOFT HARD

High 4 Low
amplitude v amplitude

- HARDNESS +

BARKHAUSEN NOISE
INTENSITY

A
A
Low High
amplitude amplitude
v

COMPRESSION TENSION
- STRESS +

Measurement of residual stresses with Barkhausen noise is not a straightforward application since Barkhausen noise does not
directly produce any MPa value results for stress state determination.
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STRESS STRESS

SENSOR + SENSOR +

Due to the physical interaction between magnetostrictive and elastic lattice strains, the magnetic properties of
ferromagnetic materials depend on their stress condition.

Movements of magnetic domain walls cause Barkhausen noise signal. Magnetic domains are restructured/re-
oriented due to the stress:

= Under tensile stress the domain walls move more easily which increases the Barkhausen noise signal
amplitude.

s Under compressive stress the domain wall movement is restricted, and the Barkhausen noise signal
amplitude is lower.

AMPLITUDE

High ’ ! + Low 3N
amplitude + amplitude

TENSION COMPRESSION
+Stress -



Hardness is related to the number of pinning sites (dislocations, precipitations, or other irregularities) in a
material. When a magnetic field is applied to a ferromagnetic material, magnetic domain walls start to move.
Domain walls collide with pinning sites in the material structure which impedes the domain wall movement.

In soft materials magnetic domain walls move more easily than in hard materials. This is because in hard
materials there are lots of pinning sites and therefore domain wall movements are more restricted. In soft
materials domain walls can make bigger jumps.

SOFT MATERIAL HARD MATERIAL

SENSOR SENSOR

MAGNETIC
DIPOLE
PINNING SITE
DOMAIN
WALL

B=0
MAGNETIC FLUX MAGNETIC FLUX
DENSITY DENSITY
B B

MAGNETIC FIELD
STRENGTH

MAGNETIC FIELD
ETIIENGTH

Barkhausen noise signal is caused by the jumps of the domain walls between the pinning sites. In practice, the
softer the material, the higher the Barkhausen noise signal amplitude due to the less restricted movement of
domain walls, and vice versa for the hard materials.

High hardness leads to low Barkhausen noise activity and low hardness to high Barkhausen noise activity.
Barkhausen noise analysis can be easily used to separate soft and hard parts in heat treatment applications, and
for detecting grinding burns.




measure by magnetic Barkhau
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Residual stress measurement on camshaft with X-ray diffraction and Barkhausen noise methods

Barkhausen Noise (BN) testing was implemented, as it is non-destructive and is able to look beyond the surface of the ground
lobes.

In order to correlate the two methods, select spots on the lobe were chosen and the BN results and X-Ray diffraction stress
depth profiles were compared.

The favorable correlation enables the BN testing to be used at a much more frequent interval to supplement the XRD testing, all
while not having to destroy any of the camshafts.

Residual Stress vs. BN

-230 -+
y=3.7051x - 382.84 @
E -250 - R*=0.847 =
s 2
7 -270 - A -
&
& -290 -
®
-310 T T T |
22 27 32 37 42
BN (mp)

A Correlation Between Barkhausen Noise and X-Ray Diffraction.
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Into the output of the me

What we look for to compare: Because we need to compar
reference vs treated materia

 RMS values

7
[

b(i - Barkhausen burst b(ii) - Barkhausen burst
- (') — Smoothened envelope curve —— Smoothened envelope curve

RMS =

S|
Il
o

=

\1 [

amplitude of the signal and n is their number.

Pea ion

» Shape of the envellop

Peak intensity_

RMS-value —

Intensity of the rectified Barkhausen burst (mV)
Intensity of the rectified Barkhausen burst (mV)

ECHNICKA l ' | g | k | ; | ; I
RATISLAVE -100 -50 0 50 100 100 50 0 -50 -100

i Amplitude of the ascending magnetising current (%) Amplitude of the descending magnetising current (%)



easure magnetic Barkhausen

How to deteriorated our

 Optinial voltage Example conditions:
i selection constant frequency: 10 Hz
: voltage range: 0.5-10 Vpp

L i I | I 1 | I I | j
4" 2 3 4 5 6 7 8 9 10

Voltage [Vpp]

Fig. 2.21: Determination of the optimum measurement voltage by using the voltage
sweep curve.

The maximum angle between the tangent line (maximum
slope) and voltage sweep curve designates this point o
which, after projection on the ordinate axis, indicates
measurement voltage.

MBN
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How to deteriorated ou

350 — =
— bulk
e through hole
~———0.2mm
~——0.5mm

0.6 mm
0.7 mm
300 — 0.8mm
1.1 mm

Optimal frequency | oA
selection i =

[Example conditions:
: constant voltage: 2.5 Vpp
frequency range: 10-150 Hz

Frequency [Hz]

The projection of the maximum frequency value point
from the frequency sweep curve on the ordinate axis
Indicates optimal measurement frequency

MBN



How to measure magnetic Barkhausen noise
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o o o
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How to deteriorated our measurement

Scanning speed

IS the concern of accuracy and is limited to the sampling rate. A higher scanning speed signifies a
smaller number of registered points. Optimal scanning speed is determined experimentally. The
maximum scanning speed must be below 80 mm/s.

Sensor load

IS important for maintaining stable contact between the sensor and measured object. This is especially
Important for a combination of low frequency and high

voltage parameter measurements, in which the excitation of the magnetic field causes sensor
vibration, and additionally, loss measurement contact. The standard sensor load is between 10-50N.

Surface preparation

Areas to be tested should be free from dirt, scale, loose rust, weld spatter, grease, oll

and any other foreign materials that can affect the test sensitivity. The surface condition

greatly influences the measured signal, both in terms of topography as well as material characteristic
of the surface such as microstructure and residual stress determined by the heat treatment.

U SLOVENSKA TECHNICKA MBN 11.02.2025
UNIVERZITA V BRATISLAVE
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How to deteriorated o

Burst (-)
50 0 -50 -100
1 n " " " 1 " L " " 1 " " " " J
Position| RMS Avg. Peak pos FWHM Avg.
m,/" Surfac 414.46 6.99 36.4
,."’ 3 EP 30 um 294.83 13.39 35.99
! b
"{\M_ !
A NN
// ,/’/ / - \'\. \ \
- R
2 = " / = LN
5 -"_f-//#’v’/ / . —
s o 50
Burst (+)
Position| Coercivity Remanence)
Surface| 0.096 1139.0:[
EP 30 um 0.15 1237.0
1 s 0 os 1

Fig. 2.23: Barkhausen noise signal from an induction hardened steel samples before
(red line) and after 30um electro polishing (blue line) where A: burst analysis, B:
integral analysis.
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How to deteriorated our m

nsor load vs sample size
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Fig. 2.24: Barkhausen noise signal from different microstructures produced for the
same kind of steel but quenched differently: a) as received, b) slow air quenched, c)
salt bath quenched, d) water quenched.

Table 2.1: Barkhausen noise signal parameters for different microstuctures (Fig. .

Sample RMS dev Peak avg dev Peak pos dev FWHM dev
avg avg

OKV2 EP 617.6 18.2 1105.8 56.2 16.6 2.3 46.9 3.0

OKS2 EP 1346.2 9.5 23424 556 -3.6 0.7 55.6 2.3

OKL2 EP 1122.6  13.2 1836.0 9.1 -22.2 0.8 58.1 1.1

Ref. EP

748.7 6.9 1073.6  25.4 -1.9 0.1 719 2:3

measure magnetic Barkhausen n

How to deteriorated our m

Sensitivity settin

Sensitivity is an abs
guantity, the smalle
absolute amount of
change that can

be detected by a

measurement. Poss
interference betwee
variables and facto
influence the test
that can be mea



How to measure magnetic Barkhausen noise

How to deteriorated our measurement

External interference variable

Electromagnetic field: One possible source of faults is strong local electromagnetic
fields, for example, those from a PC monitor or transformer. In these cases, care
must be taken by maintaining an appropriate distance between the sensor and
Interference source to ensure that the test signal is not affected.

Grounding: An interference source may be created in the vicinity of strong
electromagnetic fields (e.g., the controller of a machine tool).

Residual magnetism: Excessive residual magnetism will prevent the correct formation
of Barkhausen pulses with the result that the displayed test signal will be extremely low.

Dirt on the test workpiece: Dirt or other particles will prevent the correct and repeatable
creation of contact between the sensor and test workpiece.

Dirt on the sensor: A repeat check of the aerial signal during the test should produce
the same signal value.

*STU SLOVENSKA TECHNICKA MBN 11.02.2025
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How to measure magnetic Barkhausen noise

How to deteriorated our measurement

Measurement
-100

|
| Stop
|

i View
‘ mode

Meas
mode

110

11.0 Vpp 200 Hz A 125 Hz 70 - 200 kHz

Fig. 2.25: Example screen from oscilloscope for (a) good (correct) Barkhausen signal
and (b) bad (incorrect) Barkhausen signal.
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Structural Materials for Nuclear Safety and Longevity
Case Study

» “RPV (reactor pressure vessel) Model Steels” - represented by 12 ferritic
steels with the parametric variation of alloying elements.

* The aim - understanding the role and influence of selected alloying elements
as Si, Mn and Ni and their possible synergistic effect on the behaviour of
RPV steels during the operation of NPP.

» The set of RPV Model Steels was subsequently irradiated in the High Flux
Reactor -LYRA irradiation facility (Petten, the Netherlands) in a joint NRG-JRC
irradiation experiment to the nominal fast neutron fluence (E>1 MeV) of 1.11 x
e n.cm2,

* The focus - magnetic Barkhausen noise (MBN) characterization and
possible correlation with data from other experimental techniques.

LI SLOVENSKA TECHNICKA MBN 11.02.2025
*STU
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# Materials — RPV model steels

Twelve reactor pressure vessel (RPV) model steels with parametric variation o
alloying elements Ni, Si and Mn

Model Steel Mo Vv Cu S P
MS - A 071 | 0.1 [0.09 | 0.008 | 0.01 | |
MS - B 07 | 01 | 0.1 | 0.008 | 0.01
MS - C 0.69 | 0.1 | 0.1 | 0.008 | 0.01
MS - D 068 | 0.1 ]0.09]0.008|0.009| | \ywes)
MS - E 0.7 | 01 | 0.1 | 0.008 | 0.009
MS - F : 1.37 . 07 | 0.1 | 0.1 | 0.008 | 0.01
MS - G 11 BN 136 0.69 | 0.1 | 0.1 | 0.008 | 0.009
MS - H : 131 069 01 | 0.1 |0.008 | 001 |- -
MS - K %vAl 0.35 . 58| 064| - |0.07]0.005 | 0.009
MS - L . . . 96| 063| - |0.05]0.005
MS - M . [ 0.09 061 | - |0.05]|0.005
MS - N . 1. . 063 | - |0.06| 0005
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Case study

Different alloying elements each have their effect on the properties of steel:

Manganese increases strength at high temperatures by eliminating the formation of iron
sulfides, and it also improves hardenability, ductility and wear resistance;

Nickel increases strength, impact strength and toughness, while also improving
resistance to oxidization and corrosion; silicon improves strength, elasticity, acid
resistance and results in larger grain sizes, thereby, leading to more excellent magnetic
permeability.

Silicon is used as a deoxidizing agent in the production of steel, it is almost always
found in some percentage of all grades of steel.
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# Irradiation experiment

The irradiation experiment at the HFR reactor Petten
(Netherlands) ran for 16 cycles (~467 full power days at a
nominal reactor power level of 45 MW) to achieve a nominal
fast neutron fluence (E>1 MeV) of

1.11 x 10%° n.cm~2 at an average temperature of 286 °C.

| ,
R

f/!h\\ N ‘

= Nﬂﬁ‘*‘ A

The received fluence corresponds to ~89 effective
full power years of a PWR reactor operation and
to displacement damage ~0.18 dpa.
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# MBN characterization

A typical pair of WWER-1000
model steel samples
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« The RMS values are take
average from 5 measureme

* The Peak avg. is the maximum
the smoothed envelope.

« The envelope is the curve connectin
. = the maximum (minimum) values of th
nepecne output signal MBN in one burst of
pulses.

* If the top 15 % of the smoothed
envelope is fitted using a parabola. The
position of the maximum of this
parabola gives the Peak Position value.

Peak intensity |

RMS-value

« The FWHM corresponds to the value

the full width at half maximum of the
. : Y | NN smoothed envelope of the Barkhaus
5100 0 g =0 100 100 50 0 -50 -100 S|g nal.

Amplitude of the ascending magnetising current (%)

Intensity of the rectified Barkhausen burst (mV)
Intensity of the rectified Barkhausen burst (mV)

Amplitude of the descending magnetising current (%)

g measurements, these parameters are given as average values (avg),
the average value between the value of the given parameter in the p
egative (-) directions of the spectrum axis
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http://kmi2.uniza.sk/wp-
content/uploads/2022/01/Magnetickeé-
vlastnosti.pdf

The Barkhausen Noise Measurements
Good Practice Guide

https://kte.website.tuke.sk/slovak/subjec
ZIM/Kapitola%2013%20-
%20Magneticke%20materialy.pdf

https://www.stresstech.com

Robert Tomkowski Editor
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Positron annihilation
lifetime spectroscopy (PALS)

Advantages:

* Non-destructive techniques

* Sub-sized samples

* The most sensitive for vacancy defects

» Sensitive to thermal, radiation, mechanical, corrosion stress
and material ageing

Disadvantages:

* Need comparative states or methods
» Require Mirror-like polished samples
« Laboratory methods
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PALS principle
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PALS measurement apparatuses
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Counts

PALS data treatment
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(ps) Vacancy clusters
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0 Impurities




AMLT (2-comp. fit - 3-comp. fit) [ps]

b

PALS measurement of

radiation damage
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« FV=(0.9;1.5)

« LT-0.220 ns
approx.80%

 LT2-0.384 ns
approx. 20%




LT10 for Windows (autor J. Kansy)

Save the data in L'T10

always before running
the fit process !!!




1.Loading Data:

B L0
File View Tools Windows Help
BE=N")
Documents
Add Remove
Otvorenie
Docurr
Document Name Document01 2 N5 poti
Theoretical Mode (Define)

(Define) Usporiadat ~ Novy priecinok
» @ OneDrive - Pers: Na:
A
. Bi

@ Pracovna plo
Bi

4 Stiahnuté st
C

__CONNECT
Fi
= Dokumenty b
PN Obrazky M
.p Hudba M
B Videa —
3 Nazov siboru:

Cancel ‘

Find and open the spectra (/DESKTOP/ENEN PAS/ *.dat) .




)

File View Tools

2. Defining the Model:

Windows Help

Add Remove

=}- Document

(73]

pectra

Document Name

heoretical Mode

Document01 |
(Define) ‘
MS-M-AR-220405-18-22_T3.dat | |

a-!' Theoretical Model
Anihilation models

N 'wo states trapping model
ree states trapping model
Wided multiexponential
Four states trapping model

Model description

Muiltiexponential
— Simple theoretical model which uses sample components built from |
lifetime and intensity parameters

Ok Cancel

Multiexponential model — for 3 LT components —
Standard trapping model



3. Selecting Regions of Interest:

-
. 2
N B . . [ ]

i_' File Edit View Project Tools Windows Help -
D = 3 B> Fit first spectra [ Fit series of spectra 3€ Cancel calculations

Project properties

sample source

Spectrum Fit Zero start stop background Statistic
| | Local Free * |
MS-M-AR-220405- 307 300 1000 37.218 adjust... 1.002 min

Adjust Parameter Values

Logarythmic scale
1.

MS-M-AR-22040518-22 T3

== Start 11 before Zero

o

\Q,__ Stop - Linear area
Defauit . % e P e £

ERE¥T et g N, s Tt gt
Set default value W S SR
0 2 0 60 800 10K 1200 1 1600 180
channel
e ———
stop zero background
& Apply foral B Apply foral (] Apply foral
< 1000 < 307 < 37.218 <
deset Reset Reset Reset

Ok Cancel

Selecting the spectra:

« START left side near of the peak (5-10 points from ZERO)
* STOP — on linear part of the function




4. Defining the Setting Parameters

%7 “Source’’:
sample \SOUTCE ) prompt ranges

Spectrum Key value  Fit int | T int » 17 Contrib.

| | | |L-:n:.1|Fi:t... ---‘LmlFr& ---‘LocaIFree ---‘LmlFin... ‘|

MS-A-AR-220323-07-49 T3 | 0 | 85 ® 1 0
FIX

Component count Post-search sorting

2 : 1

Defining the source:
1. FIX!! Annihilation in Na22-source a+ Kapton foil (0.382 ns with 20-
23%)
2. In-fligh annihilation betwwn the positron source and sample
(over 1 ns with 1-3% )




5. Defining Setting Parameters

“Tifetimes*‘:

I LT 10 - [LtProject1.itpp] O X
I File Edit View Project Tools Windows Help - B X
D = ) B> Fit first spectra 2 Fit series of spectra 3€ Cancel calculations

Project properties Search  Document01
sample source prompt ranges

Spectrum Key value Fit int Ty int , T2 int 3 T3 Tavg
| | Local Free | Local Free “/ | Local Free */ | Local Free “/ | Local Free ™
MS-M-AR-220405-18-22 T3 0 0.9306 = 0.124 = 0.3 = 2.9 0.240071

Post-search sorting

Lifetimes components approximately:
1. 0.11 ns — pure Fe (can be fixed)
2. 0.150 ns - dislocations
3. 0.195 ns - monovacancy




5. Defining Setting Parameters
“Gaussian function:

K LT 10 - [LtProject1.ltpp]

¥ File Edit View Project Tools Windows Help
D = 3 ) B> Fit first spectra [ Fit series of spectra  3€ Cancel calculations

Project properties Search Document 01
sample souce Pprompt ranges

Spectrum Key value Fit fwhm 4 shift ;
| | Common... * | Local Free |
MS-M-AR-220405-18-22 T3 |0 0.9831 |0.4 0.25

Component court Default
1 = Set default value

Selecting of the spectera describing Gaussian:
* One Gaussian 1s i1deal
* For problem with fitting — we can use 2 Gaussians




O X
K File Edit View ools TRdows - 8 X
D Fit first spectra) £ Fit series of spectra Cancel calculations
—/
01
int 1 T int 2 T2 int 3 T3 favg
| Local Free | Local Free | Local Free | Local Free | Local Free ™
MS-M-AR-220405-18-22 T3 | 0 0.9306 = 0.124 = 0.3 2.9 0.240071

1. 2.

OAVE THE

DOCYHENT

Component count Post-search sorting

T

Start of fitting process




~

Evaluating Fit :

|._"' LT 10 - [LtProject1.ltpp]
o File Edit View Project Tools Windows Help
D a8 » B> Fit first spectra 2 Fit series of spectra 3€ Cancel calculations
Project properties  Search  Document01
Events Fit - ] x
[14:13:10] MS-M-AR-220405-18-22_T3 ~ Series
Fitting first spectra in each document... as -
[14:13:10] T320220405-MS-M_as-rec T=05:39:11
77 = 1,04222738307925
[14:13:10]
12 = 1,0420669553534
[14:13:10] 10008
77 = 1.04423097437116
[14:13:10]
Calculations time: 00:00:00.058 @
First spectra fitted with following values of 7° £ 1008
- MS-M-AR-220405-18-22_T3 1¥=1,0393 8
108
Local values
" Show Iﬁ:l;alues Parameter B
0

OK. fit

Time [ns]

Fit again Ok

Start of fitting process



7. Evaluating Fit :

E LT 10 - [LtProject1.ltpp]
oy File Edit View Project Tools Windows Help

D B8 » B> Fit first spectra 8 Fit series of spectra 3¢ Cancel calculations

Project properties  Search  Document01
Events -
[14-17-17] s

- O X
[,4.";;}}"52‘35053221505 B B Ms-M-AR-220405-18-22.T3 - Series

i mom s,

42 = 10,7757308588252
[14:17:17] T320220405-MS-M_as-rec T=05:39:-11
42 = 10,5309184760683
[14:17:17] PN
7* = 10.5172267462552 LN,
[14:17:17] 10004 i \ .
Calculations time: 00:00:00.125 ¥ -

Theoretical function was independent on following parameter(s):

1. Document01 -> sample -> MS-M-AR-220405-18-22_T3 > |
Some of the parameters could have been fixed. After calculations &
- MS5-M-AR-220405-18-22_T3 12 = 10,045

Counts

Local values

Show local values
vl chart

Parameter

Bad fit

0.1 0.1 0.3 05 0.7 0.3 11 13

Time [ns]

l Fit again Ok

We need more iterations or to modify parameters and fitting area of
the spectra — BACK to STEP 3.




7. Evaluating Fit :

E LT 10 - [LtProject1.ltpp]
oy File Edit View Project Tools Windows Help

D B8 » B> Fit first spectra 8 Fit series of spectra 3¢ Cancel calculations

Project properties  Search  Document01
Events -
[14-17-17] s

- O X
[,4.";;}}"52‘35053221505 B B Ms-M-AR-220405-18-22.T3 - Series

i mom s,

42 = 10,7757308588252
[14:17:17] T320220405-MS-M_as-rec T=05:39:-11
42 = 10,5309184760683
[14:17:17] PN
7* = 10.5172267462552 LN,
[14:17:17] 10004 i \ .
Calculations time: 00:00:00.125 ¥ -

Theoretical function was independent on following parameter(s):

1. Document01 -> sample -> MS-M-AR-220405-18-22_T3 > |
Some of the parameters could have been fixed. After calculations &
- MS5-M-AR-220405-18-22_T3 12 = 10,045

Counts

Local values

Show local values
vl chart

Parameter

Bad fit

0.1 0.1 0.3 05 0.7 0.3 11 13

Time [ns]

l Fit again Ok

We need more iterations or to modify parameters and fitting area of
the spectra — BACK to STEP 3.




