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Executive summary

Since 2002, the European Commission (EC) has beepoging (FP6-PERFECT and FP7-
PERFORM 60) the development of simulation modelsedaon multi-physics and multi-scale
approaches, to be able to understand the origtheobnset of reactor pressure vessel (RPV) steel
embrittlement and the susceptibility of its intdeni Irradiation Assisted Stress Corrosion Cragkin
(IASCC). Indeed, the safe operation of a nucleacter depends on our capability of maintaining the
integrity of these important components.

The main aim of the commonly deployed effort isdevelop future tools useful for industrial and
research projects, related to the prediction ofeni@tbehaviour under nuclear power plant operating
conditions, by means of:

» A sharp understanding of the physical phenomena iatataction between them
(experimental tests, observations).

» An accurate definition of the several blocks neeftgdthe modelling— “localisation
strategy”.

» The simulation (as physically as possible) of thesesved local phenomena and
interaction between them, using powerful numerioals to bridge and homogenize
in time and space — "homogenization strategy”.

» The validation of the tools using representativ@ila experiments.

The development of multi-scale numerical tools atdesimulate the effects of irradiation on
materials microstructure, flow & fracture behavio8CC sensitivity, is a long term endeavour and
requires among others:

@ Development/improvement of appropriate mechanistiodels at different levels of
physics and engineering,

® Extension beyond the actual state of knowledgewesal scientific fields.
® Extensive experimental and theoretical validatibthe models at the appropriate scale.

@ Efficient and correct link between the differembdts of models bridging various space and
time scales

The collaborative project PERFORM 60 officially iséml on March 1st, 2009 for duration of 48
months and was extended by 10 months until DecerB0&8B. It was performed by a European
consortium comprising twenty organizations (3 tiéi8, 1 constructor, 9 national research centres
and 6 universities) from 7 different countries.

PERFORM 60 is based on two technical sub-projeamely Reactor Pressure Vessel (SP-1) and
Internals (SP-2). In addition, a Users' Group #mthing scheme have been established to allow
representatives of constructors, utilities and asde organizations from all over the world to
participate actively in the process of appraisimg limits and potentialities of the developed tcads
well as their validation against qualified expemta data. In fact, a close collaboration with an
international user group composed by 15 organisatariginating from USA, Japan, Russia, Korea,
UK, Sweden, Argentina, Finland and Switzerland, been established in the course of the project.

Furthermore, a significant effort has been madmaiie young researchers in the field of materials
degradation in the nuclear field aware of the pidérvalue of multi-scale modelling, and to
disseminate the results of PERFORM 60 among tHerdiit partners in international conferences,
peer-reviewed journals and via a dedicated web-site



This work has allowed the EU’s nuclear industryake a leading position in the field of numerical
simulation for residual lifetime prediction, to nmeakliscoveries and obtain insight into the physical
behaviour of nuclear materials, to optimize andilifate synergies among research centres,
universities and industries using relevant instaltes (e.g. high performance computers, hot cells,
...) and expertise in a wide range of disciplines.



Project context and main objectives

In nuclear power plants, reactor materials may tguwelegradation in physical and mechanical
properties due to severe in-service irradiation.fdnt, materials subjected to irradiation with
energetic particles (such as neutrons ...) suffarifstggnt changes in their microstructure followed
by drastic modifications of many physical and medta properties. Indeed, due to the harsh
operating environment combining high temperatungense radiation flux and aggressive chemical
reactivity, the safe and economic utilization otlear power has raised tremendous challenges for
materials used in current and future fission nuateactors. Therefore, understanding and predicting
radiation effects is vitally important to ensure tkeliability of existing materials and to improtre
development of new generations of advanced strictand functional materials for energy
production and other applications.