8. Results treatment:

Project properties  Search  Document01
sample source prompt ranges

Spettrum KE? value F|t |ﬁt 1 T 1 |“t 2 ‘[2 i“t 3 ‘[3 tﬂ\"g
| | |ana| Fix... ™ | Local Free | Local Free ™ | Local Free | Local Free |
- |MS-A-AR-22032307-43 T3 0 1.1148 | 39.4558 0.1 57 (INE 3.56201 0.8 0.168151
Component count Post-search sorting
3 v T

15T lietime: 100 ps — pure iron — bulk structure - 39%

2 Jifetime: 180 ps - defects (vacancies+dislocations) - 57%

3rd lietime: 800 ps - in-flight annihilation not compansate by
source




8. Results treatment:

I LT 10 - [LtProjectl.ltppl

- O
i_” File Edit View Project Tools Windows Help
Ded »

B> Fit first spectra 2 Fit series of spectra 3¢ Cancel calculations

Project properties  Search  Document01
sample source prompt ranges

Spectrum Key value Fit int 1 Ty int 2 Ly int 3 T3 Tavg
| | | Local Free | Local Free | Local Free | Local Free | Local Free |
MS-A-AR-220323-0749_T3 |0 1.1163 |8.9265 D‘i 77.8907 i131658 13.1828 0.256965 0.14234
Component count Post-search sorting
3 % 1

15T lietime: 70 ps — reduced bulk structure - 9%
2 Jifetime: 130 ps - defects (dislocations) - 77%
3rd lietime: 255 ps - defects (vacancy cluster) - 13%




9. Calculations:

Mean lifetime:
MLT = (LT, *I)) + (LT, * L) + (LT3 * I;) +2 [ps]

et N
:‘: Thermallzatlorl
Average LT: -

* * Defect-free bulk
T,y = (LTy * I + (LT * 1) | g
1 A,| | Defect |

A,  Annihilation
(4, + k) _ Annihilation
1

® Equations: 7~

T 2 = /1_ IE _ K
d (A, -1, +K)
Defect concentration:

(1) =120 2 =G

o Tq—Tav (T)

K — trapping rate (s-1) - rate at which positrons are captured
Ab — annihilation rates in the bulk,

Ad - annihilation rates in the defect

U - Specific trapping rate depending on the type of a defect
Ci1 - defect concentration




Thank you for attention.
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' SSTC NRS at a glance

* is a state-owned commercial enterprise

e has 250 highly qualified employees

e main tasks:

improve NRS regulation system;

substantiate regulatory decisions in licensing;

ensure oversight function of regulation;

introduce and implement advanced methodologies into
regulatory and safety assurance practices

ENER N NEAN

© _. » SSTC has wide international activity and cooperation with
L e SCNCO European TSOs (involved into international
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e Part |l - DELISA-LTO — simulation and structural integrity
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e Part | - LTO and Ageing Management — general aspects, importance
v'Long-Term Operation — main features
v'Regulatory approaches to LTO in different countries
v'Ageing Management as a basis for successful LTO
v'Time Limited Ageing Analysis (+examples)
v’ Impact of Ageing on potential failures/violations
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LTO and Ageing Management importance

FORATOM paper highlights:

O .  Nuclear Industry will play a significant role if the world with

-—“
" d b by 2050
THE IMPOTANCE OF LONG-TERM ecreasing carbon emission by

* LTO is unarguably economically advantageous compared to
OPERAHON OF THE EXISTING construction of new units

UCLEAR FLEET « LTO requires a much lower capital investment cost

HELPING TO ACHIEVE EUROPE'S CLIMATE GOALS

R « LTO leads to low investment risks and lower consumer costs

From a technical point of view, the LTO provides a great advantage thanks to
“...timely implementation of reasonably practicable safety improvements to
existing nuclear installations”

which brings older generation reactors to a level of modern nuclear safety standardse

13 IPP
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'LTO and Ageing Management importance

Units Age Distribution
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Age, years

I Net Electrical Capacity, GWie) MNumber of Reactors

Number of Reactors

World statistics, IAEA, [Online,
cit. January 2023]
<https://pris.iaea.org/PRIS/Wo
rldStatistics/OperationalByAge
.aspx>
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Long-Term Operation — main features

e LTO justification is based on:

v'Conformity with national and international safety standards (e.g. IAEA
safety standards, WENRA safety levels, US NRC guidance etc.)

v'Comprehensive Structural Integrity Analysis
v'Ageing Management procedures implementation

* LTO up to 60 years Is a common practice in a significant
number of countries with established nuclear programmes

e LTO up to 60++ is a common challenge but may be
possible (requires huge scope of analytical and experimental

activities)

9 Enrec S TU bay i E= VUje
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.. Long-Term Operation — main features

. « LTO condition (main) — Plant Safety Level should not be less than
required by regulations, rules and standards in force

« LTO mechanism (there are 2 options):

l Changes to the License for operation of nuclear installation (License
renewal)

|| Periodic Safety Review — in case if Licence does not set a limit for

servipa—ia
Periodic Safety
Application to Review Changes in the
make changes + Licensee
in the License Ageing Management _
(License Renewal)

Funded by
the European Union

PELISCY



Regulatory approaches to LTO in different
countries

Licence | Periodic safety
renewal review (PSR)

Belgium Yes

In Belgium, service life (operating licence) for NPPs is set by law at 40 years. Utilities have to
conduct a PSR for their operating NPPs every ten years and have to submit the PSR report to
the federal regulator for nuclear confrol for review and approval. In the case of Tihange 1,
there will be the possibility of a one-off extension of ten years of the operating licence, under
the condition that the results of the next PSR for this reactor are approved by the federal
regulator.

According to the Nuclear Energy Act, the operating licences are granted for a fixed term. The
licence conditions may by changed during its period of validity by the government. The
Finland Yes licence can also be revoked if the licensee is failing to comply with the licence conditions and
the nuclear regulator (STUK) is given power to monitor the operation of the plants and take
any measures required to ensure public safety.

In France, the operating licence for a nuclear reactor does not set a limit for service life.
France Yes However, article 29 of the Transparency and Nuclear Safety Act (13 June 2006) requires that
the operator of a nuclear reactor performs a safety review of the facility every ten years.

The US Atomic Energy Act of 1954 allows the MNuclear Regulatory Commission (MREC) to
issue licences for commercial power reactors to operate for up to 40 years. The NRC
regulations allow the renewal of these licences for an additional period of 20 years if the
reactor satisfies safety and environmental criteria. Although the licensing process does not
require PSHs, the US nuclear plants undergo constant reviews and inspections and the NRC
can revoke the licence or take any other actions to ensure public safety.
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Regulation Structure

v A hierarchic approach in developing and revising
regulatory documents is one of the basic principles
of regulatory and legislative control in any country

v' This principle is implemented in a hierarchic
pyramid representing regulatory documents on
NRS at several levels

T
Safety regulations for nuclear facilities adopted by
state nuclear safety regulatory hodies

IV

Recommending documents
Documents of the operating organisation
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Ageing Management is a basis for successful LTO

Ageing - the process by which the physical
characteristics of a system, structure or components
change with time or use.

The process may involve one or a combination of
several ageing mechanisms.

Ageing effects due to degradation may lead to the
functional degradation of structures or components

Ageing management — technical and operational
measures taken to keep degradation as well as ageing
and wear within acceptable limits

Stages of AM implementation: design, construction,
commissioning, operation (i.e. long term), suspended
operation, decommisioning

zisTu  bap  SKSIEE= vuje
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Agelng Management — Historical background (1/2)

The term “Ageing management” started to
be used about since 1995 despite of

Ageing:

) gff‘i"éition,, presence of AM elements at NPPs since
or | beginning of their operation, for example:

g g P P
- Existed v" Operational monitoring

one? v Repair and technical maintenance

v Refurbishment and replacement of
equipment
v Change of operational modes etc.

However, specific Ageing Management Program as well as
database for its implementation were absent

Révree  isTU bay SWsiE== vuje
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Ageing Management — Historical background 2/2

Ageing management — for what?

@ Assure required safety level
(commissioning - operation-life extension)
@ Maximal operational efficiency

Safety aspects Economic aspects
timely detection of defects Implementation of appropriate
to keep power unit components technical and economic

within permissible limits of measures to prevent
degradation (guarantee of their and avoid failure as a
integrity and serviceability) consequence of ageing

NTRE s ) [SI==
DELISA g
@\[|m,,,, o2 i | e m 8%3 " the European Union
L .-- .. i .. vl . m / Ersrgy Ressarch - _.." Cartre Gint _|u_ .



.. Ageing Management — main attributes

. v' AM process shall be organized on a systematic
basis

v' Appropriate department/structure shall be
established at the Utility for systematic ageing
management (the department should be adequately
equipped and authorized).

v" There are two types of ageing: E{ Ell /El
v’ physical ageing leading to degradation L= | "',3_
v" obsolescence (resulting from the development of knowledge and technologies e S

and changes in international and national requirements and standards)

DCnee 1 B =
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.. Ageing Managem

The Utility shall apply the

approach to Ageing

management based on:

v understanding the
ageing effects

v’ predicting the
degradation

v’ proactively reacting on

the failures | Measures for . Location of
mitigation defects

ain attributes

Identification °
of '

degradation

mechanism

Identification
of ageing
effects

Analysis of
instrumentati

|
DELISA > N Fundod by

the European Union



Stressors

Stress constant

Strain constant

Stress/strain
variable

Temperature

Irradiation

Corrosive
medium

Relative motion
of fluids and
solids

¥

¥

.

k.

Systematization of ageing effects

Ageing

mechanisms

Creep

Relaxation

Fatigue

Thermal ageing

Irradiation
damage

Corrosion

Wear & erosion

PELISCY

Consequences

Degradation - Embrittlement
(damage) iz and cracking
Degradation Deformation
(damage)
Deg radation Deformation Embrittlement
(damage) and cracking
Degradation Embrittlement
(damage) and cracking
Degradation Deformation Embrittlement
(damage) and cracking
Embrittlement

and cracking

Material loss

Degradation
(damage)

Deformation

Material loss

Embrittlement
and cracking

The most significant

factors influencing LTO

for equipment and piping

components include:

v’ various degradation
mechanisms

that lead to

v ageing effects and, as
a result, to potential

v' failures and
malfunctions

Funded by
the European Union
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TLAA —

.. y»  Time Limited Ageing Analysis

what is

Time Limited Ageing

Analysis (TLAA)

this?

Residual Life

Assumptions (RLA)

é Assessment of identified ageing effect (due to time-

dependent degradation) of certain plant-specific
safety analysis that are based on an explicitly
specified length of plant life (10, 30, 40 and more ....)

Funded by
the European Union

Time Limited
Assumptions (TLA)



PELISCY

Time Limited Ageing Analysis — part of LTO

v'TLAA shall be performed for the dominant ageing mechanism

v’ Justifying period of functions performing by structure or
component

v TLAA shall demonstrate that TSP values will not exceed the
criteria over the period considered in the analysis

v'TLAA shall apply conservative methods and methodologies
agreed upon with the Regulator

v'Software tools shall be used in compliance with the Utility’s
established procedure

Funded by
the European Union
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Time Limited Ageing Analysis — part of LTO

TLLA refers to calculations and analyses that (6 criteria
of TLAA application):

ANANANANEER

AN

Involve SSCs within the scope of the licence for
LTO

Consider the effects of ageing degradation
Involve time—limited assumptions

Were determined to be relevant to safety

Involve conclusions to the capability of the SSCs
to perform its functions over the defined time
Are contained or incorporated by reference In
the CLB

Funded by
the European Union



L AAS

N | [To3HaueHHs Ha3zga TLAA Ha3zsa TLAA
n/n TLAA (aHrnincoKoto) (YKpaiHCbKOI)
ITLAA ona MexaHiYHMX KOMMOHEHTIB
1 TLAA 101 |Low-cycle Fatigue Usage Manouwnknosa BToma
2 TLAA 102 [RPV Neutron Embrittlement PagiauinHe okpunxueHHsA KP
3 | TLAA103 |Crack Growth Analyses AHani3 pocTy TpilnH
4 | TLAA 104 |Corrosion Allowances MpunycKK Ha KOpo3ito
5 TLAA 106 |Environmentally Assisted Fatigue BTOM.He MOLWKOMPKEHHA — BHacnipok  BNBY
AOBKINNA
High-cycle Fatigue for Steam Generator|BucokoumkniuHa BTOMaA anda Tpy6oK
6 | TLAA107
Tubes naporeHepaTopa
7 | TLAA 108 |Fatigue of Cranes BToma KpaHie
8 | TLAA 109 |PWRRPV Internals Swelling Po3nyxaHHa BKIM peaktopis Tuny PWR
Thermal Ageing of Cast Austenitic Stainless [TepmiuHe cTapiHHA ayCTEHITHUX HepKaBilounx
9 | TLAA110 N
Steels cTanei
10 | TLAA 112 |[Main Circulation Pump Flywheel Aranis CTAPIHAA ~ MaxoBika — TONOBHOTO
LNPKYNALINHOro Hacocy
11| TLAA 113 |Thermal Stratification Tennosa cTpatudikauisa
Fatigue and Thermal Ageing Analysis of|[AHani3 BTOMMW Ta TEpPMIYHOro  CTApPiHHA
12| TLAA115 . .
Manufacturing Flaws 3aBO/ICbKUX AedeKTiB
[ITLAA ona eneKTpUYHUX KOMMNOHEHTIB Ta iHpopmauinHmx i kepytoumx cuctem (IKC)
Environmental Qualification of Electrical KBanipikaUin ~ enekTpudHix  Kabenis — Ta
13| TLAA 201 obnagHaHHA IKC Ha YMOBW HaBKOJMLIHbOTO
and I&C Components
cepefioBuLLa
[II TLAA nna 6ypisens Ta cropyn
) MepegHanpy»KeHWn CTaH apmatypu OeToHy
14 | TLAA 301 |Concrete Containment Tendon Prestress KOHTaiIHMEHTY
Cumulative Fatigue Damage of Containment Hakonuuena BTOMHA  TIOLIKOAXYBAHICTL
15| TLAA303 | . 06nMLBaHHA KOHTalNHMEHTY Ta
Liners and Penetrations
repMonpoxoaoK
16 | TLAA 304 Foundation  Settlement  Due to  Soil OcipaHHAa dyHAAMEHTY BHACNIJOK 3CyBY IPYHTY

Movement




.. TLAA acceptance criteria

A TLAA is acceptable if it meets one of the following
cases

v' The analysis remains valid for the intended period
of operation

v' The analysis has been projected to the end of the
Intended period of operation

v' The effects of ageing on the intended function(s)
of the structure or component will be adequately
managed for the intended period of operation

DELISA Fuided by
/_/_’ the European Union



Examples of TLAAS
TLAA 102 — Neutron Embrittlement

Fatigue
(low cycle and
high cycle)

TLAA considered consequence of radiation imbrittelment
Brittle fracture resistance ‘ :

of reactor vessel matenals, and specifies how such
mechanism of degradation affect on the results of analysis
for further operation
* Ukrainian experience;
Crack growth Thermal vsuch TLAA is mandatory -
analyses ageing for RPV for each safety | = Tm——
reassessment (each 10 || | 1
Mechanical years) | /I
equipment vresults of this TLAA define | ——
~ i T
R I ;Ejogf:brf:t}' of LTO for whole
allowances embrittlement i
J —
r‘
Environmentally INHTU llepxaBHUK HaYKOBO-TEXHIYHWA LIEHTP
assisted fatigue APb | SAEPHOI Ta padiauinHol Beanexu
\

- Funded by

the European Union



Examples of TLAAS
TLAA 101 — Low Cycle Fatigue Usage

Fatigue

p—

* Ukrainian experience:

TLAA estimates current fatigue of matenal and allows to
make prediction about moment of time when cracks
appears, estimates usage factor
[a]=1

v This TLAA is mandatory in
framework of LTO preparation

v’ Performs for the safety
important equipment and

pipes

ey T

Funded by
the European Union
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Examples of TLAAS
TLAA 301 - Concrete containment tendon prestress

Relaxation of tendons,
prestressed containment system

TLAA estimates potential loses of prestressed
elements in order to estimate time for replacing or
refurbishments measures

* Ukrainian experience:

v' This TLAA is mandatory in
framework of design operation
and LTO preparation

v' Performs for the containment

DELISA

S ——
L RN RN N
f E E & & Kk I 1

Funded by
the European Union



. . . Examples of TLAAS

"‘ ... TLAA 104 Corrosion Allowances

. Loss of materials TLAA estimates level of loses/wear of maternal and
—' impacts of the defect on further operation

Ukrainian experience
(typical TLAA):

v Estimafion of impact of wall thinming of
equipment and pipelines on safe
operation

v' Prediction of thinning for further
operation

v Preventive measures (changing of
operating condifions/replacement eic.)

DELISA o
/_/_]l the European Union
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. Impact of Ageing on potential failures/violation

. . — Operating experience and analysis of
Effectiveness of AM operational events that occurred

Investigation of Ukrainian NPP

Ukrainian research operational events that occurred during
— 2010-2019 (150 reactor years) and were

caused by equipment agenting effects

DELISA"
; - /—H the European Union


Презентатор
Нотатки до презентації
One of the methods to determine the effectiveness of measures and AMP is to analyse the operating experience and, particularly, analyse the number of NPP operational events that occurred throughout design-basis operation and long-term operation and are directly associated with ageing effects.



-0 e

. Operational events were initially selected from the database using
. codes of their causes and using a contextual word search

Impact of Ageing on potential failures/violation

Events that resulted from the following causes were selected:

Corrosion, erosion (code 5.1.1.1),

Wear (code 5.1.1.2),

Metal fatigue, weld defect, internal material defect (code 5.1.1.3),

Exceedance of allowed load (code 5.1.1.4),

Exhaustion of service life (code 5.1.1.6),

Deformation, misalignment, displacement, incorrect movement,

disconnection, weakening of connection (code 5.1.1.9),

e Loosening of fastening to the foundation or civil structures,
destruction of the foundation or civil structures (code 5.1.1.10)

DELISA® Funced o
. /—/_’ the European Union


Презентатор
Нотатки до презентації
One of the methods to determine the effectiveness of measures and AMP is to analyse the operating experience and, particularly, analyse the number of NPP operational events that occurred throughout design-basis operation and long-term operation and are directly associated with ageing effects.



Examples from the data base

.
Abnormal Agemng/degrad
No. | Date of event System Event — Code of cause | Description of canses (direct and roof) Stressor ation Consequences Comective measures
B ]
Abnormal Ageing/degrad
No. | Date of event System Event l'.-‘ti:‘l:'l'll'l'e‘]l{‘E Code of cause | Description of canses (direct and root) Stressor ation Consequences Comechve measures
mechanism
Measure code: 9.10
Replace defective PREZ EH
tube No. 16.
Measure code: 9.2
Inspect the electneal
outputs of PE.Z EH tubes at
Damage to the weld from a short Temmeraty Th . Decradation Unats 1,2.3.
5121 circuit at the output of the electric EETTTE Hizfer EREILHEIL Measure code: 9.12.
- heater to the through pipe (nozzle). — ageing e
Discontimuit Request the method for
in weld N‘”‘; restoring (Tepairmg) lead
YBE'I}‘_‘.E'\ insulators (sealants) of
iBA R electric heaters from the
i . primary “c manufacturer.
Coalant eireulagion] .= Measure code: 9.10.
- - ] Contact Energoatom with a
ASEILE degTad roposal on the need to
Wo. | Date of event System Event ;:Efﬂmli Code of cause | Description of canses (direct and root) Stressor afion Consequences Comective measures ? d::_,elﬂp an industry
mechanism _ _ program for stage-by-stage
EHs to extend their service replacement of PEZ EH
life or replace them tubes.
Measure code: 9.10. Measure code: 9.12.
Diamage of the electnicallv-droven shut- Confact the mamfach
. —— ontact the man eT
Failure of - o DGZEE;::SEC[ o 1 Change of . Degradation s
equipment 5113 stresses/ strains Fatigne Jamasze on the criteria showing the
impaortant to e — PE.Z EH condition in which
Ukramian NPP operation of PRZ EH tubes
safety in pre- : 15 allowed and m whach
3.GO T Penetration Send a request to Sempell their operation should be
3 November COrverpressure testing at Unit 5 sl s AGon ﬂlf_ extension of stopped.
2010 otection svstem. caused by metal of the technique No. Measure code: 9.10.
3 1‘9,10 L ’ fi mput nozzle of 05.ER_TK 4673 (agreed
' 4333 Safety | defact in o o | the YP21502 with the manufacturer and Enter information on PRZ
o - : valve : : : adopted in maintenance of EH as an independent piece
valve, membrane. | metal of the mput $213 The root cause was design drawbacks the SYP21507 defecti of equipment into the
321 o ) e IYF2 ectve s Ll
nozzle of T;rhe of the 5YP21502 valve. e Ukrainian relizbility
Y_PQI 5':"_ e ool database.
electncallv-doven M : _'9 1 Measure code: 9.12.
shut-off valve. ~AeasE o
After recelving a response
from the manufactorer,
decide on the procedure for
L 1 1 | 1 1 1 1 1 1 1 the Ilfe msPECton' ufPR'Z



Презентатор
Нотатки до презентації
One of the methods to determine the effectiveness of measures and AMP is to analyse the operating experience and, particularly, analyse the number of NPP operational events that occurred throughout design-basis operation and long-term operation and are directly associated with ageing effects.