At the moment, most investigations into the behawvif materials used in nuclear power plants are
conducted by irradiating specimens, either in sllaree capsules, or in test reactors, and
subsequently performing mechanical tests and (&sser extent) micro-structural characterisations
in hot cell facilities, where the samples are haddkemotely and safely. Pressure vessel survedlanc
capsules are positioned closer to the core thamdabgel wall and thus receive a slightly highex.flu
The specimens therefore reach higher fluence muaieklg than the vessel wall, and their periodic
testing enables the evolution of the mechanicahbielir of the wall to be predicted. In materialttes
reactors, specimens are irradiated at much highged, in conditions otherwise similar to those
experienced in service, so as to reach the sareadés expected at the end of the service life and
beyond in a much shorter amount of time. Howeves,fumber of capsules available for evaluating
the performance of the pressure vessel materigtenidethe originally envisaged service life is
limited. Furthermore, this procedure is expensivijch limits the number of tests that can be
conducted and the irradiation conditions that canelzplored. Moreover, in the last couple of
decades the number of operating test reactors aindeli laboratories has been decreasing steadily
world-wide. Stricter safety requirements have mawanaging such facilities more and more
expensive and even the relevant expertise is sldisgppearing. Thus, the amount of data available
for long-term predictions is reaching its limit aatfernative means for evaluating the behaviour of
materials under irradiation are needed. At predeng-term predictions of the lifetimes of nuclear
components are made using semi-empirical correlatibat provide trend curves. These correlations
are based on the available databases, which incdudeillance data and also data from materials
test reactors. However, their validity is limitemdthe parameters range of the data and they are mos
of the time strictly confidential. Thus, to allowigorous implementation of this aging phenomenon
both in the long term operation and in the desifira owuclear power plant, it is of paramount
importance to develop physically based models.

The macroscopic behaviour of materials is necdgsalivays the result of processes at the atomic
scale. However, in many instances, the discretmiatoature of materials, and the fact that their
chemical composition may change locally, is neg@ctor modelling purposes and continuum
approaches can be in practice very effectively ugdee thermo-mechanical behaviour of plant
components, also for nuclear applications, is sihyanodelled using finite element (FE) techniques.
With these techniques, the continuum equations rpavg elastic and plastic behaviour, coupled if
needed to heat or even mass transport equatiansoared with appropriate boundary conditions.
The core of the methodology in this case is cauntsiit of phenomenological constitutive laws, which
provide the relationship between, for example, sstrand strain for each phase, or between
temperature gradient and heat flux, or between exnation gradient and mass flux. The effective
physical parameters that appear in these laws, ascklastic moduli, thermal conductivity or
diffusivity, must be known. Within this continuurapproach, the main concern is that the
phenomenological constitutive laws and the pararaétat appear in them should be representative
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of the actual properties of the real material, Whinot a continuum. If proper constitutive laws a
given, several methodologies are traditionally usedompute, for example, the macroscopic stress-
strain response of the material and thereforefiectve plastic behaviour. Refined calculations ca
be performed using numerical homogenization metotts FE calculation of microstructures.

In the case of radiation effects in solids, howewver physically-groundednodel can completely
ignore the atomic nature of materials and the pres®f different chemical species, because most
processes of importance are strictly atomic (orneweclear) in nature. The development of
continuumphysical models is possible, as long as sufficient inforaratranslating the effect of
atomic, nano- and micro-structure is brought irte tonstitutive laws. Continuous progress in
physical understanding of radiation damage andomputer technology has made it possible to
develop multi-scale numerical tools capable of s$atmg the effects of neutron irradiation on
mechanical and corrosion properties of reactor nase

A first step towards the establishment of this meethodology has been successfully reached in the
European scientific community created around th@ FERFECT project. Based on the achievement
and the roadmap established with this initial pehjéhe European Commission decided to support
the collaborative project PERFORM 60, with the @lenbjective to further develop the multi-scale
modelling tools capable of predicting the combirdiécts of irradiation and corrosion on internals
(austenitic stainless steels) and of radiation @eduembrittiement of reactor pressure vessel
components (low-alloy bainitic steels).

To reach this overall objective, the proposed weas divided in several milestones such as:

(1) The production of more advanced versions of RPVtededicated to simulate/predict
the evolution of the microstructure under irradiatand the resulted hardening, together
with an improved Fracture Toughness Module to mipdediict the irradiation effect on
the brittle to ductile transition temperatusT] (see figure 2) of the reactor pressure
vessels of PWRs and BWRs for durations up to 6@syea

(i) A platform of simulation tools to integrate anchghall the modules developed (based on
the same concept developed within FP6-PERFECT ¢tjoje couple various physical
phenomena, such as, corrosion and irradiation tefi@e reactor internals in PWRs and
BWRs;

(i)  Experimental validation and model qualificationngsindustrial plant data and results of
existing or new laboratory experiments (includingnnEU sources) as necessary. In
addition, other means of validation such as benckimg with existing qualified
calculation codes were considered.

(iv)  Establishment of a Users’ Group to test the newelyetbped modelling tools in a number
of benchmark exercises with a view to their quedifion, in close links with the NEA
and/or IAEA databanks and activities.

In practical terms, the project is based on thrge@ojects: i) Reactor Pressure Vessel (SP-1), ii)
Internals (SP-2) and iii) Users' Group (SP-3). irtteraction between them is illustrated in Figure 1

The context and the objectives of these technigamojects are described in the following:



Sub-Project 1 “Reactor Pressure Vessel”

Ferritic pressure vessel materials (generally Itdoyabainitic steels) are subject to neutron
irradiation during their operational lifetimes arfdgdamage doses reach only ~ 0.2 dpa at the end of
life (40 years), the irradiation-induced shift letbrittle to ductile transition temperature forremt
RPV steels should not exceed typically 100°C, lastiated schematically in Figure 2, in order to
avoid any brittle fracture of the RPV during therigas transients or emergency cooling. For this
level of damage, the mechanisms are understoodnably well, but, in the case of an end of life of
more than 40 years, different questions arise:

- Does accumulation of more than 0.2 dpa induce atherage mechanisms (for example:
segregation of phosphorus to the grain boundarekewelopment of new phases after a
certain incubation time)?

- What is the effect of temperature (~320°C) for aation of more than 40 years?

The research activities described under SP-1 “Re&utessure Vessel” build on previous actions in
project PERFECT, with the following objectives:

 Produce an Advanced Fracture Toughness Module (AFb&ted on development and
integration of the multi-scale simulation tools RR\(—RPV-n) and the Fracture Toughness
Module created in FP6 project PERFECT to simulateitradiation degradation on reactor
pressure vessels of PWRs and BWRs for duratiorie 6p years.

* Benchmark the numerical results from the AFTM aochpare these, where appropriate, with
existing analytical methods and data (e.g. viaNB& and (or) IAEA databanks).

* Provide additional experimental validation and modealification for the AFTM using
industrial plant data and results of existing ovrexperiments (including non-EU sources) as
necessary.

e Build the AFTM based on a strong interaction witie tEnd Users’ Group (SP-3) of
PERFORM 60.

All the developed simulation codes are integratéith the primary objective to collect in a multi-
scale modelling numerical platform the scientificdatechnical advances performed within SP-1
"RPV". For this purpose, the PERFORM 60 numeric#&tfprm architecture, structure and
development language were developed based on adwptinith the PERFECT project numerical
platform. The existing set of codes and knowledgeady available for the scientific community in
the existing platform was optimised and enrichethwiew physical schemes and computational
tools.

Furthermore, it was intended to ensure and mairmtdiigh level quality process for the integratidn o
the scientific and technical products developedtt®y research teams involved in PERFORM 60.
With this aim, the documentation and validation tbé computational tools integrated in the
numerical platform is seen as an essential ele@émwing the European scientific community to
exchange information on the state-of-the-art antheir recent advances and developments.

Sub-Project 2 “Internals”

The internal components of light water reactors fatgicated from austenitic stainless steel and
surround the fuel elements and ensure their pasitipand cooling by supporting them and guiding
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the coolant flow, illustrated in Figure 3. The imtals are exposed to intense neutron irradiatiger(o
ldpa per year, depending on the reactor desigmhamécal and thermal stresses and the corrosive
action of the high temperature water coolant. Témgosure may lead to several degradation
mechanisms, limiting the useful lifetime of theemtal components. The three main degradation
mechanisms under consideration are: irradiationstess stress corrosion cracking (IASCC),
irradiation creep and irradiation induced swelling.

For the light water reactors, currently in openatino systematic data are available on the long ter
behaviour of the materials used for the internahgonents. This is due to a number of reasons:

- The lack of planned surveillance programmes foermdls (as opposed to the reactor
pressure vessel);

- Insufficient experimental development and optim@at(as is the case for fuel cladding
materials);

- Insufficient information obtained from extractechgoonents.

The available knowledge on degradation of the malecomponents of LWRs originates mainly
from the analysis of extracted components or frestst on specimens, irradiated in test reactors
(mostly under somewhat different conditions thaonsth in the operating LWRs). Due to the
difficulty and cost of these tests on irradiatederials, the scope of research programmes has been
limited so far, bringing mainly only qualitative derstanding of the degradation phenomena and
sparse/partial parameterisation of the observedadagon behaviour against the large number of
variables to be considered.

From this short discussion, a clear need emergamderstand and parameterise the irradiation
induced degradation mechanisms, relevant to interima LWRs. Therefore, the sub-project on

austenitic stainless steel internals focused odyming models that are able to describe/simulae th
occurrence of Irradiation assisted stress corrosiacking (IASCC) under relevant conditions, by

developing and qualifying a set of simulation me&subble to provide mechanistic and physical
insights on this degradation phenomenon over ralevibse, temperature and environmental
conditions.