{

Control safety Protective safety Reactor systems;

Power supply s S ')
systems; 7 15% systems; 4. 9% systemms, 3. 6% 1; 2% Common-unit
process systems;
1: 2%

Auxiliary systems

Secondary process that ensure

systems 1 turbine ) _ D_pmlnh_ty of |

department; 9; Primary process systems i reactor equipment 10 main
19% department; 10; 21% systems; 12; 26%

Distribution according to failed of affected systems

DELISA

~ Distributions of fails and violations

Electrical
components; 6; Passive
12% mechanical
. _components; 20;
.' 41%

I&C: 14;
20%

Active mechanical
components; 9; 18%

Distribution according to failed of affected components

Funded by
the European Union


Презентатор
Нотатки до презентації
One of the methods to determine the effectiveness of measures and AMP is to analyse the operating experience and, particularly, analyse the number of NPP operational events that occurred throughout design-basis operation and long-term operation and are directly associated with ageing effects.



" Distributions of fails and violations

. . Drawbacks of LTE - .
Hamnwisers v mrraran wam i / Unknown/not . Relaxation: 1: 2%
Manufacturing drawbacks procedure; 3; 6% established: 2: 4% Unknown; 3; 6% » 1y 470

‘ (including latent metal Obsolescence; 2; 4% : 4

.

defects): 9; 189 _ Fatigue; 19; 39%

AMP drawbacks; 10; 219

Electrical

Hezozikn npoeKTy Heaonigs TOIP: 5: ageing; 17;
_ o Maintenance 350,
Design (engineering) | drawbacks; 5; 10% 70
d]a“hﬂtks; ].U, 21% P T —— FTAT irrammrressriee o He“vr‘n“‘nu — __—— I \ h"'“-..H
Documentation drawbacks (TS, inni ' . tone 3
operating procedure, storage, Incorrect choice of Tlfllnflllll.gé o a0 Thermal ageing; 1; Corru's)mn, 5
installation): 8: 16% material; 2; 4% eroston; 15 2%  Creep; 2; 4% 2% 6%
Distribution according to root causes Distribution according to degradation mechanisms

that caused events for failed of affected components

DELISA'~ Funded by
. /_/J the European Union


Презентатор
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One of the methods to determine the effectiveness of measures and AMP is to analyse the operating experience and, particularly, analyse the number of NPP operational events that occurred throughout design-basis operation and long-term operation and are directly associated with ageing effects.



Degradation
(damage); 25;
51%

.

n
Deformation; 1;

2%

Failure; 18;
37%

Metal loss
(thinning); 2; 4%

Cracking; 3; 6%

Distribution according to event cosequences

DELISA™

" Distributions of fails and violations

Changes in the Equipment
design, replacement or
operational maintenance;
documents; 47, 60%

10; 13%

Improvement
of system for
monitoring
and/or...

Distribution according to corrective measures

Funded by
the European Union
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One of the methods to determine the effectiveness of measures and AMP is to analyse the operating experience and, particularly, analyse the number of NPP operational events that occurred throughout design-basis operation and long-term operation and are directly associated with ageing effects.
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Distribution of Events Based on Ukrainian and

International Experience

International .
No. Analysis area results National results
' [16] [17]
1 Number of events by systems
— Reactor systems 36 % 2%
—  Power supply systems 21 % 15 %
— Auxiliary systems 13 % 26 %
2 Failed components
—  Passive components 38 % 41 %
— Active components 34 % 18 %
—  Electrical components 16 % 12 %
—  Components of mstrumentation and control system 9 % 29 %

PELISCY

Funded by
the European Union
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@ . LS T 0T National results
No. Analysis area results [17]
[16]
3 Event causes
—  Mechanical failure 1s the main direct cause of ageing- + +
related events
4 Root causes
—  Drawbacks of maintenance or oversight 48.7 % 10 %
—  Design drawbacks 26.5 % 21 %
—  AMP drawbacks 22.1 % 21 %
5 Major ageing mechanisms
—  Corrosion 33.6 % 6 %
— Fatigue 24.8 % 39 %
—  Electrical ageing 13.3 % 35 %
—  Wear 13.3 % 2%
—  Thermal ageing 11.5 % 2%
6 Major consequences
—  Embrnittlement and cracking of components 31.9 % 6 %
—  Loss of material 26.5 % 4 %
—  Degradation (damage) - 51 %
—  Failure - 37 %
7 Main corrective measures
—  Equipment replacement or maintenance + +
—  Improvement of instrumentation and (or) control 4 N
system
— Introduction of change to the design and operational 4 4
documents
—  Changes in AMP + -
8 Number of events considered 113 49

Distribution of Events
Based on Ukrainian and
International Experience

Funded by
the European Union
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.. DELISA-LTO ambitions

Swelling, fatigue degradation, thermal ageing, corrosion
damage, and other degradation processes

Swelling Thermal aging
a part of structure that refers to long-term, irreversible changes in the structure,
has become bigger because of neutron composition, and morphology of materials exposed to
impact and gamma heating temperatures that they are typically likely to encounter in
service.

Swelling: Thermal ageing:
Survey and benchmark calculations perform in - Main attention focused on the experimental data
order to define: analyses
- clearance between core barrel and baffle plate - Thermal ageing predictive models performing.
- evaluate a time of contact between barrel and

baffle,
- contact stresses and heat dissipation conditions.

DELISA Fungod by
; - /—/—’ the European Union



European
Commission

General WP1

Technology Assembly Project coordination

Transfer
Board

WP4
WP3 WP2 Experimental

Advisory Simulation & PR} Methodology & [F=-Y yalidation &
Board Modeling assessment test

WP5
Synthesis of safety

Project guidelines
Managment

World Scientific Board
community

& WP6
General Public Dissemination & communication

o

DELISA*
/_(_’ the European Union




.. DELISA-LTO main goals

- To develop a tool for assessment of the NPP's life-time prolongation
 To provide the international benchmark on modelling of swelling

 To provide the set of recommendations for the future LTO related
assessments based on the main project outputs

» To harmonize the national methodologies and techniques in order to obtain
the generally acceptable set of recommendations for the assessment of the
swelling and thermal ageing from the LTO point of view

DELISA -
/_/—/“ the European Union



. | Simulation and modelling

« Simulation and modelling is one of the most important part of any designing or safety justification
process

. « Allow to understand and predict a behavior of elements and components under different
operational conditions

« Addresses analytical and numerical simulations of — swelling and thermal ageing

IR o The goals of WP3 are:

v' Analysis of normative approaches,
current practice and experience of RPV
internals swelling evaluation

_____________________

_______ T v Developing, testing and validating of
models of RPV internals for swelling
evaluation (simplified approach, 2D

< model)

_____________________

v" Benchmark for swelling evaluation
Reactor internals 1 10 1x10° ﬂ;:oh-'ﬁ 1x10* 1x10° 1x10°

v' Modeling of thermal ageing

DELISA/—/_:l’ A * T_q ) T 2 TO - rhu:gﬁfot:aian Union



& Swelling

Displacement to core barrel

\

Displacement to fuel assembly

Core barrel

PELISCY

Gap between baffle and
core barrel

Gap between baffle and fuel
assembly

Fuel assembly

Core buffle

Swelling is:

the main limiting factor from
the reactor internals LTO point
of view

one of the Time Limited Ageing
Analyses that shall be
evaluated for the purpose of
LTO justification

Unfortunately presently the
experimental data for highly
embritteled reactor internals
with 08Kh18N10T exist in a
very limited scope and
verification of calculations is
complicated and can be
prepared based only on
current analytical research

results
Funded by
the European Union



. . Work progress of WP 3

.4 Titles
IEEL @SHER Normative approaches, current practice and Completed

experience of RPV internals calculations
(swelling evaluation) for LTO justification

IES & Developing and testing models of RPV Completed
Internals for swelling evaluation

IES @SR Benchmark of swelling evaluation Completed

IES &Y N Thermal Ageing Evaluation and impacts on

LTO

- Part | — State of the art on Thermal Ageing Completed
Evaluation

- Part Il — Report on Thermal Ageing Ongoing

*Deliverable submitted after the due date. All delays happened due to overload of participants and spent Busided by
D E L I SA time for agreement of structure and content of the report among the participants. Delay was agreed with - the European Union
sy oot et e project coordinator.



. . Main results for comparison of normative approach

The main conclusions of the survey:

Normative approaches, current practice and experience of reactor internals swelling

. R . . evaluation in the framework of DELISA-LTO project
» Swelling is one of most important issues
W I n I n I r n I u Dr. Oleksii Shugailo"l, Dr. Vladislav Pistora®, Dr. Szaboles Szavai’, Dr. Yaroslav Dub)’kd,
d I d f I I . . . f LT : Lydman Jari®, Prof. Vladimir Slugen’, Dr. Svitlana Banko®
a n e a S to O r a I I tatl 0 n O * State Enterprises “State and Technical Center for Nuclear and Radiation Safety”, Ukraine
.. Y UTV REZ. a. 5., Czech Republic
¢ Bay Zoltan Alkalmazott Kutatasi Kozhasznu Nonprofit Kft. Hungary
) * The requirements for swelling evaluation

41IPP centre LLC, Ukraine

® Teknologian Tutkimuskeskus VIT OY, Finland

DELIS&/—’ are similar in all participating countries
« The main issue concerning the swelling

Normative approaches, current practice and

experience of RPY internals calculations (swelling eval u atl 0 n Of RVI I I eS I n th e e m p I rI Cal and construction materials performance — Long Term Operation with no compromises in the

evaluation) for LTO justification safety” (DELISA-LTO) funded by the European Union started in June 2022.

The project “DEscription of the extended Llfetime and its influence on the SAfety operation

The project aims to determine the most affected and endangered reactor pressure vessel (RPV)

m ath e m atl Cal m Od e I Of I rrad I atl 0 n components from the point of view of long-term operation (LTO), to deseribe the effect of LTO

7 7

torn {LAIV). Yarouly Cutrys (IPF), Sasbolcs on material properties, and to develop a si tool capable of predi an

e i n d u Ce d SWe I I i n g/C re e p Of O 8 K h 1 8 N 1 OT state of the material. The project is focused explicitly on the Water-Water Energetic Reactor

(VVER), nevertheless, the approach also allows easy transferability to other light water reactor

steel and lack of the failure criteria for the

The DELISA-LTO project focuses explicitly on the thermal aging and swelling of the loaded

ikl Shugaslo (SETE NRS), Viedmiay
S (BIN). Lydman Jark (¥TT), Viadim:

Cossammer

. . structural materials. This article pays attention on the irradi swelling 1on and
I rrad I ate d C O I I I p O n e n tS describes approaches to swelling evaluation in some EU countries and in Ukraine. The most

- . affected components from the swelling point of view are reactor pressure vessel (RPV)

o I d f b h k I I . internals. For a better understanding of the swelling effect on the reactor internals, a separate
b I n Itl a ata 0 r e n C I I Iar Ca C u atl O n S work package (WP3) was organized within the DELISA-LTO project, which includes the

following steps: (1) definition and comparison of normative requirements, curvent practices,

h ave b e e n p re p are d approaches for swelling caleulation/analysis, and specific aspects of swelling analysis; (2)

developing and testing models of reactor internals for swelling evaluation (2D model and

Report D3.1is
completed

simplified approach); (3) benchmark of swelling evaluation (3D model and sophisticated

- Article — published in the Journal
“Problems of strength”

DELISA"
; - the European Union
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DELISA

[ o rssewan :
Ry, Report D3.2 Is

completed

1) Researching of the impact of 2) Developing of simplified buffle model (2D)
swelling on the exhausting of gaps

between “buffle-fuel assembly” and

“buffle-core barrel”
4) Conclusions:

Parameter IPP SSTC uJv BZN
FEM code ANSYS ANSYS Abaqus MSC.Marc v Slmp||f|6d 2D model has been developed and
Model type 20 3D 2D D validated:;

Plane strain | 1 mm height | Plane strain | Plane strain

FNEIAIRSS | coupitupper| generaliet | seneraied v All participants provided comprehensive and
Element type quadratic quadratic quadratic quadratic teChnlca”y We” Ounded resu tS for the 2D
Time steps for 1 campaign 100 10 2 10 simplified’benchmark for swelling evaluation;
Max. temperature °C 3850 386,0 385,86 3854
Max. von Mises stress MPa 2878 200,1 2518 2205 v Good accordance was achieved between the
Min. ae stess N 159 o2 1eed benchmark results and basis for benchmark Article
Max. vol. swelling strain % 5,9;7 8,2‘2 6‘2’0 6,1‘3 Wlth 3D has been Created I t d
Max. equiv. creep strain % 2,35 2,36 2,46 2,37 - Comp e e

v Most of the 3D effects of core baffle geometry,

3) Usm different software (ANSYS, ABAQUS I(?oandslln ere%nvc\'nthtljr? l-f-gdg ry conditions - will - be

and M .MARC

DE L‘SA Fuided by
/_/—’ the European Union



. . \ -”:Mainresults of the benchmark

. ; '@.E‘ﬂj
\ 4
MF Physical Analysis Termal Hydraulic Analysis
~ Motivation of DELISA-LTO
. Heat sources Reactor internals
swelling benchmark: - surface
1. Conducting the benchmark analysis, TR iati empe rature
encompassing:
v" mechanical evaluations that
account  for  stress-dependent R
irradiation swelling
v’ plasticity impact . .
2. Analysis of the obtained results ai:ii:?;i:;esu;fm l
3. Determination of areas of uncertainty . Displacement, strain
4. Conducting of sensitivity study - and stress distribution
5. Formulation of optimal practices and l l
recommendations

Lifetime and seviceability assessment

DELISA'~ Funded by
. /_/J the European Union



1 - Core Batrrel
2,2* — Baffle rings (4 or 5)
4 — Pins (Bolts)

5 — Facet belt
3 — Baffle cross-section
6 — Cooling ribs

7 — Vertical cooling groove
8 - Tube

DELISA

results of the benchmark

Funded by
the European Union



. . ““Benchmark conclusions

. Swelling is the main Ilimiting factor for LTO
. operation of PVI.

Based on the benchmark results obtained for the
temperatures, stresses, swelling and creep strains
and displacements it can be concluded:

 The maximum temperature 384 °C is reached in
the 3rd ring (zone with maximum internal heat
source)

e The maximum volumetric swelling strain (about
9% after 80th campaign) is reached in the 3rd
rng (due to maximum temperature and dpa in
the vicinity)

« The maximum equivalent creep strain (about 3% 4-ing baffle
after 80th campaign) is reached in the 3rd ring

5-ring baffle

DELISA'® Fandd b
. /—H the European Union



Ageing Management for
Nuclear Power Plants:
International Generic

Ageing Lessons Learned

(1GALL)

Safety Report Series N0.82

 TLAA110 Thermal Ageing of Cast
Austenitic Stainless Steels

« TLAA116 Thermal Ageing of Low
Alloy Steels

v' The project investigates archived NPP materials
exposed to operational conditions for up to 30 years
and

v' Those with accelerated thermal ageing under
laboratory conditions with the degradation effect
equivalent to operation conditions for 60 years

v' The works for thermal ageing research are under
preparing ....

Funded by
the European Union



o O |
Conclusions
0.

« Ageing Management as a basis

.  LTO Is unarguably economically advantageous compared to
other power sources and provides a great advantage

for successful LTO nad

based on Time Limited Ageing Analysis
« There are a lot of degradation mechanisms that lead to

different ageing effects but swel
need to be investigated more detal

Ing and thermal ageing

e DELISA-LTO deals with and t
evaluation right now

A

nese phenomena under
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Thermal ageing In NF%P and its effect ~_ -

. on Long-term operatipn- ¢«

Maksym Zarazovskii
(& ] ¢
‘\J_PP-Centre\,EJ;kra‘lne T

“
N o
zarazovskii-mm@ipp-centre.com.ua
P " S DELISA-LTO
5 e e Workshop on Application of non-destructive testing (NDT)
methods in characterisation of long-term treated NRP
design materials
o Oy o ) . 12.02.2025, Kogovce / Online ‘

Funded by
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Introduction
* Thermal ageing

e WWER-440 and WWER-1000 design

Monitoring of the thermal ageing degradation for WWER Units
in Ukraine and thermal ageing effect on LTO

 Reactor Pressure Vessel
« Components and piping of primary and secondary circuits

- . Funded by
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¢ @ Intro. Thermal ageing

Mechanisms of thermal ageing (literature background)

. In some materials a diffusion-controlled precipitation mechanism is active even at service
temperatures. This process called thermal aging leads to a loss of ductility, deformability and

toughness. The significant parameters responsible for these processes are:

— temperature;
— material state (microstructure, type of steel);

—time.

The conditions required for thermal aging include having an "unstable" material (with a quenched
structure in particular) in which the atoms are able to rearrange themselves by diffusion. The rate of
diffusion is higher for bainitic low-alloy steels or ferritic and martensitic (body-centered cubic)

stainless steels than for austenitic steels or alloys (face-centered cubic structure).

. Funded by
Workshop Il, 10-14 February 2025, Ko¢ovce, Slovakia - the European Union

)
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o O Intro. Thermal ageing

.. Mechanisms of thermal ageing (literature background)
The two main phenomena causing thermal aging are:
. — intergranular segregation of phosphorus in martensitic and bainitic steels

—"unmixing" of chromium from its solid solution in the ferrite of duplex austenitic-ferritic
stainless steels and in martensitic stainless steels

RPV materials and low alloy steels. Number of processes could lead to the embrittlement these
steels subjected to long-term service at elevated temperatures. These processes include:
formation of hardening phases, such as copper-rich precipitates; segregation of phosphorus to
grain boundaries leading to a lower intergranular fracture stress; and segregation of impurities
to dislocations leading to strain aging.

Thermal ageing of cast stainless can lead to precipitation of additional phases in

the ferrite, e.g. formation of Cr-rich a—prime, phase by spinoidal decomposition; nucleation
and growth of a -prime; precipitation of a Ni- and Si-rich phase, and growth

of existing carbides at the ferrite/austenitic phase boundaries

)
DEszriggion of the and s infugnce on the Satety /
npaTation and o pardonmance - Long Term . s
- e—— — ) /

. Funded by
Workshop Il, 10-14 February 2025, Ko¢ovce, Slovakia - the European Union




Intro. Design of WWER NPP

Primary system layout of a WWER-440 Primary system layout of a WWER-440
(model V-230) (model V-320)

s

lank ELLS-2

fank [{{5-7

Tank ELLS-3

SG=3
= SG-4
MP-3
MP-2
SG-7
MP-4
MP-1
Tank ELCS—4
RPV Tank FLCS-7
= "'; Fressurizer
D v . Funded by
Workshop Il, 10-14 February 2025, Ko¢ovce, Slovakia the European Union



. . Intro. Design of WWER NPP

VVER 440
BB
. WWER design parameters ST
1N
o
Reactor WWER-440 WWER-1000 | —
V-230 V213 V-320 |
e
Mass (t) 215 320 (% 8 3980
Length (m) 11.800 11.000 N
Outer diameter (m) /
in cylindrical ring 3.840 4535 2 i 292 §
in nozzle ring 3.980 4.660 g g 3840 N .
Wall thickness without cladding (m) 5 8 149 N jl S
in cylindrical part 0.140 0.193 =  gasis N |
in nozzle ring 0.190 0.185 f l N O'
Working pressure (MPa) 12.26 17.65 i . 2
Design pressure (MPa) 13.7 19.7 Jm 0 N 2
Hydrotest pressure (MPa) 17.1 19.2 24.6 | N
Operating wall temperature (°C) 265 288 7 L :
Design wall temperature (°C) 325 350 : N
Design vessel lifetime (y) 30 40 40 ]
S

. Funded by
Workshop Il, 10-14 February 2025, Ko¢ovce, Slovakia - the European Union




Thermal ageing of the WWER RPV
Monitoring of the RPV ageing

. : WWER-1000 surveillance AR
* Thermal age' ng assembly for _the_rmal ageing
(embrittlement) montorng
e Radiation embrittlement
WWER-1000 WWER-440 surveillance
surveillance assemblies capsules

irradiated w—
assemblies 'i///

DE LI SA/_/_’ Workshop II, 10-14 February 2025, Ko&ovce, Slovakia B



Thermal ageing of the WWER RPV
Monitoring of the RPV ageing

Ilet p Charpy
nozzle . 5
- ~ Tensile ==
| :Zigmm _\ S 55:07
S RO5 <y = g ’ = b-b
%Z‘ A S S ) § 275:042 -
260 = 3 gﬂ g‘
weld % /) 3 IR §!
S —/ \ -
o UYpper 1% § 6205 33071 RO25:0025 A
forging E 4501 /A_\ B._I LiS 10:01
) weld V3 A € (7\
lower & / )
e m | Fracture Toughness LT,
Foe 107 em* Ellphcal E .
boffom ] Low cycle fatigue
55+071

275:042

\
|
1525
i
!
UI‘I
(wa!
<7
@Q/
bom \

397

605

10:01
70

Base metal |
\
/

Weld W Cladding s D) A HAA A 007 —
//\ 2 holes. ; n;& ;o D= , E — — -
Heat affected e = - "|® L@
4005

zone TS 317 S \ 23

< § : 68:01
e
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Thermal ageing of the WWER RPV
.. Results for WER-1000 RPVs

. CTB (transition temperature) Yield and Ultimate stresses of a one RVP
750
& Base metal ¢ Welds ¢ Heat affected zone e
700 -’A 4 Passport
L//: i_—_- ——— KK - KI (1992)
’ ‘ 650 3 A KK - NRI(2002)
R R 2 a0 A 1M-KI (1992)
v S & v E& | /i\\ i 4 5M-KI(1997)
% ‘ ’ “} ‘ n;a 550 !/ A 4M-NRI(2012)
%e s * . . . J—
o -40 “ * rFE 500 ® Passport
N PR ¢ : Base metal
E '50 ‘“ ‘ " ‘ 450 W KK - NRI (2002)
} -60 o, ¢ v . . o -
3 : ‘ . 4M-NRI(201]2)
:;' :;8 ’0 Q‘ M ‘ . ‘ ::Z 0 20 40 80 80 100 120 140 160 o
’ A
-90 “’ e : ::S:m-asz
* . *\ ilu )
_1 OO 600 X - A 4 KK - NRI (2002)
110 = £ * v
0 20 40 60 80 100 120 140 160 180 r:“ i 4 4M-NRI(2012)
[ | | ".— =@=mean
aging time, thousand of hours o a i R—
4 450 KK - KI (1992)
Weld = KK-NRI (2002)
Thermal embrittlement is obtained mainly because that the initial and aged . Ko
data are characterized by the scatters B e e e e e e

Ageing time, thousant of hours

DELISA'~ v | unseary
/_/J Workshop Il, 10-14 February 2025, KocCovce, Slovakia the European Union
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AT, >0

(criterion #1)

K, <200MPav/m

(criterion #2)

Jlmm,cladding <150 k‘%nZ

(criterion #3)

Ageing of the WWER RPV

RPV lifetime assessment

The crack initiation criteria, all along the crack tip is based on the following

K, (Loads, Temperatue, Time) < K . (Temperatuee, Neutron Fluence)

K, - Stress Intensity Factor along crack tip
KIC - Fracture Toughness (FT) of the material

RPV metal is subjected to the neutron embrittlement and thermal embrittlement which leads to the K-
decreasing

Kic 4 Theinitial K, The K¢ al:ter operation 550 MPa-m?o5
KI

K, (pressurized

RPV metal thermal shock)

degradation

Y

Temperature

. Funded by
Workshop Il, 10-14 February 2025, Ko¢ovce, Slovakia - the European Union
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Thermal ageing of the WWER RPV
Approaches for RPV thermal ageing

Thermal embrittlement

AT, °C
SOU NAEK 087:2023 | PNAE G-7-002-86 | MRKR-CKhR-2004 VERLIFE
30

RPV zone

Base material 0 0 30

t > 1x10° hours

Weld —

ussian TSNIINMASH (LITHUWTMAILI) data

- . N |

PURE (R mpiri@#form brittlement

30 T Ta

NG L
s ol Al 3 P i _ 49820 46 e—0.000185-t]

4 . : s -

:;g 20000 4“)1: ﬁuuq.p_._ar}o 0 100000 12 140001 3_6°C for 60 years

=30 y

=40

Time of ageing, hours Hardening (change in Yield and Ultimate stress) is not considered for LTO

DELISQ_/_? Workshop I, 10-14 February 2025, KoCovce, Slovakia - the European Union
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Type of reactors
@ VVER 1000
@ VVER 440

Source: Energoatom

Rivhne NPP

Khmelnytskiy NPP

DELISA/>

LTO status of Ukraintan WWER Units

Service Lifetime of Ukrainian NPPs

Operation End of ,
Type . Extended till
started design life

o 01 A W

Workshop Il, 10-14 February 2025, Koc¢ovce, Slovakia

Electric
Power, MW

1000

1000
440
440

1000

1000

1000

1000

1000

1000

1000

1000
1000
1000
1000

V-320

V-320
V-213
V-213
V-320
V-320
V-302

V-338

V-320

V-320

V-320

V-320
V-320
V-320
V-320

22.12.1987

07.08.2004
22.12.1980
22.12.1981
21.12.1986
10.10.2004
31.12.1982

09.01.1985

20.09.1989

10.12.1984

22.07.1985

10.12.1986
18.12.1987
14.08.1989
19.10.1995

22.12.1987

07.09.2035
22.12.2010
22.12.2011
11.12.2017
07.06.2035
02.12.2013

12.05.2015

10.02.2020

23.12.2015

19.02.2016

05.03.2017
04.04.2018
27.05.2020
21.10.2026

The service life has been extended till 31.12.2029
New works are underway

The service life has been extended till 22.12.2030
The service life has been extended till 22.12.2031
The service life has been extended till 11.12.2037

The service life has been extended till 02.12.2033

The service life has been extended till 31.12.2025
New works are underway

The service life has been extended till 10.02.2050
The service life has been extended till 23.12.2025
New works were planned until 2022...

The service life has been extended till 19.02.2026
New works were planned until 2022...

The service life has been extended till 05.03.2027
The service life has been extended till 04.04.2028
The service life has been extended till 27.05.2030
The works were planned in 2022...

Funded by
the European Union
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. . Irradiation embrittlement of the RPV

.. STRUMAT-LTO project is aimed to address these remaining gaps and open issues in
RPV embrittlement research to support safe long-term operation of European NPPs,
. including the scenario of LTO > 60 years.

Former works & Open issues

1. Flux effect on embrittlement mechanisms

2. Initial microstructure, heterogeneities

3. Prediction models for radiation effects in RPV
materials

4. High fluence behavior and Synergetic effects of nickel,
manganese and silicon (Ni-Mn-Si) at high fluences

5. Validity of Embrittlement Trend Equations (ETE) for
LTO beyond 60 years

6. Lack of surveillance material and moving towards
miniature specimens for surveillance testing

Funded by
the European Union

Workshop Il, 10-14 February 2025, Koc¢ovce, Slovakia

)
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Expected impact areas

Improved safety
5 by better
[ understanding on
ageing of RPV

\E)

Carbon free
energy to meet
EU climate

STRUMAT- policy (strategy)

LTO

European
excellence and
innovation
capacity

Education and
Training

Workshop Il, 10-14 February 2025, Koc¢ovce, Slovakia

Irradiation embrittlement of the RPV

STRUMAT-LTO Results

Quantitative PIE data on hardening and embrittlement behavior of PWR and VVER-1000 RPV steels at
fluences resembling beyond 60 years of reactor operation to fill the existing data gaps

Comprehensive understanding on the synergetic effects as well as individual role of Ni, Mn and Si on RPV
embrittlement at high fluences for low Cu RPV steels

Validated ETEs and a proposal to improve ETEs for better prediction of RPV embrittlement to support RPV
LTO beyond 60 years

Improved understanding on the applicability of MC method at high fluences, especially in view of scatter in
transition region

Improved understanding on the applicability of small specimen methods for fracture toughness evaluation
and generation of more PIE data from available test specimens

Knowledge transfer to younger generations in RPV-LTO research topic

Overall impact of the project is maximized to pave way for safe LTO of European NPPs by conducting

2 End User Group meetings,

2 Dissemination Workshops,
www.strumat-lto.eu

4 Scientific Advisory Board meetings,

Several international journal and conference publications,
interaction with other Consortia working in the field (FRACTESUS, ENTENTE and DELISA-LTO)

Funded by
the European Union
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Thermal ageing for replacement parts
of primary circuit
WWER-1000 reactor main junction

i
S A Reactor stud
Nk == 270 240 R x5
2-——-
::/// / - ” - = SNBSS ‘ A} T8
e s s e 1 '
§ 35 - 1950 _
S 5 285
Reactor nut
= A-A
S MI70x6 T
= ‘ 260
i - | B3] L J
9 : B — 7 7
i A\ I TNy 7 ;
: ‘ 2 7 Yy Q
9 % /// 0 v — Z g
-5—— 285 A /
Y
I
DELISA'~ . | Funded by
P . ) WorkShop Il, 10-14 February 2025, Kocovce, Slovakia the European Union 15




Monitoring of the thermal ageing for
replacement parts of primary circuit

Experimental studies
Stud

1950
L 240 — 285 - - 285 . 3
I
2 < @
gl § g
= = =
1
P ]
-5 17 26 ' 2.7 36
116 117 - 216 217
15 415 .+l 118 {-8 25 215 . i 218 2.8 35 315
X 4
14 114 \ 119 19 2.4 214 219 5.9 3.4 314
1-13 2-13 313
- 23 33 -
1-12 110 212 N 210 312
12 7111 22 211 32 -
1-1 21 3-1
.
w
Tensil Charpy 1 al
o Rz20 , 84
] B V)
e 55:0.6 R=0,250,025 8-2
= TN
\ : e
o
X3 - S , | |
R220 e =60 - & =N 902" 2 L L !
;(/ 1,25 5 las2r) i
£ - M170:6
g 55 i I
AN 10
T 10:0,1 S - -
/ | I 3max 10 -
R 10 © r=1,5 > — ——
I 27.5:0,4 8l - lx; 10min
{ Q 95 - hal 2 g —
& A oS /
?J ‘ 90%130'

)
DEserigton of the esnenced Lifabme and s infuence on the Satety " /
OpRalion Nl SOMEILCION MIefias perormance - Long Term . S
Cpeaian Wit 1o COMEroits in a satty \ /
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o ) Monitoring of the thermal ageing for
replacement parts of primary circuit

Results

Upper part of the stud, external layer Upper part of stud, external layer

Upper part of stud, exterlal layer
lower 95% bound

lower 85% bound

® initial (passport) data @ experiment - - -mean
lower 95% bound ® initial (RPV passport data) ® experiment - - -mean

® initial (RPV passport data) m experiment - - -mean lower 95% bound
® initial (passport) data W experiment - - - mean

1000

66

950
= 900 <
~ g 2
H 3 .
& 850 3800 N
800
750
700
650 650
600 600 54
) 10 20 30 40 50 60 o 10 20 30 40 50 60 0 10 20 30 a0 50 60
Time of operation, year Time of operation, year time of operation, year
Bottom of the stud, internal part Bottom of the stud, internal layer
» . Bottom of the stud, inernal part . .
® initial (RPV passport data) m experiment - - -mean lower 95% bound @ initial (passport) data  m  experiment o —memn Jower 85% bound ® initial (RPV passport data) ®  experiment - = =mean lower 95% bound
1100 ® nitial (passport) data  m  experiment - - -mean —— lower 95% bound 66
1000
1000 950
I
=
= 900 A
A -~
= N
800
700
650
600 54
0 10 20 30 40 50 60 600 0 10 20 30 40 50 60
o 10 20 30 40 50 50 time of operation, year

Time of operation, year

Time of operation, year

Funded by
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Thermal ageing of WWER-1000 reactor
main junction parts

Impact on LTO

319.86 Max
I 309.29 Results for the cyclic strength stud
298.72
~ | 28815
— 277.58 Fatigue damage for 30 years of | Fatigue damage for 50 years of
i ;gég; operation, a,, operation, a.,
& o Part of the stud Initial data are | Reassessment | Initial data are | Reassessment
. 235.29 taken into with ageing taken into with ageing
m ;ijﬁ account consideration account consideration
203.58 Lower thread turn of the upper 1.48E-01 1.48E-01 2.96E-01 3.54E-01
193 part of stud (junction with nut) ' ' ' '
182.43
171.86 Min Smooth part of the stud 5.26E-05 5.26E-05 1.05E-04 2.02E-04
Upper thread turn of the lower
part of stud (junction with 1.92E-02 1.92E-02 3.84E-02 4.54E-02
Thermal ageing effects is not affected reactor flange)

on the static strength and seismic
resistance up to 60 years of LTO

DELISA™

0ara
Cps

Workshop Il, 10-14 February 2025, Koc¢ovce, Slovakia

Funded by
the European Union
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® @ Thermal ageing for components and

piping of primary circuit
Hardness measurements followed by mechanical properties recalculation

— Formula error, %

e o Mechanical propert :
N property Base material Welds
DA 8 R Ultimate stress, R, +10 +15

1,9x10%/ (R + Ryp 2+ 2000)

Equati

m -
N - Yield stress, Ry, +15 +20
M. M, 10XCHJL, 12M: -
8 pet o I Elongation, Ag +20 +20
N e T T e Reduction of Area, Z +30 +30
H roesict z 2,3x105/ (Ry+ Ry 2+2000)
x 1.9HB +
Lu 1,7H +
< 0%/ (2R, )
Z 5/ (Ry+ R )
- Hardness data scatter
1 Austenitic welds 220
6,8x104/ (2 Ry + Ryg0)
8 1,8x10%/ (Ry, + Ryp 2 +2000) +
2 S R -
T ) B o Error of hardness measurement device
2,3x105/ (R, ‘000)
— large uncertainty
As 4,2x10Y/ (2 Ry + Ryo )
5/ (Rp+ R )

DELISA_/_? Workshop Il, 10-14 February 2025, KocCovce, Slovakia - the European Union
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| XX Thermal ageing for components and
) piping of primary circuit
. Hardness measurements followed by mechanical properties recalculation
Selected representative results

650 R m oo R m 600 m
50 55 : H‘J
1 1 ’ \ 500 n————_j___—__—.
Time of operation, years Time of operation, years Time of operation, years
150 R e RpO 2

 Roga * p02

Time of operation, years Time of operation, years Time of operation, years

DELISA® : -
Y e B B A /T Workshop Il, 10-14 February 2025, Koc¢ovce, Slovakia the European Union 20



o @ (Thermal ageing of components and piping

of primary circuit
100 000 / 200 000 hours monitoring program

. * Main coolant pipeline (BM, WM)

10GN2MFA+cladding

* Pressurizer surge line (BM, WM)
10GN2MFA+cladding - - il

« ECCS pipeline (passive unite) (WM) ' i i VN

lank ELLS-2

Tank FLLS-3

10GN2MFA+08Kh18N10T = " =S N\ | 54

» ECCS pipeline (active unite) (WM) 1 MP3
10GN2MFA+08Kh18N10T = o A o

» Pressurizer injection and cooling pipeline o |, S " Oy M
(WM) 08Kh18N10T .y vhiyay @ <

« Steam-gas mixture discharge pipeline (WM) E ] 1))
08Kh18N10T A 7 p—

. Steam pipeline (BM, WM) 16GS P 3 Al

- Feed water pipeline (BM, WM) steel 20 FEsSifie

DELISA_/J Workshop Il, 10-14 February 2025, Ko¢ovce, Slovakia - f,,“;gf;:;;ia,, Union 21



® @ Thermal ageing for components and

piping of primary circuit

100 000 / 200 000 hours monitoring program. Methods of control

. = Control of metal structure using the method of impressions ("replicas"):
- general structure of metal;
- determination of the metal phase composition and excess phases;
- determination of the microdefects presence;
- assessment of the degree of metal contamination with non-metallic inclusions;
- assessment of the banding of the ferrite-pearlite structure;
- grain orientation and size assessment;
= Control of mechanical properties by direct methods (if it possible):

- tensile strength R,
- yield strength Rpo.2 standard specimens or
- elongation Ag micro specimens < 3 mm thickness
- relative narrowing Z
- Impact strength KCV micro specimens < 2 mm thickness
- hardness HB/HRC
DELISA/_/J Workshop Il, 10-14 February 2025, Ko¢ovce, Slovakia - fh“e"gﬁfo‘;ian Union
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® @ Thermal ageing for components and

piping of primary circuit
100 000 / 200 000 hours monitoring program

. The main aim of the program is monitoring the mechanical properties and structure SSC metal of after
100 and 200 thousand hours of operation

60mmx60mmx
/ 3.5mm plates Gy
50
S

Mechanical Properties of MCP at 350 °C

Condition type Rm, kgf/mm? RO0.2, kgf/mm? A5, % Z, % Note

PNAE G-7-002-86 >50 >30 >14 >50 After 100 thousand

TU 975 E004511 >50 >30 >14 >50  hours of operation, a

Passport data 52,3 31,9 253 71,8  tendency towards h

hardening and

Initial state* 52,5 39 26.5 71 reduction of plasticity

Unit #1 after 100 000 h* 55,6 40,4 22,5 QO < Observed
DELISA© L

. : the E Uni

et el (N Worksho p ll, 10-14 Febru ary 2025, Ko&ovce, Slovakia e European Union 23



Thermal ageing study within DELISA-LTO

EX

nerimental matrix

. . ] L . AB - Scanning AT - Optical
D ELlSA-LTO _ WPZIWPLI Experimental Technigque Al - Impact testing A2 - Tensile Testing A3 - Static Fracture Toughness A4 -Hardness A5 -SPT B Microscopy Mic = AB-TEM A9 - Other methods
Experimental matrix ccipati i i i i i i
p Available | Participating Laboratory [is o $ = = | e 3 zlelA o $ = - = -3 g $ = =i Blelz Yle g $ Yl g 5 Yle|e g - g w -4
G| & |fE| 3 |Sle|fi[3|5|al & |&] 3 = d |Ble|B|H|3|Z|E|wle|[3|Z[a|kE|H|[2|E|B|L|H|S|E|&|(L|E @ E [
Material No. |Material (descrption, provider, aperafonal tsmparaturs ) M::::al Material state /| Specimen geometry M |ST|M|ST|ST| M| M |ST|ST|ST|ST|ST|ST| M |ST{ST|M|ST|M|ST| M|ST|ST|M|ST|ST(ST|ST(ST M|M|M - - - - - - - -
1 Main circulation piping - 08Ch1BN12T - NPP V1 — initial state (VLUE] - BM As recenved H E - - EEEN|- N EEEN - EEN - EEEEE - EEEN - EEEE - EEEN -BEEEEEEEEEEEEENE
Top =234 °C Thermal Aged (450°C/2165hous) || - |- | -|-[m|-|-|-[-|-/m[-|-|-|-[Wm|-|-/m/m/m|-[-1-]- -m -|m|-|m]-]- -m - -m-]-]--]-[-]-/m[m|m
2 Pressurizer surge line - 08Ch1BN10T - NPP EBOJ — initial state BM As recenved | -|-|-|mEA/E |- |- HE|E|-|-[-(EHm EEEE -H - EEEN -EHE|-H - EE|(-H - EE|-E EEEEEEEEE
(VUIE) - Top =276 C Thermal Aged (450 °C / 1085 hours) - - -|-m--(-]-|-|m[-]-]-|-|m|-|-m () -(-]-|-|-|-/m|-[m|-]-1-]-]-f-]-J-1--T-T-{-T1-1-]-1-]-1-|m|m|m]
3a gy |fereceved o --]-mm .- - - - -]/ - .- L N1 NISL LAY NN B BU NE NI 6O HY 00 BI AN B
Thermal Aged (430 *C | 2474 hours) m|-|--1-|--|-{-1-1-1-!-/-/-|-|m|-|-|-|-|m]-|-|-]-|-|-|-|-[;m|-|m|-|-|-|-|m]-|-|-|-|m|[-|-]|-]-|-|-|-|m|m|m
3 (3b Main circulation piping - 0BCh18N1ZTANM - NP V1 - afier B years | |, |As receved - |E{-]-/H/E/EE -/EEEEE - HEN - - - EHEN - BN EEEEE -EENN-EEEEEEEEENN - -
in operation (VILE) - Top =234 °C Thermal Aged (450 *C | 2474 hours) - m - m] -] - - -] -] -] -] -] -] -] -] -] -] -(m] -] -] - m]-]-]-]-]- - |- -
3¢ paz | receied (M- - NA “lol-]- /M@ -[-|-/H/EE -EEEN -EENEN -EEEE - NN NN - -
Thermal Aged (450 *C | 2474 hours) - ml|-]-]-]-]- o= === - - - mm| -] === - -|m| - -]-]-|-|m|-|-|-|-\m|-|-|-]-|-|-1-]-]-/-
4a I o (wl Tl fwl [ Twl [ ([ ][] aw(afm] (o |afw] /o/w/w[ | (ofw(w/-[ o] oe/seel-[[
Thermal Aged (450 =C | 2474 hours) -l -l-|ml-]-1-|-\m|-]-1-1-1-|m|-|-1-/-1-1-|-|-|-\m|-|-/-1-/-1-1-/-|-(m|-|[-|-/-|m|-|-]- -l -1-1-1-1-1-1-]-
A oo e -
T PT e mam et e = o {m [ (T fala(ala] afa[al falalal|fals[s| [ [a] [a[lalala|-|-|
T Thermal Aged (450 *C / 2474 hours) - ml === -ml == - --\m|-|-]={-]-{=]-|-|-\m|=|-1|-|=(-|-1-|-|-|(m|-|-/-|-|m|-|-|-]|-]- N .
4c HAZ  |As recenved -l --L-0 - - NA Ll e e - - ] -] - -] - e - -] - e - e - -
5 Pressgrizer surge Iine-UBCb13N1UT-N3PV1—afef 2 yearsin BM As recenved LT I el Al B B BT BN el Al B -|-(-HE|- (NN g ENgN|- | -|HN - -HE - g NN NN N
operation (VUJE) -Top =276 °C Thermal Aged (450 *C / 1240 hours) mlml - - -|-|-m|-[-]-mmw] - -|m--|-|--m-|-|m- | -m(m(m) - --|-]-]-]-T-T-]-T-T-T-1-{-]-]-1-]-m|m|m]
G |WER1000- Reactor e fasiening part g |srecsned - - -l -m] -] -m -] -]-T-{--(mm|-]-|m]-[- ([ ] -{m]-[-[-|-|m]-[-[-]-|m[-[m {0 m|-]-|m|m]-]}|
after 30 years in operation (IPP-C) - Top=240-305°C Thermal Aged (450 =C 1 252-365 hours) | - || - | < | = | - |- |m|-|-|-|-|;m|m|-[-1-1-1-1-1-1-1m _| - _ ml-|-|- _ - _ |- T-T-1- m(m| -]
WWER-1000 - Steam generator collector with HE tubes - :
T |08CH1BNIOT - operatnd (PPC) BM  |As recemed e e I I I e I I e e I I I I e I e e e L L I S T S I I I | R I BT O A AL BT I
8 WWER-1000 - Main circulation piping - 10GNZMFA+53 dadding - EM As recenved -/H|-F/E/E|- BN - EEEEEN - - BN - EEEENE - EE/EE -EBHE - -|-EHE|--[-H-EEEENENEN -
NPP V1 —initial state (iPP-C) - Top =290 °C Themal Aged (450 *C / 399 hours) - -ml - - - mm] -] -] - w -] -(m - - -] -(m -] - -] (] -]
9 WWER-440 - Capsules of the thermal specimens used in Paks NFF (2 BM As received -(m|-|-]- NA -l-!-(ml-!-|-!-|-m|m|-|-|m|-|-|-]-/m|-|-|-(m|-mm|m|mM|-|-|-]|-]-
9 d pes), 0BCh1BN10T - 24 years in operation (EK-CER) - Top=278°C Themmal Aged (450 *C / 1510 haurs) - ml-T-1- -l -1ml=1-1=1=]-1-7-1-1-1m|-1-{-1-|m]-1=]-1-1-]-01-/-{=]1-1-1-1-
9b WWER-440 - Capsules of the thermal specimens used in Paks NPP (2 BM As received - \m|-] - - NA -l -m(m|--|-|-|-m|m|-|-|m|-|-|-|-(m|-|-|-(m|-/m(m|m|-]|-]|- -
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Introduction

Eddy current testing is one of the most extensively used non-destructive techniques for inspecting

electrically conductive materials at very high speeds that does not require any contact between the test

piece and the sensor.

This presentation includes an overview of the fundamentals and parameters of eddy current testing in the

nuclear industry.
It also describes the state-of-the-art modern technigues.

After this presentation, specific practical demonstrations (collection and analysis) of eddy current methods

will be carried out.
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EC - History and Development

By the end of the 18 century, scientists had noticed many electrical
phenomena and many magnetic phenomena, but most believed
that these were distinct forces. Then in July 1820, Danish natural
philosopher Hans Christian Oersted published a pamphlet that
showed clearly that they were in fact closely related. H. Ch. Oersted’s
discovery: "A magnetic field exists around a coil carrying current
proportional to the number of turns in the coil and the current” [1].

Eddy current testing has its origins with Michael Faraday's discovery
of electromagnetic induction in 1831 [1].

VUIe H. Ch. Oersted's & Michael Faraday’s [1]



Eddy currents

The eddy current method is a non-destructive test
method that has a number of possible applications,
is based on the principle of electromagnetic
induction. If we place an electrically conductive
object in an alternating magnetic field, the so-
called eddy currents that are concentrated at the

surface of the object (skin effect).

In technical practice, eddy currents are mostly
undesirable because they act against the direction
of the exciting field and thus cause energy losses in

electrical machines. An accompanying

phenomenon is the generation of heat, which can
have other negative effects on the operation of the
electrical machine. The basic elementary means for

testing are as follows:
AC source
Coll

Device

vuje



Eddy currents

The alternating current from the source creates a alternating magnetic field in the coil. This field, with the

same frequency as the current in the coil, induces eddy currents in the test object.

These eddy currents - their flux - in turn have a reverse influence on the coil. Changes in the flow of eddy
currents in different parts of the material will cause changes in the voltage on the coil, which in itself

represents a variable when testing with the eddy current method.

Before proceeding to the interpretation of the technique of this inspection method , it is necessary to deal

with some electrical and electromagnetic principles and the interpretation of some phenomena.

vuje



Factors effecting of the EC

The factors which affect eddy currents are:

Electric current & conductivity o Geometry
Permeability p Probe Handling
Magnetism & electric current Discontinuities (Defects)

Electromagnetic induction

Resistance of alternating current in a
circuit with a coil — impedance (7)

Proximity (Lift off/fill factor)
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Eddy currents

Eddy currents are induced electrical currents that flow in a circular path.

An eddy current is a current set up in a conductor in response to a
changing magnetic field. They flow in closed loops in a plane
perpendicular to the magnetic field. By Lenz law, the current swirls in such
a way as to create a magnetic field opposing the change; for this to occur

in a conductor, electrons swirl in a plane perpendicular to the magnetic
field.

Because of the tendency of eddy currents to oppose, eddy currents cause
a loss of energy.

The existence of eddy currents leads to the creation of a eddy current’s
magnetic field, and this field acts against the coil’s magnet field !

Note: The direction of the magnetic field produced by an electric current is always
perpendicularto the direction of the current that produces the field.

Coil’s
magnetic field
Coil||{  Eddy current’s
magnetic field
Eddy currents
0NaG

A coil with a flowing current on the surface of the
conductive material



Eddy currents

Most important!
If there is a material defect, for example a crack, in an electrically conductive object under the sensing coil:

this defect will act as an obstacle - resistance to the flow of eddy currents and will cause a change in the paths of eddy
currents and thus a change in the secondary magnetic field, which in turn will cause a change in the induced voltage in
the sensing cail.

The voltage in the sensing coil will also change if the sensor is placed next to a material that differs in electrical
conductivity or magnetic permeability (e.g. due to chemical composition or processing temperature).

The change in voltage consists not only in a change in size - amplitude, but also in a change in phase - a shift of the
sinusoid on the time axis.
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Eddy currents

“ The alternating current  flowing
through the coil at a chosen
frequency generates a magnetic field
around the coil.

" When the caoil is placed close to an
electrically conductive material, eddy
current is induced in the material.

“ If a flaw in the conductive material
disturbs the eddy current circulation ,
the magnetic coupling with the probe
is changed and a defect signal can be
read by measuring the coil impedance
variation.

Conductive material

Coil's Coil’s

magnetic field

Coil’s

tic field
magnetictie magnetic field

Eddy current’s
magnetic field

Eddy currents Eddy currents

Conductive material Conductive material

Eddy current on the test piece
(Primary and secondary magnetic field )



vuje

Eddy currents — impedance (2)

Impedance (Z_) is a complex quantity that has 2 dimensions: amplitude and
phase delay or real (A and imaginary (X)) component parts.

(Z), is the total opposition that a circuit presents to alternating current.
Impedance is measured in ohms [QQ] and may include resistance (A), inductive
reactance (X)), and capacitive reactance (X)). Capacitive reactance is usually not
present in eddy current testing, so this term is not included in the equation.

The total impedance is not simply the algebraic sum of resistance and
inductive reactance. Since the inductive reactance is 90° out of phase with the
resistance and, therefore, their maximum values occur at different times, vector
addition must be used to calculate impedance. This is illustrated in the image
to the right. (X)) depends on the frequency of the current in the cail.

o 2 v2 X, =2.m.f.L The phase impedance
z] = \/ + (Xi=X¢) leads the current (R)
Z — impedance [Q]; X, - inductive reactance [Q]; by an aﬂg|ei
f - frequency [Hz]; XL o
X, - inductive reactance [Q]; L —induction [H]. tg(p = ? [ ]

XC — capacitive reactance [Q)].

Impedance (Z)
Img A~ 5
Ideal coil
—~ AN '
Q [\2 1
o o/ less !
q 3 .
< N than
3 J ideal;
= v O
S & coil !
O §0‘ !
S 0
> L
S5 N
Phase Angle (@)

Resistance (R) >Re

Phase relationships in a real
alternating current electrical circuit

Note: the larger X is than
R, the closer it is to the
ideal coil
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Eddy current system

Figure presents a block diagram of analog eddy
current equipment. It includes a single tone generator
which energizes the test coil sensor. Phase, frequency
and amplitude can be adjusted to optimum
parameters for the test pieces. When a crack occurs,
the coil impedance experiences a change.

The defect signal modulates the tone from the
oscillator. A quadrature amplitude demodulator
extracts the defect signal caused by the impedance
variation. The demodulator outputs are X-axis and Y-
axis signals. Each component represents the real and
imaginary parts of the impedance respectively. These
signals can be filtered and analyzed [2].

Note: the oscillator generates a current of the required
intensity and frequency

Oscilator Amplifier
Clock @ e [ —_
Impedance|adaptation
S
_ ‘7 ZiNAZ,
Pamoisioen— AmEI;ﬁer L Fre-filter ,
l | l Instrument
Filter X Filter Y
XY impedance plane Eddy current test
------- H’1 r‘
Control unit = =
Test piece
Alarms = = = = = = = = - =
lnputs - - - - - - - - - -
Qutputs - - - . - - __ _ .

Block diagram of an analog EC system [2]




Eddy current — impedance plane N
XY ¢
The signal from the probe comes the EC device, is amplified and E ~~~~
demodulated, i.e. "removed" of the working frequency. This creates a
point that deviates in the X-Y axes. The resulting signal is projected Real (Ohms)

onto the device screen in three basic views. X-t, Y-t, X-Y (t...time) [2].

@ — /\ Probe Position
X_t 8 _— P —
t o \/
] /\
©
- £
Y t @ \/ Probe Position
E

Typical loop of a complex impedance plane of a
differential Bobbin probe inside a tube affected

by a flaw. (b) Real and imaginary part of
VUIe impedance change vs. time [2].



Crack

@

Eddy current testing 0)

As the probe moves the crack the path of the EC changes and they flow around or below the

crack. This change is picked up by Receiver Coil 1and as a result, the signal on the impedance (]D
plane moves upward. ! =

As the probe moves further, the current distortion effect causes a maximum response in ;f'(
1Y
Receiver Coil 1and the signal response on the impedance plane reaches a maximum.

N g

When the cracks is located at the center of the coils, the currents flow mostly around the crack GD
and distortion is at its maximum. However, at this location both Receiver Coils are ,sensing” the |

same field and because they are wired in difference, the resultant signal is zero (null point)

As the probe moves past the crack, Receiver Coil 2 now ,senses” the distortion of the currents CID N

and as a result, the signal on the impedance plane moves downward.

The signal response will return to the null point and the double-loop is complete [3]. QD

VUIe Bolt hole eddy current signal

responses from a crack [3]



Eddy current testing- coils connection

ABS D-P DIFF
coilA B
T/R g g% T/R%%T/R
coil coil coil
Y Y

) WD m
S || mSy =
S [[ng =

vuje ¢ .

2

3

Complex impedance plane

1 - Indication passes through coil A

2 - Indication is between coils A+B,
both coils are affected

3 - Indication passes through coil B



Probes connecting

The EC device basically senses the change in
impedance on the cails.

The connection of the probes in the EC device is
"bridged".

Differential probe - the coils are connected into a
bridge opposite each other.

Reference probe — one coil is from the measuring
probe and the other is from the probe. This way an
absolute signal is created which is needed for long
defects and SLG.

Sensor ,bridge” connections
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Eddy current penetration depth

Eddy currents are not distributed uniformly in the test object. We will first explain the distribution of demanding
currents when the test object is in the coil (the so-called through-hole sensor, details will be given later). In the
conductor axis, their density is zero, on the conductor surface it is the largest.

This distribution depends mainly on the frequency of the exciting electromagnetic field (corresponds to the
frequency of the exciting current).

The higher the frequency, the higher the density of the more demanding currents, and the higher the currents
will penetrate to a shallower depth. This phenomenon is called the skin effect

vuje
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Eddy current penetration depth

The standard depth of eddy current penetration is the depth below the
surface of the material at which the eddy current density reaches 37% of
the eddy current density at the surface.

If the frequency increases by 4x, the standard penetration depth drops
by half. The figure shows a comparison of the standard penetration
depth at different frequencies. However, the conductivity (specific
electrical conductivity) of the material in which the EC are generated has
exactly the same effect as the frequency. The figure can therefore also
be interpreted as follows: on the left is the distribution of EC and the
corresponding value & for a material with low conductivity (e.g. titanium)
and on the right is the eddy current profile for a material with high
conductivity (e.g. copper), both at the same frequency.

Standard penetration depth: 500

100%

e)/ PR PRPPPIUP ISP
A
on 37%
' 100%
\O_: B PPN R
v
P N

eddy current density = 0

Comparison of standard penetration depth
a) low frequency (material Ti), b) high frequency (material Cu)

0 = —— &- standard penetration depth [mm]; - working frequency [HZ];

. /f_ o. Uy, .- relative permeability; o - electrical conductivity
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Eddy current penetration depth

The standard eddy current penetration depth is not a threshold value below which eddy currents no longer
exist. The distribution of eddy currents follows logarithmic laws. At a depth of 24, the eddy current density is 37%
of 37% (can also be written as 0.37 0.37, i.e. 0.372), i.e. 13.69% of the value at the surface. At further depths, the
pattern is as follows:

Surface

Generally

Depth
0
16
26
36
46
nd

0.37

0.37x0.37
0.37x0.37x0.37
0.37x0.37x0.37x0.37

0.37°
0.37%
0.372
0.373
0.374
0.37"

Percentage
~100%
~37%
~13.7%
~5.07%
~1.87%

Depth

Eddy current strength
37% 100%

Eddy current distribution at the
contact sensor



Eddy current penetration depth

eddy current

Furthermore, the deeper the eddy currents penetrate the @ gg/ excation ol
surface, the greater their phase lag with respect to the | citedion
eddy currents on the surface. At a depth of & the phase -
lag with respect to the surface is exactly 1rad, at a depth of
26, it is 2rad, etc. An angle of 1 radian corresponds to
approximately 57° (180°/m). Here, a linear relationship
applies, so that the phase lag, for example, at a depth of
0.756'is 0.75 rad, or approximately 43°. This fact is shown in
figure.

AP=Q*

_________________

=\ AP = 57°

L —— = - -

Phase delay of eddy currents relative
to the surface at different depths
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Eddy current instrument

ZETEC, Inc.: The MIZ-85ID leverages the architecture Z ETEC
of our industry-leading MIZ-80iD eddy current il
instrument into a modular, instrument-only system. It's ===
a small, rugged and lightweight unit that can be
utilized in a variety of inspection environments. All
configurations of the MIZ-85ID are completely sealed
to provide protection from environmental and
radiological contamination. This protection ensures
the unit's integrity in electronic performance and
allows the unit to be serviced throughout the life of
the product [4].

MIZ-85ID [4]
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SGT Inspection

Heatexchanging
tubes

Tubesheets

Internal
surfaces

VUie Steam generator

Plugging Drying



RIM 2

RIM 1
Modul UT Modul MRPC
Modul OPZ Modul Viz
A basic manipulator 1 A basic manipulator 2
Modul ET-DOUBLE
Modul UT

Modul ENDO

Modul X-PROBE

Manipulators and modules manufactured by VUJE, a.s.
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Eddy current probes and standards

The eddy current method works on the basis of comparison.

The eddy current signal from the calibration defects is compared with
the detected indication.

The calibration standard usually has several artificially produced defects.

The parameters of the artificially produced defects are described in
standards (e.g. ASTM, ASME code...) or are produced depending on the
sensitivity criteria of the test.

The calibration standard must be made of the same material as the
tested component.

When producing artificial defects, emphasis must be placed on accuracy.

L R e

Calibration standards



Expected damage of the SGT

Expected damage are:
Stress corrosion cracking
Pitting corrosion
Intergranular corrosion
Vibration damage
External deposits — corrosive environment

Damage in the area of the collector pipe outlet

vuje
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EC inspection of SGTs

Fully automated remote-controlled system  was
developed primarily for EC inspection of heat
exchanging tubes with standard Bobbin probe (single
or double pusher). System consists of manipulator,
exchangeable inspection modules, control unit and EC
measuring unit.

Whether you are testing an entire tube or searching
for indications in tube bends we have the probes to
meet your needs.

Basic parameters affecting probe characteristics:
grounding design, wire diameter, number of turns, fill
factor, centering, overall mechanical design.

Bobbin probe & module



Standard frequency for internal passage sensor

1t step calculation fqy (standard frequency for

internal passage sensor);

2nd create calibration curve;

34 performing a inspection SGT.
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- Internal surface

- Quantification indication
fure - 4 (8) - Permeability (PV)

- Localization

@D| -

Crack Depth (%)

f= 400 kHz

100

B0

80

40

20

hl’l I: I\

o}

BZANYY

0

20 40 60 80 100 120 140 160 180
Phase Angle (degree)

Curve of dependence of the phase

angle of indications on the depth

of the defect

300
foo = o t? [kHZ]

foo - standard frequency [kHz];
o - conductivity [MS/m];

u, - relative permeability;

t - wall thickness [mm]




Fill factor for internal and external flow
sensor

Fill factor:
" never greater than 1,

" The ideal factor is 0.90 (possible with clean straight pipes),

" The filling factor should fall below 0.8.

External pass-through coil Internal pass-through coil
_ D5 n=2¢
i D? D}

D, - internal diameter of the SGT [mm];

D, - external diameter of the SGT [mm];
D.- coil diameter [mm].

D.- coil diameter [mm].
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Effect of bends on the fill factor

When calculating the fill factor for a bobbin probe, VP A stipec 1 a7 43 (1)

the bends (bent tubes have an oval cross-section potet 3056 i
with a reduced radius at the bend point) of the : +
heat exchange tube (SGT) must also be taken into — D ol

account, due to the probe's passability when
testing SGTs because the probe must create the
required recording length of the object under
inspection. In addition to bends, it is also

TYP B stipec 48 (49) - 88 (87)

necessary to take into account sludge (SLG) on , pofet 220 6

the inner surface of the pipes (SLGs reduce the ] |

inner diameter and thus the passability of the . < :
probes). . \e. N R % |
Angle value depends on tube column and it is in N\ R° 59 v
range from 4°to 73.3° (worst case). 60: ° 7z

n
vule SGTs with bends



Effect of bends on the fill factor

" Inspection of the straight tubes and tubes with bends. Our
tubing bobbin probes are built for flexibility, allowing for
optimal navigation through tubing u-bends, while
maintaining high data quality.

Probe for inspection condenser tubes

For inspection of the straight

VUIe tubes (Bobbin probe)

For inspection of the tubes
with bends



ET acquisition and data analysis

-/

SGT eddy
current
testing

- loading procedure for ANA

Analysis data quality control

(ANA) - data calibration (999) _ _

ECT diagram for SGT inspection
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EC inspection of SGTs in tubesheets

® Fully automatized remote-controlled system is designed for
inspection of steam generator collector tubesheet for crack
detection.

® Special exchangeable modules enables inspection with motorized
rotating probes, MRPC or array probes.

® EC inspection of tubes with a rotary probe

® EC inspection of tubes with a rotary probe in the rolling area

MRPC technique (C-Scan)

\
5

MRPC & module



Eddy current probes and standards

EC probe Flange DIZAP manipulator with EC probe

vuje



Eddy current probes and standards

® Inspection of stailr)lless steel cladding Pressurizer (PZR)

P 10.00v 270"

WAL LR A

Data from inspection of the surface PZR

PZR manipulator & EC probe
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COREC software

Corec software is used to create
training and qualification data (blind
tests). This software allows to inject a
real defect signal into a any part of the
signal from a defect-free material.

Data created by this software have a
realistic appearance (the inserted
signal is fully connected to the real
data signal).

Therefore, there is no need to produce
large amounts of test blocks (mock-
ups) for qualification purposes.

[Fatarmmicn |
[ G i ]

[ |

L L |
= i
— £ | y
—— S b i
T {_:}' ,:: I"l
— & ] |
— = 0
L & ;. Ill.,'
— é L
= 1 |
L 1
= !| |
£ |
by 1
= o g
S : |
- ||I I,"
|§ |

SW COREC (VUIE, a:s.) display application threaded holes
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Use of SLUDGE-Vision 3D software (VUJE,
a.s.) for amplitude mapping of deposites
(sludge) on steam generator tubes (SGTs).

Sludge (SLG) data from the real SGT
inspection is input into the aforementioned
SW, then an SLG map is created in a specific
part of the PG.

SLG occurs on the outer surface of the SGT
(the surface of the SGT from the secondary
side of the steam generator). The sludges
creates the conditions for the creation of
defects from the outer side of the SGT.

Sludge-Vision 3D software

CL
HL

SLG 371

SW Sludge-Vission 3D (VUJE, a.s.)



CIVA software

ur [l GwT _, FILE i CIVA

Eddy Current Testing User manual

Video

Inspection Simulation (2D

) Inspection Simulation (3D) Steam Generator Inspection
cyl.

Field Computation

About CIVA

POD Study Batch Manager

Parametric Study

SW CIVA [5]

vuje
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CIVA software

From the numerical point of view, the crack signature is modeled in CIVA by employing an integral-equation
based approach in conjunction with the Method of Moments (MoM). In particular, inside CIVA two methods are
developed, the so called Volume Integral Method (VIM) and the Boundary Element Method (BEM) [5].

CIVA software allows simulating a large variety of probes used to induce eddy current inside the piece or as
receivers. Different kinds of probe coils can be used, each being driven by a variable current. In CIVA software
allows to define probes that work in the absolute and differential mode and in separated emission and reception

[5].

Moreover, coils array are also used to enhance the collected information during the acquisition process.
Moreover, different kinds of coils can be used in order to collect information on different aspects of the
electromagnetic field induced by the tested object. In particular, 2D-symmetrical coils with and without ferrite
core can be modeled. Moreover, in case of non-ferrite core coils, 2D-symmetrical and non-symmetrical 3D-coils
can be modeled without restriction on coils orientations [5].



Field computation

" Probe - geometric parameters
(external and internal diameter),
number of turns, shape of the
core, number of cails, core type

. [5]

Configuration wizard s

O Last configuration
Current Configuration
® Default Configuration

User configuration

Configuration

Probe

Cylindrical

vuje =

THENT
N
wwww JJjJJ

1959929752

1319429552 By

13937 2023
-

Classical coil

Coil with inner core

Coil with outer core

Coil with both inner and outer core

Coil with both inner and outer core and ring


http://www.extende.com/images/extende/civa/ET/CIVA_ET_Probe_configuration_1.png

Field computation

Kind of coils [5]: @
C

Cylindicall coll

oil for Bobbin probe

Rectangular coils

"Race track" coils

D-shaped coll

Rectangular spiral coll

Meander coil

vu;e Crss ;oil


http://www.extende.com/images/extende/civa/ET/CIVA_ET_Probe_configuration_7.png
http://www.extende.com/images/extende/civa/ET/CIVA_ET_Probe_configuration_4.png
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Define the coll properties

" The X-probe like probe is working in a separate o
transmit-receive mode. This kind of probe can e e
be used for the detection of both circumferential benlniaii e
flaws and longitudinal flaws. Depending on the

I

]

A
%

type of flaw to be detected, different patterns . S —— L= : o

can be used. In CIVA, 3 predefined patterns are P - (o] Oo

available under the "Settings" tab [5]. il & o o

) O o oa

“ Two axial patterns with transmission coil and © o 9,

reception on different rings are useful for l =L

longitudinal flaws detection and a transverse 1~

pattern with transmission coil and reception coll }_

on the same ring which is wuseful for |

circumferential flaws detection [5]. X-probe® parameters [5]
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Field computation

Probe response - calculation of the e
normalized impedance plane and the
appropriate frequency

Definition =) Manual (7 Linear @ Lag

Optimal frequency for

. ﬁuimqnmcr: 10| iz}
testing e =

20 ZIn s (D) Z Above spedmen (@ Z Normakzed

| ) Real fImag @ Amplinade JPhase ) Log{Ampitude] /Phase @ Tmpedance pl D |

Normalized impedance
plane

0.0t 0.015 0.02 0,025 0.03 0.035 i
e [ souanen | e | impecen | _acassin ][ [ e

vuje Probe response
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Display only the XZ section as well
as the "1D image zone" at a position
of maximum amplitude [5].

The skin depth is where the current
density is 37% of the maximum
current density. In this case, the skin
depth is around 0.7 mm [5].

‘“F'

xxxxx

VVVVV

0.77 mm

Skin effect [5]
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Graphical representation of the density and standard penetration depth of eddy currents
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Field computation

" Acquisition - frequency, coll
power supply... [5]

Test frequency

Coil connection method,
for example D-B Diff. etc.

| [ spomen || robe [ mpechon || acasnon | conoutmson peanetrs || run || robesemoree
vu1e EC Acquisition [5]
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Field computation

Calculation results [5]:

@[] *o1civa
% Model (edited)
[0 Absolute - Electric field E (F8)
[ Absolute - Electric current density J (F3)
[ Absolute - Magnetic induction B (F10)

[ Scan explorer: Absolute - Electric fi... [

)~ @ Secton XYrone
© Section YZzone

J- @ Section XZzone
@ 0Image

F O NS
22 te - £ eld EicEisd
Xzone
5 &
7
&
b=y
s
o
&
L 4
T T =
0 25 5.0 7.5 10,0
= "Section X2 olute - Electric field E-Modu 18 e &=l i Section Y22 = - Elex 120 C CRk
= =] Yzone
= & &
i 8 2|
= 7
e |
o
=3
=
o 5 s
s 3 d
] g
i @
@
=3 ﬁ " b
2l = = : | Bz
L 14 0. 25 5.0 2.5 10.0 i
Cursors | Options
1 Companent <> Falette < Stream lines <0 Options @ FPlanes @ Iso-surfaces @
?Dmome—ae«wm& * | [ Absolute - Electric fisd E * | | [¥] Display stream knes “ | [H Absohute - Electric fild € * | [H] Absolute - Bectric field £ * | |E Absohute - Bectric field € 2
R/ Companent = n 50,163 | Vfm =} | @ planes 2 | P Tansparency bekow min threshold | | Mumber of surfaces| 101 =
(=] x Y z & Module L - f 7
. ] 7] Iso-surfaces ] smaothing Min ampltude 18, 59€-18 |V/m
Quantity - Extra Gh - | Max £6.911E-3 |Vjm ol | - alll; -

Display results [5]




Field computation

Same coil and different cores — different penetration depth

Fle UT GWT ET RT/CT Tools Display ?
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To define the relevant input
data, you will have
successively open 5 panels:

to

- Specimen

- Probe

Inspection
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Steam generator inspection

“  Bobbin technique simulation R
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Bobbin technique simulation
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Inspection simulation 3D
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The meander of testing

N |
I

C-Scan display — —— ]
Scan explorer: Data CTHE i
Impedance plan . ~
100 %:35515 i :
50 F &
. 400 - Complete signal B T T ;i T L
Frequencies used > = -cmeews e —
e e gl
-~ @ C-5can (all data) - Real part -|| 5| Infocursors < Amplitude @ @
- @ C-Scan (3 data) - Imag, part =[x sozsjmm - . ; | &
B C-5can ol data) - Amoltnde . ‘v\ — Amphtude: | 0843 mV  Realparti | 45443 nv | N T
- @ C:Scan (o data) - Phase bl |18 4 | PP v o IO Y 2

vu;e Cross probe display [5]



Conclusion

The presentation provides an overview of the state-of-the-art methods and software for eddy current
testing, which is one of the most widely used forms of non-destructive testing in the nuclear industry. The
only requirement is that the materials being tested must be electrical conductors where eddy currents can
flow.

Coil probes are the most commonly used type of sensor, and standard coils can be used in a wide variety of
applications.

Although eddy current testing has been in development for several decades, research into the development
of new probes, techniques, and instrumentation is currently being conducted by manufacturers and research
groups around the world.
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Thank you for your attention

Do not hesitate to contact us for more information

michal.benak@vuje.sk
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Long Term Operation of NPPs in SR

Fulfilment of legislative requirements for LTO programme in SR

Long Term Operation of NPPs in Slovak Republic
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Content

Infroduction

LTO of NPPs in SE process model

Legislative requirements for LTO programme

|AEA requirements and recommendations for LTO
LTO programme for Bohunice 3,4  (2010-present)

LTO programme for Mochovce 1,2 (2019-present)



Purpose and

objective of
LTO programme
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https://pris.iaea.org/pris/
https://pris.iaea.org/PRIS/WorldStatistics/OperationalByAge.aspx

PRIS - Country Statistics
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https://pris.iaea.org/PRIS/CountryStatistics/CountryStatisticsLandingPage.aspx
https://pris.iaea.org/PRIS/WorldStatistics/UnderConstructionReactorsByCountry.aspx
https://pris.iaea.org/PRIS/WorldStatistics/UnderConstructionReactorsByCountry.aspx

Construction in Europe vs China

Olkiluoto 3
12 Aug 2005

21 Dec 2021
12 Mar 2022

1 May 2023

] 7ys 8m

Taishan 1
18 Nov 2009

6 Jun 2018
29 Jun 2018

13 Dec 2018

9ys Im

EPR 1600 MW,

Construction Start
First Criticality
First Grid Connection

Commercial Operation

< Construction - commercial operation >

EPR 1660 MW,

Construction Startf
First Criticality
First Grid Connection

Commercial Operation

< Construction - commercial operation >

Flamanville 3

3 Dec 2007
3 Sep 2024
21 Dec 2024

N/A

17ys

Taishan 2
15 Apr 2010

28 May 2019
23 Jun 2019

7 Sep 2019

9ys 5m

EPR 1630 MW,

Construction Startf
First Criticality
First Grid Connection

Commercial Operation

< Construction - commercial operation >

EPR 1660 MW,

Construction Startf
First Criticality
First Grid Connection

Commercial Operation

< Construction - commercial operation >



Construction in Europe vs China
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Validity of the operating licence
Licence Renewal

SR C7R Operating licence without tfime limitation.
’ LTO approval after 30 years of plant operation. PSR every 10 years.

France Operating licence without time limitation. PSR every 10 years.

Licence renewal for 20 years after 30 years of plant operation.
PSR every 10 years.

Hungary
USA Licence renewal for 20 years after 40 years of plant operation.

Extension of operating licence for 15-25 years after 30 years of plant operation,

Russia depending on the type of reactor.

Finland Extension of operating licence for 20 years after 30 years of plant operation.



Regulatory requirements for LTO

NRA SR wip)

Submittal of the required LTO licensing documentation pursuant

to Decree on PSR.

Operating licence without time limitation.

LTO = 30+30+30 PsR every 10 years.

Note: First PSR completed in 2007 (Final report submitted to NRA on 22
Feb 2007, revised version of the report submitted on 15 July 2008).

On 30 Oct 2008 NRA issued authorization for operation of Bohunice 3.4
plant (Decision No. 275/2008).

This authorization (operating licence) is valid till present days.

US NRC

Licensee shall submit to US NRC licensing documentation together
with the request to licence renewal in the timeframe 20-34 years of
plant operation; at the latest before reaching 35 years of plant
operation - that means 5 years before reaching 40 years of operation.
Submittal of the request to licence renewal for the plant operation
together with licensing documentation for another 20 years of

operation.
LTO = 40+20+20+...

Reviews, inspections conducted by the NRC throughout 20 years after
licence renewal (LR, Subsequent LR, e).

https://www.nrc.gov/reactors/operating/licensing/renewal.html

https://www.nrc.gov/reactors/operating/licensing/renewal/slr/guidance.html



https://www.nrc.gov/reactors/operating/licensing/renewal.html
https://www.nrc.gov/reactors/operating/licensing/renewal/slr/guidance.html

What is Long Term Operation ?

Operation beyond the original timeframe (that has
been originally given by the operating licence and/or
design) which was set forth on the basis of a safety
assessment faking info account the limifing processes
and characteristics of tThe systems, structures and

components,

NRA Safety Guide 2/2023 ,Ageing Management and Long Term Operation of NPPs”



Objective of LTO programme

Demonstrate capability of plant SSCs to perform their
functions throughout the expected period of operation
while maintaining all technical and legislative

requirements for nuclear, radiaftion and technical safety.



Planned LTO timeframe for NPPs in SR

In SE we
infend o
operate
nuclear units
for up 1o

minimum vears




LTO of NPPs In

SE process
model
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Management of Plant Programmes
Main activities

Methodical management of plant programmes (production programmes).

Management and coordination of the Commission for evaluation of in-service inspection programme.
Management and coordination of lg€ING Management programme.
Management and coordination of LTO licensing programme.

Management and coordination of equipment qualification (EQ preservation) programme.

Management and coordination of material compatibility programme.

Management and coordinafion of welding programme.,

Methodical management and coordination of technological obsolescence programme (on corporate level).

Management and coordinatfion of coatfing (paint) programme.



Management of Plant Programmes
with regard to LTO

Management of Plant Programmes Unit is responsible for management and coordination

of LTO licensing programme = Fulfilment of legislative requirements = Review of a

comprehensive LTO Programme pursuant to requirements of Decree on PSR.

Our unit does NOT provide fulfiiment of Plant Asset Management requirements specified
in Proposals for a Change of Equipment and/or Investment projects, etc. (,LTO Projects™).

This is the competence of other SE departments.
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jon, review,
t of AMPs

Development,

lementat
improvemen

imp

PLAN

Development of plant ageing management by coordination of
ageing management programmes and plant programmes

* Evaluation of the adequacy of current ageing management
programmes and plant programmes
* Identification of the need to develop new ageing management
programmes and plant programmes
* Coordination of new and existing ageing management
programmes and plant programmes
* Determination of structure or component level, system level and
plant level performance indicators

ACT

v |

DO

Improvement of
ageing management
programmes

* Modification of
frequencies of
maintenance and
inspection programmes

* Introduction of better
environment and
material control

* Establishment of new
research and
development
programmes

* Implementation of
improved or enhanced
inspection or
monitoring techniques

Inputs for periodic
review and continuous
improvement of ageing

management programmes

* IGALL information

* Plant specific ageing
management information
(results of ageing
management reviews)

* Structure or component
level, system level and
plant level performance
mdicators

* Relevant plant specific and
industry operating
experience

* Relevant results from
research and development

Implementation of ageing
management of
structures or components
through existing and new
plant programmes

* Prevention and mitigation
actions through operation
and chemistry control or
environmental control

* Inspection and
monitoring of ageing
effects

* Assessment of ageing
effects and current status
of each structure or
component

* Corrective actions (e.g.
repair and replacement)

|IAEA Safety Standards

for protecting people and the environment

Ageing Management and
Development of a Programme for
Long Term Operation of

Nuclear Power Plants

Specific Safety Guide

‘ CHECK 1

Detection, monitoring and assessment of ageing effects

indicators

* Periodic review of the effectiveness of ageing management programmes
* Structure or component failure rate
* Number of non-conformities of structures or components

* Structure or component level, system level and plant level performance

* Benchmarking with practices and performance of other similar plants
* Re-evaluation of ageing management programmes
* Determination of the current status

No. SSG-48

(B 1AEA

International Atomic Energy Agency




Generic atiributes of an effective AMP

Each AMP should be consistent with
the above nine attributes
as should
any other plant programme or process
that is used

to manage the ageing effects !




What is Ageing management ?

Ageing management is a dynamic process in which available engineering,
research and diagnostic tfools are used to determine the current condition of
the SSCs, which friggers an adequate and effective response in the form of
operating and mainfenance actions. These activities ensure that the
degradation of the SSCs by ageing and wear is confrolled and guided within

acceptable limits.

Ageing of SSCs is managed throughout the lifetime of the plant (design,
construction, commissioning, operation (including long ferm and tfemporarily
suspended operation), decommissioning), taking info account the associated

methods, engineering practices, costs and personnel exposure involved.



Legisiative

requirements
for LTO
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LTO of NPPs - structure of relevant legisiation
Operating Iicenc: W"ﬂé UT—‘

~__TIME LIMITATION ~ HOWrodon >

Ageing Management
and LTO of NPPs &n 22023

Decree on PSR

(33/2012inits 106/2016 & 71/2019 amendments)

Regulatory
Specific Safety
Guides

Regulatory

Regulatory

Decrees Decisions

| Informdtion about monitoring and

13/2024 (regular reporting) }‘ - current lifetime condition of major SSCs
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ZBIERKA @ ZAKONOV
SLOVENSKEJ REPUBLIKY

Rocnik 2012
Vyhlasené: 3. 2. 2012 Casova verzia predpisu uéinna od: 15. 3.2019

Obsah dokumentu je pravne zavézny.

33

VYHLASKA
Uradu jadrového dozoru Slovenskej republiky
z 30. januara 2012

o pravidelnom, komplexnom a systematickom hodnoteni jadrovej
bezpeénosti jadrovych zariadeni

Urad jadrového dozoru Slovenskej republiky (dalej len ,irad®) podla § 23 ods. 2 pism. g) zikona
€. 541/2004 Z. z. o mierovom vyuZivani jadrovej energie (atémovy zdkon) a o zmene a doplneni
niektorych zakonov v zneni zakona ¢. 350/2011 Z. z. (dalej len .zakon®) ustanovuje:

§1
Predmet upravy

Tato wvyhlaska upravuje intervaly arozsah vykonania pravidelného, komplexného
a systematického hodnotenia jadrovej bezpecnosti jadrovych zariadeni (dalej len .periodické
hodnotenie®).

§2
Intervaly a rozsah periodického hodnotenia poéas prevadzky

(1) Drzitel povolenia vykona prvé periodické hodnotenie aktualneho stavu jadrového zariadenia
ku dnu, v ktorom uplynie osem rokov od nadobudnutia pravoplatnosti povolenia na prevadzku
jadrového zariadenia bez ¢asového obmedzenia. Kazdé dalsie periodické hodnotenie vykona drzitel
povolenia podla aktudlneho stavu jadrového zariadenia ku dnu, v ktorom uplynie desat rokov odo
dna, ku ktorému bolo vykonané predchadzajiice periodické hodnotenie.

(2) Ak bolo povolenie na prevadzku casovo alebo technicky ohraniéené v stilade s §8 ods. 1
pism. d) zakona, drzitel povolenia vykona prvé periodické hodnotenie aktuilneho stavu jadrového
zariadenia ku dnu, od ktorého zostavaju dva roky do ukonéenia platnosti povolenia na prevadzku.

(3) Drzitel povolenia na zaklade vykonaného periodického hodnotenia preveri siulad aktualneho
stavu jadrového zariadenia so stavom, ktory je opisany v predprevadzkovej bezpecénosinej sprave
platnej ku dinu vykonania periodického hodnotenia. Zistené odchylky odstrani.

(4) Periodické hodnotenie zahrmujuce ciele a prvky jednotlivich oblasti podla odseku 5 je
zZamerane na

a) porovnanie dosiahnutého stavu jadrovej bezpeénosti na jadrovom zariadeni so sicéasnymi
poziadavkami na jadrova bezpecnost a s dobrou praxou,

b) hodnotenie kumulativmych efektov starmmutia jadrového zariadenia, vplyvu vykonanych
i uvazovanych zmien na jadrovom zariadeni, prevadzkovych skusenosti a technického rozvoja
na jadrovii bezpeénost,

URAD
JADROVEHO DOZORU
SLOVENSKE] REPUBLIKY

EDICIA

Bezpecnost’ jadrovych zariadeni

2023

BN 2/2023

Riadenie starnutia a dlhodoba prevadzka jadrovych elektrarni
(3. vydanie — revidované a doplnené)




Scope of the AMP based on
understanding ageing

Preventive actions to minimize
and control ageing effects

Detection of ageing effects

Monitoring and trending of
ageing effects

Mitigation of ageing effects

Acceptance criteria

Corrective actions

Operating experience
feedback and feedback of
R&D results

Quality management

Structures (including structural elements) and components subject to ageing management.

+ Understanding of ageing phenomena (significant degradation mechanisms, suscepfible sites):

> Structure or component materials, service conditions, stressors, degradation sites, degradation mechanisms and ageing effects.
» Structure or component condition indicators and acceptance criteria.

» Quantitative or qualitative predictive models of relevant ageing phenomena.

» Specification of preventive actions.
+ Determination of service conditions (i.e. environmental conditions and operating conditions) to be maintained and operating practices
aimed at precluding potential degradation of the structure or component.

» Specification of parameters to be monitored or inspected.
» Effective technology (inspection, testing and monitoring methods) for detecting ageing effects before failure of the structure or component.

+ Condition indicators and parameters monitored.
+ Data collected to facilitate assessment of structure or component ageing.
+ Assessment methods (including data analysis and trending).

Operations, maintenance, repair and replacement actions to mitigate detected ageing effects and/or degradation of the structure or
component.

Acceptance criteria against which the need for corrective actions is evaluated.

Corrective actions if a structure or component fails to meet the acceptance criteria.

Mechanism that ensures timely feedback of operating experience and research and development results (if applicable) and provides
objective evidence that they are taken into account in the AMP.

« Administrative controls that document the implementation of the AMP and actions taken.

+ Indicators to facilitate evaluation and improvement of the AMP.

« Confirmation (verification) process for ensuring that preventive actions are adequate and appropriate and that all corrective actions have
been completed and are effective.

* Record keeping practices to be followed.



Setting the scope of SSCs for LTO evaluation

At present, there is no prescribed list of SSCs that are subject to periodic
replacement or planned refurbishment, and at the same fime are not required by

regulatory oversight to be included in the scope for ageing management.
Output of SSCs scope setting Phase 1 s

v' List of SSCs for their LTO evaluation

v" List of SSCs included in the scope for ageing management that contains

v In-scope structures and components, and their parts

v In-scope commodity groups of structures and components



Setting the scope of SSCs for LTO evaluation

Only SSCs that are not subject to periodic replacement or planned renewal, nor excluded by the regulatory

authority, but identified in the phase of scope setting of SSCs for ageing management, enters the process of
identifying AMPs.

The purpose of identifying AMPs is to identify SSCs that are subject to ageing mechanisms and/or that are

subject to time limited ageing analyses (TLAAS).

Output of SSCs scope setting Phase 2 is :

v

v

List of SSCs, for which it is needed to review validity / modify AMPS for the scope of ageing management.
List of SSCs, for which it is needed to develop AMP for the scope of ageing management.

List of SSCs, for which it is needed to review validity / modify TLAA in the frame of AMP for the scope of
ageing management.

List of SSCs, for which it is needed to develop TLAA for the scope of ageing management.

List of SSCs, for which it is needed review validity / modify other plant programmes for the scope of
ageing management.



Setting the scope of SSCs for LTO evaluation

= The relevant legislation (Afomic Act, Decree on requirements for nuclear safety)

categorizes plant SSCs into safety classes following their importance for nuclear
safety, safety function of the system of which they are a part and severity of their

potential failure.

= Some criteria for scope setting of SSCs for (their) LTO evaluation may be repeated /
overlapped. So the same device can be selected in the scope for LTO evaluation by

the use of two (or more) criteria.

= At present, there are no known SSCs that would be required by the requirements of the
regulatory authority to be included in scope for LTO. However, the methodology for

scope setting of SSCs for (their) LTO evaluation foresees this |



National safety classification of SSCs

a) 1 SKK délezité pre bezpeénost, ktoré zabezpecuju integritu tlakovej hranice chladiaceho okruhu reaktora
BT | zariadenia tvoriace hranicu chladiaceho okruhu reaktora s vynimkou tych zariadeni, ktorych poskodenie mozno kompenzovaf normdalnym systémom dopliiovania chladiva

BT Ila) tvoriace hranicu chladiaceho okruhu jadrového reaktora a nepatria do BT 1,

a) 2 SKK dolezité pre bezpeéné odstavenie reaktora a jeho udrZiavanie v bezpeénych podmienkach odstavenia

na odstavenie reakfora za stavu abnormdlnej prevdadzky, ktory by mohol viest k havarijnym podmienkam, a na odstavenie reaktora s cielom zmiernit nasledky havarijnych

BT 110) podmienok

na udrzanie dostatocného mnozstva chladiva na chladenie aktfivhej zony reaktora pocas havarijnych podmienok, pri ktorych nedoslo k poruseniu chladiaceho okruhu

BTII®) " eqkiora, a po tychio podmienkach

BTIld) na odvod teplaz AZ pri poruseni chladiaceho okruhu reaktora s cielom obmedzit poskodenie paliva
BT lle) na odvod zostatkového tepla pri normdlnej a abnormdlnej prevdadzke a pri havarijnych podmienkach, ked nedoslo k poruseniu integrity chladiaceho okruhu reaktora
BT lla) na zabrdnenie nepripustnych prechodovych procesov spojenych so zmenami reaktivity

BT llb) na udrzanie reaktora v podmienkach bezpecného odstavenia po kazdom z jeho odstaveni

a) 3  SKK, ktoré su dolezité pre zabranenie, alebo zmiernenie nasledkov udalosti, ktord mdzZe viest k uniku radioaktivity
BT Ild) na odvod tepla z AZ pri poruseni chladiaceho okruhu reaktora s cielom obmedzit poskodenie paliva
BTIIf) nazabrdanenie Unikov radioaktivnych latok z paliva do okolia
BTIlg) nevyhnutné na obmedzenie unikov radioaktivnych Iatok z oZiareného paliva z ochrannej obdlky pri havarijnych podmienkach a po ich uplynuti
BT Ilh) uréené na obmedzenie prieniku ionizujuceho Ziarenia mimo ochrannej obdlky pri havarijnych podmienkach a po ich uplynuti

BTIlj) urCené na prepravu vyhoretého jadrového paliva



National safety classification of SSCs

a) 3  SKK, ktoré su dolezité pre zabrdnenie, alebo zmiernenie ndsledkov udalosti, ktord moze viest k Uniku radioaktivity
BTIIk) nazabrdnenie unikov radioaktivnych Iatok do Zivotného prostredia.

BT Il &) nevyhnutné na udrzanie oZiarenia obyvatelstva a zamestnancov jadrového zariadenia pod stanovenymi limitmi v priebbehu havarijnych podmienok spojenych s unikom
radioaktivnych Iatok a ionizujuceho zZiarenia zo zdrojov nachddzajucich sa mimo ochrannej obdlky, ako aj po tychto havarijnych podmienkach
BTIl@) na zabrdnenie radioaktivnych unikov z oZiareného paliva pri jeho skladovani na uzemi jadrového zariadenia, pri normdinej a abnormalnej prevadzke

nevyhnutné na obmedzenie vypustov alebo unikov tuhych, kvapalnych, alebo plynnych radioaktivnych Iatok a ionizujuceho Ziarenia pod ustanovené limity pri normalnej a

B i m) abnormdinej prevadzke

BT llm) urCené na prepravu jadrovych materidlov a radioaktivnych odpadov v zdsielkach typu B(U), BMM) a C

b) SKK ktorych porucha méze zabrdnit dostatoénému plneniu bezpeénostnych funkcii zariadenia uvedeného v pismene a) 1, 2, 3

nevyhnutné z hladiska plnenia bezpe&nostnych funkcii na doddvku energii, alebo na riadenie ostatnych komponentov zaradenych do BT |, alebo Il a ur€ené na prevdadzku

BT v prostredi, ktoré vznikne po havdrii so stratou chladiva z chladiaceho okruhu reaktora, alebo po havdrii s prasknutim vysokoenergetickych potrubi
BT lllc) na udrzanie dostato&ného mnozstva chladiva na chladenie AZ pri normdinej a abnormdainej prevadzke

na odvod tepla z bezpecnostnych systémov az do prvého akumulacného objemu dostacujuceho z hiadiska plnenia bezpe&nostnych funkcii — okrem zakladnych systémov

BT Il ) odvodu tepla zaradenych do BT Il. pism. d) a e),

nevyhnutné na udrZzanie podmienok prostredia vnutri jadrového zariadenia potrebnych na prevadzku bezpe&nostnych systémov a na pristup zamestnancov k pineniu
Cinnosti ddleZitych pre jadrovd bezpecnost

BT Il f)
BT Il h) na odvod zostatkového tepla z oZziareného paliva skiadovaného na Uzemi jadrového zariadenia

BT lIl) nevyhnutné na udrzanie dostatocnej podkriticnosti paliva skladovaného na Uzemi jadrového zariadenia

BT IIIj) nevyhnutné z hiadiska plnenia bezpe&nostnych funkcii na doddavku energii, alebo na riadenie ostatnych komponentov, ktoré nie su zaradené do BT |I

nevyhnutné z hiadiska plnenia bezpecnostnych funkcii na zabezpelenie funk&nej schopnosti ostatnych komponentov zaradenych do BT | oz Ill, ktoré sa netykaju systémov

BTl 4 kontroly riadenia, alebo dodavok energii

BT urCené na nakladanie s jadrovymi materidlimi, radioaktivnym odpadom a vyhoretym jadrovym palivom



LTO assessment

The assessment of the plant LTO must be carried out at the latest at the
last periodic safety review (PSR) before the expiry of the operating
period according to the tfimeframe originally specified** in the operating
licence for the nuclear installation, in the original design, in standards, in

the national general binding legislation or estimated from the economic

refurn on investment in the plant design.

Regulatory Safety Guide 1/2020 ,Comprehensive PSR™

*x In conditions of our company, the original fimeframe is 30 years of operation of the nuclear unit from the proof-of-
concept test run at nominal power (the test run lasts144 hrs).



Obligation to develop and implement

LTO programme

To maintain safety and reliability of plant
operation in order fo ensure its optimal
economic use and in accordance with
the requirements of the legislation, the
licensee is obliged to develop and

implement a LTO programme.

Regulatory SG 2/2023 ,Ageing management and LTO of NPPs”

URAD
JADROVEHO DOZORU
| SLOVENSKE] REPUBLIKY

EDICIA

Bezpecnost’ jadrovych zariadeni

2023

BN 2/2023
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(3. vydanie — revidované a doplnené)




TLAAS: Review

Time limited ageing analyses (TLAAs) are plant specific
ageing analyses based on an explicitly considered
operational lifetime or plant design life (where time limited
assumptions were included in the original computational
analyses when determining the design life of a given structure

or component).

During its validity, TLAA must demonstrate safe and reliable
operational capability of the analyzed structure or component
throughout the planned LTO by demonstrating a sufficient
safety margin in remaining lifetime of the analyzed structure or

component.

URAD
JADROVEHO DOZORU
| SLOVENSKE] REPUBLIKY

EDICIA

Bezpecnost’ jadrovych zariadeni

2023

BN 2/2023

Riadenie starnutia a dlhodoba prevadzka jadrovych elektrarni
(3. vydanie — revidované a doplnené)




TLAAS: Content

JADROVEHO DOZORU

» technical conditions of a given solufion E URAD
| SLOVENSKE) REPUBLIKY

» description of the models used in computational analysis,
measurements, tests,

» operating parameters, loading history

EDICIA

Bezpecnost’ jadrovych zariadeni

» description of material properties

» description of computational analyses, measurements, 2023
tests

» results of calculations, measurements, tests and their
evaluation / interpretation

» conditions of TLAA validity with regard to applicable

. BN 2/2023
ageing processes

Riadenie starnutia a dlhodoba prevadzka jadrovych elektrarni
(3. vydanie — revidované a doplnené)

» conclusions, recommendations, proposed actions
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Requirements and recommendations
| -

IAEA Safety S

for protecting people and t nvironment

Safety Reports Series

Periodic Safet
Review for

Nuclear Powe Ageing Management for « g
Nuclear Power Plants: Ageing Management and

International Generic Ageing Long Term Operation of
Lessons Learned (IGALL)

Nuclear Power Plants:
Data Management, Scope
yetting, Plant Programmes
and Documentation

No. 82 (Rev. 2)

Specific Safety Guid
No. SSG-25

B)1AEA

ional mic Energy Agency

) IAEA

o nergy Agency



Requirement for LTO programme

Requirement 16: Programme for long term operation

IAEA Safety Standards

Where applicable, the operating organization shall establish and implement a
comprehensive programme for ensuring the long term safe operation of the plant
beyond a time-frame established in the licence conditions, design limits, safety

standards and/or regulations.

Safety of
4.53. Nuclear Power Plants:
R | Commissioning and
The justification for LTO shall be prepared on the basis of the results of a safety )
Operation

assessment, with due consideration of the ageing of structures, systems and
components. The justification for LTO shall utilize the results of PSR and shall be
submitted to the regulatory body, as required, for approval on the basis of an

analysis of the AMP, to ensure the safety of the plant throughout its extended Specific Safety Requirements
No. SSR-2/2 (Rev. 1)

operating lifetime.

{£:)1AEA

=& International Atemic Energy Agency




Requirement for LTO programme

4.54.

The comprehensive programme for long term operation shall address :

(a) Preconditions (incl. the current licensing basis, safety upgrading and verification,

and operational programmes)
(b) Sefting the scope for all structures, systems and components important to safety

(c) Categorization of structures, systems and components with regard to

degradation and ageing processes
(d) Revalidation of safety analyses made on the basis of fime limited assumptions

(e) Review of ageing management programmes in accordance with national

regulations

() The implementation programme for long term operation.

IAEA Safety Standards

Safety of

Nuclear Power Plants:
Commissioning and
Operation

Specific Safety Requirements
No. SSR-2/2 (Rev. 1)

{£:)1AEA

=& International Atemic Energy Agency




LTO assessment

LTO approval and

Key activities in review of LTO

implementation

: Prior to LTO assessment

@

Expected benefits
from LTO for
operating
organization

_’

Feasibility study

L

v

LTO concept

Regulatory requirements for
LTO, including PSR, as
appropriate

Evaluation of plant documentation and programmes
relevant to LTO, including for ageing management

Scope setting for LTO

Review of plant
programs for LTO

Ageing management review
(AMR) for LTO (including
review of AMPS)

Revalidation (review) of
time limited ageing
analyses (TLAAS)

LTO documentation ]

Interface with other
Regulatory requirements for
LTO, including PSR, as
appropriate

Regulatory review and approval

Implementation of
LTO programme

|IAEA Safety Standards

for protecting people and the environment

Ageing Management and
Development of a Programme for
Long Term Operation of

Nuclear Power Plants

Specific Safety Guide

No. SSG-48

(1) 1AEA

= International Atomic Energy Agency




Key activities

» Scope setting for LTO evaluation

> Review of management of ageing for SSCs important to

safety within the existing plant programmes™**
» Review of time limited ageing analyses (TLAAS)

» Ageing management review (AMR)

These activities are the most technically and time consuming !

* %%

Review of Maintenance, EQ, ISI, SUP, Water chemistry programmes
with regard o LTO.

IAEA Safety Standards

for protecting people and the environment

Ageing Management and
Development of a Programme for
Long Term Operation of

Nuclear Power Plants

Specific Safety Guide

No. SSG-48

(1) 1AEA

= International Atomic Energy Agency
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Centrum pre vedu a vyskum, s.r.0.
935 32 Kaina nad Hronom, &ast Mochovce 6
Slovenska republika

CENTRUM PRE
VEDU A VYSKUM

PROTOKOL O PREHODNOTENi ANALYZ
STARNUTIA S CASOVO OBMEDZENOU
PLATNOSTOU

Nazov:

Analyza zmeny materidlovych viastnosti tazkého beténu v
désledku starnutia JE EMO 1,2

Evidenéné &islo protokolu  4600014316/ACOP/STAV/0011/r1

Meno: Organizacia: Datum:
Vypracoval: | Prof. Ing. Vladimir Slugef, DrSc. UJFI FEI STU 1.3.2023
Doc. Ing. Rébert Hinca, PhD. UJFI FEI STU 1.8 43
Doc. Ing. Gabriel Farkas, PhD. UJFI FEI STU 49 2t
Ing. Jalius Dekan, PhD. UJFI FEI STU 1.3. 82
Overil: Ing. Miroslav Lipar CWV, s.ro. 2:3. 28
Odsuhlasil: Ing. Imrich Krajmer CWV, s.ro. ¥.3. 23
Schvalil: Ing. Miroslav Miklovi¢ CVV, s.ro. 70.3. 23




PLAN

Ageing Management Review

Preparing, coordinating and improving
activities necessary for ageing management

* Action plan for prevention and mitigation

* Monitoring or inspection and assessment plan
* Acceptance criteria

* Corrective action plan

ACT

Correction or
elimination of
ageing effects

Understanding ageing

DO

* Repair of degraded
locations (e.g. repair of
a weld) during
maintenance

* Corrective actions after
in-service inspection

* Change of parts

* Replacement of the
structure or component

* Further mitigatory
actions

* Current licensing basis

» Safety functions and other
intended functions

* Design and fabrication
processes

* Equipment qualification

* Operation and maintenance
history

* Generic and plant specific
operating experience

* Relevant research results

* Data and data trends from
condition monitoring,
inspection and maintenance

CHECK

Prevention and
mitigation of potential
degradation mechanisms

* Operation of SSCs in
accordance with specific
procedures

* Water chemistry
programme or other
chemistry controls

* Environmental controls

* Use of better material or
an improved weld
method

* Coating or other surface
treatments

|IAEA Safety Standards

Ageing Management and
Development of a Programme for

Long Term Operation of
Nuclear Power Plants

Specific Safety Guide

Detection, monitoring and

assessment of ageing effects

* [n-service inspection programmes

* Time based overhaul maintenance programmes and
condition based maintenance programmes

» Surveillance programmes, including functional tests

» Comparison against acceptance criteria

* Determination of the current status

No. SSG-48

(B 1AEA

International Atomic Energy Agency



CENTRUM PRE
VEDU A VYSKUM

PROTOF

Evidenéné gislo protokolu

CENTRUM PRE
VEDU A VYSKUM

Meno
\Vypracoval | In
QOveril: Ing. Mirog
QOdsuhlasil: Ing. Imric
Schvalil: Ing. Mirog

PROTOK

Evidenéné Eislo protokolu

CENTRUM PRE
VEDU A VYSKUM

Meno
Vypracoval Ing. Marce|
Overil: | Ing. Miros|
Odsuhlasil: Ing. Imrich
‘Schvali | Ing. Mirosi4

PROTOK

Evidenéné ¢&islo protokolu 4

Meno
Vypracoval _ Ing. Dusan
Overil: Ing. Mirosia|
[ Odsuhlasil: | Ing. Imrich
Schvalil: | Ing. Mirosla|

Centrum pre vedu a vyskum, s.r.o.
935 32 Kalna nad Hronom, cast Mochovce 6
Slovenska republika

: CENTRUM PRE
VEDU A VYSKUM

PROTOKOL O PREVIERKE RIADENIA
STARNUTIA

SO 800/1-01 Budova reaktorov
I. Hlavny vyrobny blok JE EMO 1,2

Evidenéné gislo protokelu  4600014316/PRS/STAV/0001/r0

Meno Organizacia { Datum Podpis
Vypracoval Ing. Daniel Befaéka CVV, s.ro. i 31.12.2021 AR
y,
Overil: Ing. Mireslav Lipar CWV, s.ro. | 31.12.2021 \f
Odsuhlasil Ing. Imrich Krajmer CW.sro. | 31122021 | [‘uylly

44
Schvalil: Ing. Miroslav Miklovié CVV, s.ro. | 31.12.2021 Wl F !




Ageing Management Review

1) Assessment of

SC’s current physical
status

2) ldentfification of
ageing effects

management of ageing

3) Review of
programmes for

4) Demonstration that
ageing effects are
managed for LTO

Description / Summary /
Information about: current status

What are the identified and
potential ageing effects
applicable for SCs?

What are the programmes / activities
applied to SCs?; Are they sufficient?

How the ageing effects are managed for
LTO period?

1.1 Design requirements

1.2 Data identification of integrity
and functional capability

1.3 Data identification of lifetime
assessment

1.4 Scope and results of tests /
inspections demonstrating
functional capability

1.4.1 Tests and inspections applied on
SCs

1.4.2 Evaluation of tests and inspections
suitability and sufficiency /
adequacy

1.4.3 Significant finding affecting SCs
functional capability

1.5 Summary of current physical
status assessment

2.2

23

24

25

Identification of materials and
stressors

Identification of ageing effects -
list of degradation mechanisms /
ageing effects from our plant(s) +
IGALL;

Methods for detection of identified
ageing effects

Evaluation of the SCs operation
history and maintenance

Evaluation of operational
experience

3)

3.1

3.2

3.3

3.4

3.5
3.6
3.7

3.8

3.9

Review of plant programmes for
management of ageing is carrying
out by consistency check against
the 9 attributes of an effective AMP.
Scope of the ageing management
programme based on understanding
ageing

Preventive actions to minimize and
control ageing effects

Detection of ageing effects

Monitoring and trending of ageing
effects

Mitigation of ageing effects
Acceptance criteria
Corrective actions

OPEX feedback and feedback of R&D
results

Quality management

Based on the results of review, demonstration
that aging effects are adequately managed for

planned LTO period consists of:

1) Documentation of identified ageing
effects

2) Identification of programmes for
managing the ageing affects

3) Description of way / approach how the
identified ageing effects are managed by
plant programmes / activities — focus on
evidence that programmes include one or more
activities aimed to detection and mitigation of
ageing effects (prevention, mitigation, condition

monitoring, performance monitoring activities)



Generic attributes of an effective AMP

Each AMP should be consistent with
the above nine attributes
as should
any other plant programme or process
that is used

to manage the ageing effects |




Implementation of

LTO programme
for Bohunice 3,4




Milestones

Date of issue of a licence for a start of tfest operation

is considered as start of operation for the purpose of a start of LTO date setting.

hitps://pris.iaea.org/PRIS/CountryStatistics/ReactorDetails.aspx?current=546

il
-' ‘ll--ll
N r'v‘-!mu!m‘

** Decision issued after submission of PSR final report in 2008


https://pris.iaea.org/PRIS/CountryStatistics/ReactorDetails.aspx?current=546

Zoznam sprav programu schvalovania dlhodobej prevadzky

[1] Koncept "Dlhodobej prevadzky JE V2", rev.1, sprava VUIE ev.¢.V01-5401810/DT/1213.01
[2] Program zabezpecovama kvality a organizaéné zabezpecenie DP JE V2, rev.3, sprava VUJE ev.¢.VO1-
5401810/RD/QA/PK.04
[3] Program dlhodobej prevadzky JE V2, rev.2, sprava VUJE ev.¢.V01-5401810/TD/1214.02
[4] Metodika vyberu zaradeni JE V2 pre program dlhodobej prevadzky. rev.1. sprava VUIE ev.¢.V01-
5401810/TD/1221.01
[5] Zoznam zaradeni vybranych pre hodnotenie dlhodobe) prevadzky JE V2, rev.1, sprava VUJE ev.¢.V01-
5401810/TD/1222 1223.02 TS
[6] Analyzy s ¢asovo obmedzenou platnost'ou - metodicky popis, rev.2, sprava VUJE ev.¢. V01-5401810/TD/1224.02
[7]1 Navrh prostredia a schematizicia vlastnosti databazy DP JE V2, sprava VUIE, ev.¢.V01-5401810/TD/1232.00
[8] Sumarizdcia poziadaviek na databazu DP JE V2, sprava VUIE ev.¢.V01-5401810/TD/1231.00
[9] Studia realizovatelnosti pre dlhodobu prevadzku JE V2, rev 3, sprava VUJE ev.¢.V01-5401810/TD/1212.03
[10] Metodika hodnotenia programov riadenia starnutia, rev.1. sprava VUIE ev.¢.V01-9000111/6.6/TD/PRS_r00.1
[11] Metéda viberu a revizie analyz s &asovo obmedzenou platnostou, spriva VUIE ev.& V01-2000111/6.6/TD/ACOP 101.1
[12] Metodika pre reviziu programov starostlivosti pre zariadenia s kratkodobou Zivotnost'ou z pohl'adu DP JE V2, rev.1,
sprava VUJE ev.¢.V01-9000111/6.6/TD/Prg_rev00.1
[13] Databéza DP JE V2 - Navrh Struktiry databazy. rev.1, sprava VUJE ev.¢. V01-9000111/6.6/TD/DTB_100.1
[14] Preskumanie vplyvu dlhodobej prevadzky jadrového zaniademia na Zivotné prostredie, sprava VUJE ev.¢.V01-
9000111/6.6/TD/ ZPr_100.1
[15] Hodnotenite vplyvu dlhodobej prevadzky jadrového zartadenia na Zivotné prostredie, sprava VUIE ev.¢.V01-
9000111/6.6/TD/ ZPr II. &ast 101
[16] Preskumanie vplyvu tvorby radioaktivnych odpadov v podmienkach dlhodobej prevadzky, sprava VUJE ev.¢. VO1-
9000111/6.6/TD/NRaO_r00.1
[17] Posudenie vhodnosti a tplnosti programov tdrzby a kvalifikacie, rev.1, sprava VUJE ev.c.V01-
9000111/6.6/TD/Prg_r00.2/S
[18] Vysledky revizie ACOP, 1.etapa, sprava VUIE ev.8.V01-9000111/6.6/TD/ACOP_100.2
[19] Sumarizécia zisteni a navrh napravaych opatreni pre ACOP - 1 etapa rieSenia, sprava VUJE ev.¢ VO1-
9000111/6.6/TD/ACOP_100.3
[20] Sumarizdcia prac vykonanych v oblasti hodnotenia PRS za rok 2011, sprava VUIE ev.¢.V01-
9000111/6.6/TD/PRS_r00.2
[21] Hodnotenie vybranych zanadeni s kratkou dobou Zivotnosti. Hodnotiace histy - Strojné komponenty priméarneho okruhu,
spravy VUIE ev.c.:
V01-9000111/6.6/TD/HL/Stro)/1.1-PO_101
V01-9000111/6.6/TD/HL/Stroj/2.1-PO 101
V01-9000111/6.6/TD/HL/Stroj/3.1-PO_100
[22] Hodnotenie vybranych zariadeni s kratkou dobou zivotnosti. Hodnotiace listy - Strojné komponenty sekundarneho
okruhu, spravy VUIE ev.c.:
V01-9000111/6.6/TD/HL/Stroj/1.1-SO_101
V01-9000111/6.6/TD/HL/Stroy/2.1-S0_r01
V01-9000111/6.6/TD/HL/Stroj/3.1-SO_100
[23] Hodnotenie vybranych zariadeni s kratkou dobou zZivotnosti. Hodnotiace listy - Elektrické komponenty, spravy VUJE
ev.es
V01-9000/111/6.6/TD/HL/ELE/1.3_101
V01-9000/111/6.6/TD/HL/ELE/2.3_101
V01-9000/111/6.6/TD/HL/ELE/3.3_100
[24] Hodnotenie vybranych zariadeni s kratkou dobou Zivotnosti. Hodnotiace listy - SKR, spravy VUJE ev.¢.
V01-9000/111/6.6/TD/HL/SKR/1.2 101
V01-9000/111/6.6/TD/HL/SKR/2.2 101
V01-9000/111/6.6/TD/HL/SKR/3.2_100
[25] Hodnotenie vybranych zariadeni s dlhou dobou Zivotnosti. Protokoly o previerke ACOP - Strojné komponenty, spravy
VUIE ev.c.:
V01-9000111/6 6/TD/PROT/ACOP_r01/STROJ/1.1
V01-9000111/6 6/TD/PROT/ACOP r00/STROJT/2.1
[26] Hodnotenie vybranych zariadeni s dlhou dobou Zivotnosti. Protokoly o previerke ACOP - Stavby. spravy VUJE ev.é -
V01-9000111/6 6/TD/PROT/ACOP r00/Stavba/l 2
V01-9000111/6 6/TD/PROT/ACOP_r00/Stavba/2 2
[27] Hodnotente vybranych zariadeni s dlhou dobou Zivotnosti. Protokoly o previerke PRS - Strojné komponenty. spravy
VUIE ev.¢.V01-9000111/6.6/TD/PROT/PRS/STROJ_zaver
[28] Hodnotenie vybranych zariadeni s dlhou dobou Zzivotnosti. Protokoly o previerke PRS - Elektrické komponenty, spravy
VUIJE ev.¢.V01-9000111/6.6/TD/PROT/PRS/ELE_zaver
[29] Hodnotenie vybranych zariadeni s dlhou dobou Zivotnosti. Protokoly o previerke PRS - SKR, spravy VUIE ev.¢. VO1-
9000111/6.6/TD/PROT/PRS/SKR_zéver
[30] Hodnotenie vybranych zariadeni s dlhou dobou Zivotnosti. Protokoly o previerke PRS - Elektrické komponenty + SKR
spravy VUJE ev.¢.V01-9000111/6.6/TD/PROT/PRS/ELE+SKR zaver

584 cvaluation reports
plus another 34 reports

15 000 pages

[31] Hodnotenie vybranych zariadeni s dlhou dobou zivotnosti. Protokoly o previerke PRS - Stavba, sprava VUJE ev.¢.VO1-
9000111/6.6/TD/PROT/PRS/Stavba_zaver

[32] Kvalifikdcia zariadeni JE V2 z hl'adiska dlhodobej prevadzky, sprava VUIJE ev.¢.V01-9000111/6.6/TD/RPS II
cast_1.etapa/TS2_r00_S

[33] Hodnotenie systému programov prevadzkovych kontrol z pohl'adu dlhodobej prevadzky JE V2, sprava VUJE ev.¢.V01-
9000111/6 6/TD/RPS 1T éasf_1 etapa/TS3_100_S

[34] Hodnotenze systému programov diagnostiky z pohl'adu dlhodobe) prevadzky pre zanademnia s kratkodobou zivotnostou
JE V2, sprava VUIE ev.¢.V01-9000111/6.6/TD/RPS II ¢ast’_1.etapa/TS4_100_S

[35] Hodnotente systému programov udrzby zariadeni z pohladu dlhodobe) prevadzky JE V2, sprava VUJE ev.¢.: VO1-
9000111/6.6/TD/RPS II éast_1.etapa/TS1 101 S

[36] Monitorovanie chemickych rezimov z pohladu DP JE V2, sprava VUJE ev.¢ . V01-9000111/6.6/TD/RPS IT
cast_1.etapa/TS5_101_S

[37] Databéza Projektu DP JE V2 - Prirucka pouzivatela, rev.1, sprava VUJE ev.¢.V01-
9000111/6 6/TD/DTB_II Zast _1.et/TS 01_S

[38] Realizacia databazy Projektu DP - ¢ast I, sprava VUIE ev.¢.V01-9000111/6.6/TD/DTB_r01.1

[39] Databéza Projektu DP - Pouzivatel'ska priru¢ka - Sprava, sprava VUIE ev.¢ V01-
9000111/6.6/TD/DTB/Spriva_III éast_r00

[40] Sumarizacia zisteni a navrh napravnych opatreni - Nilezy a odporicania pre zariadenia s kratkodobou Zivotnostou,
spréva VUIE ev.¢ V01-9000111/6.6/TD/RPS TIéast/SUMAR_101/TS1_S

[41] Analyza dopadov DP na BS a odporti¢ama pre revizin BS vo vzt'ahu na DP — revizia bezpecnostne) spravy - IL. ¢ast’,
spravy VUJE ev.¢.V01-9000111/6.6/TD/RevBS_II.¢ast_r01/ANaOdp.

[42] Sumarizicia zisteni, navrh a zapracovanie napravnych opatreni — revizia prevadzkovych predpisov - IL ¢ast’, sprava
VUIJE ev.€.V01-9000111/6.6/TD/RevPP_II¢ast r01/Sumar

[43] Posudenie vhodnosti a uplnosti uchovavania vedomosti, sprava VUIE ev.¢.VO1-
9000111/6.6/TD/RevSUV/Posudenie/TS_101

[44] Dlhodoba prevadzka - sumarizacna sprava, sprava VUIE ev.¢. V01-9000111/6.6/TD_Dokalmp II.¢ast_Sumarspr_r00

[45] Zaverecné hodnotenie programu DP JE V2, sprava VUIE ev.¢. V01-9000111/6.6/TD_Dokalmpl IT ¢ast_Zaverspr.1_r00
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ATOMOVE ELEKTRARNE BOHUNICE

Material na rokovanie porady vedenia SE
dna: 18.11.2014

EBO-MATPV-11/2014-33
Akény plan napravnych opatre
programu dlhodobej prevadzky J

Dévod predloZenia: 'Akergy‘p:fgz‘,_ ych opatrent programu dihodobef i
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ATOMOVE ELEKTRARNE BOHUNICE

Jaslovské Bohunice
dna: 21.10.2024
RZ: AC6/20100/LK

Material na rokovanie porady vedenia SE-EBO

dna: 21.10.2024

EBO-MATPV-10/2024-26

,,Hodnotenie plnenia opatreni akéného planu
programu dlhodobej prevadzky JE EBO V2“

Dovod predlozenia:

PredloZenie spravy o postupe plnema opatreni akéného planu programu
dihodobej prevadzky JE EBO V2 Uradu jadrového dozoru SR

Vypracoval: Ing. Ludovnt upca, PhD. Predklada:

pecialista pre dlhodobu

Ing. Jan Bora
manazér progrgmov

prevédzku riadlenia vyroby
Klasifikatny stupei: interné Znak hodnoty — Lehota uloZenia: 5
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RZ AC8/20100/LK Lehota uloZenia 5
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Review of
comprehensive LTO

programme for
Mochovce 1,2
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Milestones

Date of issue of a licence for a test operation

is considered as start of operation for the purpose of a start of LTO date setting.

hitps://pris.iaea.org/PRIS/CountryStatistics/ReactorDetails.aspx?current=550



https://pris.iaea.org/PRIS/CountryStatistics/ReactorDetails.aspx?current=550

Objectives

Comprehensive LTO programme for NPPs in SR is of the company top priorities.

LTO programme is part of the Company’s Integrated Policy: point 13) Manage existing production and
tfechnical base of NPPs so that it is usable in the long term. Ensure the LTO programme, including

managerial, material and human resources for its implementation.

The implementation of the comprehensive LTO programme for Mochovce 1,2 is carried out as a separate

safety assessment within the legislative framework given by the regulatory decree on PSR.

The objective of the programme is o demonstrate that the plant equipment (SSCs), which are the subject
of the programme, will perform the required safety functions throughout the planned operating life of at

least 60 years.

The programme is designed to meet national legislative requirements and infernational recommendations.
At the same time, its implementation will create conditions for plant safe and reliable operation of at least

60 years.

The generation contribution is expected to be about 220 TWh (2028-2060).



Review of LTO programme for EMO 1,2

19-22 Mar
2024 SALTO
EM Areas B-
E

Oct 2027 End of PSR with Reference Date 31 Mar 2027

N —— Submittal of documentation to LTO e

29 May 2020
Methodical Guidance
for LTO Assessment

30 Jun 2025 Integrated
Corrective Actions Plan

28 Jul 2019 LTO
Programme
(Concept)

31 May 2024
Summary Report

2019-2020 Prior to LTO Assessment 2020-2024 LTO Assessment

2025-2028 LTO Approval and Implementation

d =
Jul 2025 - Dec 2028 Implementation of

\ Corrective Actions /
frye—y ]

Oct 2026 Start of PSR with

‘\@109 Date 31 Mar 2027

10 Dec 2019 Quality
Management
Programme

30 Jun 2024 Final Evaluation
Report

31 Mar 2021 LTO Scope Setting




1.
1.1
1.2
1.3

1.4

1.5
1.6
1.7

1.8

1.9

2
2.1
22
2.3
24
2.5
2.6

2.7

2.8

3.
3.1
3.2
33

What has dlready been done

Deliverables (documentation produced):
Required by the national legislation in order to maintain the valid operating licence
throughout the intended LTO timeframe

PRIOR TO LTO ASSESSMENT

Comprehensive LTO programme (conceptual document)
Organizational arrangements for the programme (quality management)
Scope setting for LTO (methodical guidance)

Review of management of ageing for SSCs important to safety within existing plant programmes with regard to LTO
(methodical guidance)

Review of time limited ageing analyses with regard to LTO (methodical guidance)
Ageing management review (methodical guidance)

Revision of operating procedures with regard to LTO (methodical guidance)
Assessment of the human resources, competencies and knowledge management system for the LTO programme
(methodical guidance)

Verification of the maintenance of safety skills, attitudes and expertise at the nuclear installation, including verification
that long tferm policy objectives for human resources are developed and met (methodical guidance)

LTO ASSESSMENT

Scope setting for LTO

Review of management of ageing for SSCs important to safety within existing plant programmes with regard to LTO
Review of time limited ageing analyses with regard fo LTO

Ageing management review

Revision of operating procedures with regard to LTO

Assessment of the human resources, competencies and knowledge management system for the LTO programme

Verification of the maintenance of safety skills, attitudes and expertise at the nuclear installation, including verification
that long term policy objectives for human resources are developed and met

Final evaluation report

LTO APPROVAL AND IMPLEMENTATION
Summary report

Integrated corrective actions plan
Implementation of corrective actions

01/2019-05/2020
06/2019-12/2019
01/2019-12/2019
01/2020-05/2020

01/2020-05/2020

01/2020-05/2020
01/2020-05/2020
01/2020-05/2020

01/2020-05/2020

01/2020-05/2020

06/2020-12/2024
06/2020-03/2021
03/2021-03/2024
03/2021-03/2024
03/2021-03/2024
03/2021-12/2023
03/2021-12/2023

01/2024-06/2024

01/2024-06/2024
01/2024-12/2028
01/2024-05/2024
06/2024-06/2025

09/2025-12/2028

2019 2020 2021
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Ageing Management Review

SCs = structures and components

type of SCs AMR reports produced SCs reviewed
Mechanical 125 0176
ELE / I&C 15 1 435
Civi 28 1013
TOTAL 168 11 624

Degradation mechanisms have been identified for each SC reviewed.



Main Deliverables

evaluated area number of produced documents

Review of management of ageing for SSCs important to 5
safety within existing plant programmes Review of M. EQ. ISl SUP. Ch

Time limited ageing analyses (TLAAS) 4 ]

29 Mech, 1 ELE/I&C, 11 Civil
Ageing management review (AMR) ] 68

125 Mech, 15 ELE/I&C, 28 Civil
Revision of knowledge retention system 2
Review of operating procedures 4

Atotal 277 documents were produced (infroductory and final summary documents, methodical guidance, evaluation sheets, TLAA
and AMR reports) = more than 10 000 pages of text



Corrective actions

evaluated area 245 corrective actions

Review of management of ageing for SSCs important to safety within 2 ]

existing plant programmes Review of M, EQ, ISI, SUP, Ch

TLAAs that are NOT valid for LTO (60 years) = new to be elaborated 70
66 Mech, 4 ELE/I&C

Ageing management review (AMR) ] ] 5
82 Mech, 18 ELE/I&C, 15 Civil

Revision of knowledge retention system ]

Study of supporting documentation 38

Atotal 277 documents were produced (infroductory and final summary documents, methodical guidance, evaluation sheets, TLAA
and AMR reports) = more than 10 000 pages of text



Recommendations

evaluated area 260 recommendations

Review of management of ageing for SSCs important to safety within 2 7

existing plant programmes Review of M., EQ, ISI, SUP, Ch

Time limited ageing analyses (TLAAS) 2
2 Mech
Ageing management review (AMR) ] 59

94 Mech, 7 ELE/I&C, 58 Civil

Revision of knowledge retention system 3

Study of supporting documentation 69

Atotal 277 documents were produced (infroductory and final summary documents, methodical guidance, evaluation sheets, TLAA
and AMR reports) = more than 10 000 pages of text



Final result

The preparation, implementation and evaluation of the LTO of Mochovce 1,2 NPP

show that the plant has a functional comprehensive LTO programme.




SLOVENSKE
ELEKTRARNE

Thank you for your attention

Dakujem za pozornosf

Long Term Operation of NPPs in Slovak Republic

DELISA-LTO Workshop
Ludovit Kup&a | 14 Feb 2025 | KoCovce
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SLOVENSKE
ELEKTRARNE

Questions ?

Long Term Operation of NPPs in Slovak Republic

DELISA-LTO Workshop
Ludovit Kup&a | 14 Feb 2025 | KoCovce
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framatome
Intercontrole

NDT APPLICATIONS
IN NUCLEAR FIELD

Alexandre BLEUZE
Senior UT Expert FRAMATOME
14/02/2025

Winter University 2025, Slovakia




Framatome

For over 65 years, Framatome's teams have

been involved in developing safe, competitive,

clean, low-carbon nuclear energy worldwide by:
+ designing nuclear power plants,

* Supplying and commissioning nuclear steam supply
systems,

+ designing and manufacturing components and fuel
assemblies,

* integrating automation systems,
+ and servicing all types of nuclear reactors.

Framatome is the original equipment
manufacturer of 84 nuclear power plants
in operation.

« €41 billion revenue in 2023

» €4.8 billion new orders

framatome




Worldwide presence

China

France

* Beaumont

¢ Chalon-sur-Sadne
e Cherbourg

e Frans

* Grenoble

e Jarrie

* Jassus-Riot
* Jeumont

¢ LeCreusot
e LesAchards

*  Lyon

*  Marseille

¢ Massy

* Maubeuge

*  Montbard

*  Montreuil-Juigné
¢ Orsan

*  Paimboeuf

e Paris

*  Romans-sur-Isére
*  Rugles

*  Rungis

e Saint-Marcel
*  Saint-Paul-lez-Durance
e Sully-sur-Loire

¢ Ugine
Germany
e Erlangen

*  Karlstein

+ Lingen
USA

* Benicia

e Charlotte

«  Christiansburg

«  Cranberry Township
*  Jacksonville Houston
¢ Lynchburg

*  Mansfield

* Richland

Re

Beijing

Daya Bay
Deyang
Haiyan
Lianyungang
Shanghai
Shenzhen
Taishan

st of the world o

Belgium: Brussels
Brazil: Rio de Janeiro, Angra dos Reis
Bulgaria: Sofia, Kozloduy

Canada: Pickering, Kincardine, Montreal

Czech Republic: Prague, Dukovany
Finland: Olkiluoto

Hungary: Budapest, Paks

Japan: Tokyo

Romania: Bucarest

Russia: Moscow

Slovakia: Bratislava

South Africa: Cape Town

South Korea: Seoul, Gwanggyo
Spain: Zaragoza, Tarragona, Madrid
Sweden: Helsingborg

Switzerland: Baden

Ukraine: Kiev

United Arab Emirates

United Kingdom: Bristol, Cranfield

* Locations can have multiple sites



Framatome/Intercontrdle provides safe, reliable, innovative and competitive NDT
for nuclear and industrial fields

Applied R&D,

Feasibility studies,

- Development (NDE methods, probes,
NDT as Nuclear Services software, tooling and robotics)

Automated Non-Destructive Testing Specific industrial systems
Softwares, probes and systems Integration and Qualification

Pre-Service and In-Service Inspection

Winter University 2025 — NDT applications in Nuclear Field
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NDT as Nuclear Services

Intercontrdle is specialized in automated non-destructive
testing of nuclear reactors primary circuit components

INTERVENTION : :
CAPACITY & >100 inspections per year

CERTIFICATIONS
2 hot WOl’kShOpS (tools storage and maintenance)

>155 ISO 9712 certified operators

Piping
Pressurizer Surge Line
Chemical and Valumetric Cantrol
System
Boran Injection Circuit
MECL 44 welds

Steam Generator

tubes
v METHODS Standard and Phased Array UT

U-bend tubes

Tube Support Plates Standard and multielement ET

Vessel Head
Bolting
Control Rod drive
Mechanism nozzles
Cladding

Pressure vessel

Vessel welds

Nozzie welds, Nozzle
Inner Radius, Nozzle
Inconel Repaired Zones,
M Supparts

Cladding

Bottom Mounted
Instrumentation

X and gamma RT
Visual testing
Steam Generator Penetrant testing

Helium leak test

Thermography
Leakage Testing

Internals and
instrumentation
Rod Control Cluster
Assemblies
Baffle to former bolts
In-core thimbles CODES &

S Guide tube pins ) STANDARDS RCC-M / RSE-M
ASME

Specific Customer Request

framatm Winter University 2025 — NDT applications in Nuclear Field 6



More than 350 RPV inspected worldwide
with the In-service Inspection Machine MIS

3 hot MIS (MIS7,
8 and MISB)

1 cold MIS EPR

UT & VT

Inspected zones

Nozzle Inner-Radius, Nozzle

Inconel repaired Zones

UT & RT

Nozzle to safe-ends
DMW and safe-end
to primary piping
welds

uT

Nozzle-shell welds

UT, VT

Under cladding
vessel shell core
area

uT

Bottom-to-shell weld

Ultrasonics (UT)
X and Gamma Radiography (RT)

Visual Testing (VT)
Eddy currents (ET)
Analysis software (CIVACUVE, CIVAMIS)

Reactor Pressure Vessel Inspection

uT

Flange thread ligaments

uT

Flange-to-shell weld

ET, UT & VT

Nozzle Inconel repaired
zones

Shell-shell weld (vessel wall) ‘

uT

UT & VT
M support

Winter University 2025 — NDT applications in Nuclear Field




Steam Generator (SG) tubes inspection

More than 5 millions tubes inspected worldwide

for defect detection on full tube length

= Rotating probe for higher sensitivity and defect
characterization in specific areas with suspected
degradations/flaws

to combine in
one path defect detection on full tube length and
characterization in specific areas with suspected
degradations/flaws

= Multi-frequency Eddy Currents
= Analysis software AIDA
= Helium leak detection




Primary Circuit Components Inspection

More than 100 inspections per year around the world

RPV Head Pressurizer Surge line
RPV Bolting Chemical and Volumetric Control system

Bottom Mounted Instrumentation (BMI) Boron injection Circuit
Rod Control Cluster Assemblies EPR welds of the MCL
Guide tube pins Safety injection Reactor
Baffle-to-former bolts Pump casing

In-Core thimbles

EPR Control Rod Drive Mechanism (CRDM)

METHODS
= ET, UT, PT, VT, RT

Winter University 2025 — NDT applications in Nuclear Field




Pre-Service Inspection : EPR FA3 Experience

NDE Method : UT/ET/VT/RT * NDE Method : ET/PT

FA3 PSI in 09/2017 bl UL . FA3PSIin 06/2016
FA3 PSI in 02/2017 and 02/2018 (44 welds)

NDE Method : UT/ET * NDE Method : UT + NDE Method : ET
FA3 PSI in 10/2017 « FA3 PSlin 10/2017 in Expertise mode + FA3PSlin 08/2016

fl'amatome Winter University 2025 — NDT applications in Nuclear Field 10




framatome
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NDT R&D, Development &
Qualification




R&D, Development & Qualification

The Technical and Projects Department : more than 85 engineers and technicians

Systems development

NDE methods AT e
development : ¥ and qualification

7 Feasibility study
UT/ET/VTI/TT ‘ _ :
: . Tooling and robotics
UT instead of RT < :
. P~ 3 Integration and
TT instead of PT/MT qualification

Project management

Probe design and
manufacturing

NDE data analysis

Severe environment : :
Signal processing

Life extension ; —
. Control command
High performance

fl'amatom Winter University 2025 — NDT applications in Nuclear Field 12



Examples of development

Nuclear reactor nozzle inner-
radius defect characterization
with a flexible phased-array UT
transducer

Nuclear reactor Pressure Vessel

Bottom Mounted Instrumentation
inspection

Nuclear reactor Pressure Vessel
nozzle Inner-radius inspection

Development et qualification

Stitching: image reconstruction software for
Tele Visual inspection

i i Jx.mu-mma.ma%h‘r'm i 13!

TV inspection with HELIOS
system

Thermic plant Pelton wheel
Inspection with APC (Active Photo
thermal Camera)

Winter University 2025 — NDT applications in Nuclear Field 13
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