IASCC involves the highest degree of complexityhia multi-physics chain, as it integrates aspects
of radiation induced microstructure modificationsnpvironmental interactions and mechanical
behaviour. Within the limits of the project resoescand in accordance with the expression of
interest of the potential end-users, the optionkdeen taken to focus the efforts on predictinglcrac
initiation. For parameterisation and validatione timitiation of IASCC in irradiated SS type 316
stainless steel was taken as the reference casedén to address different physical aspects and to
integrate inputs from the underlying WPs, the stdjget produced models at different scales:

- Component-specimen scale: a statistical model hesn bdeveloped, predicting the
distribution of cracks initiated as a function ohe, load and material properties. This scale
relied on the lower scale models for parametensabeyond purely empirical data fitting.

- Continuum scale ("representative volume elememat'this scale, deterministic models have
been formulated, integrating the mechanical ananeted contributions to crack nucleation
and growth.

- Aggregate scale: at this scale, physics based smddek been chained in order to predict the
occurrence of elementary cracking events by integgathe description of the mechanical
behaviour of the irradiated material with the cerom and oxidation behaviour of the grain
boundaries.
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The developed tools were assembled from a chaimaxfules, each describing a single physical
phenomenon. The validation of the models has begfonned to a maximum extent for every
module within the final products, in order to estimthe contribution of each module to the general
uncertainty on the prediction. Although some of ttegification experiments were carried out on
model materials or calculations, reference to itril/ relevant materials and conditions was made
to a maximum extent.

Sub-Project 3 “Users’ Group”

The scientific approaches developed in the SP-1S#@ sub-projects to model the behaviour and
degradation mechanisms of reactor pressure vesseligtion embrittlement) and internals (IASCC)
materials are very innovative both because ofebbrtiques used for numerical simulation and of the
challenge to derive the macroscopic component behaWwom the microscopic evolutions of the
material.

Therefore, to fully reach the goals of the projectomplementary work was done through a Users’
Group with the main objectives: i) to assess thesligped modelling with industrial data and ii) to
share the knowledge and modelling approach imprewtsramong the European nuclear community
and beyond. This work included the publication loé state of the art with a critical evaluation of
existing tools and approaches in a 60 years operabntext, a collection of experimental reference
data and a proposal of industrial applications, afidal evaluation of simulation tools throughithe
applications to collected reference data and agipdics. A final workshop was organized at the end
of the project, for a final evaluation of all encbducts with identification of missing gaps.

Within the framework of this Users' group, the dissnation of the created knowledge during the
project was broadening to include not only Europeaclear community but also outside the
European Union. The created knowledge includes thogeapproach improvements, new

modelling tools and qualified experimental datahbiodbm the examination of in-service components
and laboratory experiments (see the section orlisgtion activities).
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Main Scientific and technical results

I.  Modelling of radiation damage (embrittlement) on reactor pressure vessel steel
behaviour: SP1

Based on the multi-scale approach adopted witlerFP6-PERFECT project, illustrated in Figure 4,
that enabled the simulation of the evolution o&dliation-induced microstructural changes and the
degradation of mechanical properties using themonducts RPV-2 and Toughness, respectively, the
FP7 -PERFORM 60, adopted a top down approach to gabetter physical insight into the
behaviour of more realistic RPV materials. The eantas well as the chaining of these 2 end-
products is illustrated in Figure 5.

This SP was organized, in 4 work packages enalhegdevelopment of a robust framework to
improve, develop and possibly integrate the appatgpmodels build at each physical scale. In the
following sub-sections, firstly, the main developrheoncerning models, shown in Figure 5a, for the
prediction of the microstructural evolution of moddloys is described. Thereafter, a succinct
reporting on the new models that have been estali@nd validated to describe both the flow
behaviour and the irradiation hardening of RPV Istegiven. Thirdly, the most advanced fracture
toughness models investigated within this SP amscrdeed (figure 5b). Finally, the numerical
integration of the different end-products in theRHORM 60 platform is detailed (chaining of the
models of figure 5a with those in 5b).

[.1. Modelling of the microstructural evolution of RPV steels under irradiation

Detailed microstructural examinations of irradiaiiV steels and relevant model alloys performed
over the last twenty-five years, using especialpmaprobe tomography (APT), have clearly shown
that solute clusters formed under irradiation hawmplex chemical compositions. Depending on
RPV steel composition, two different types of seludggregates can be the cause of
hardening/embrittlement after irradiation, namely-i@@h precipitates (CRPs) and Mn-Ni(-rich)
precipitates (MNPs). The fact that Cu is generétiynd in both families, although in different
relative amounts, has been interpreted as eviddratethis element is in all cases the catalyst of
precipitation, but the possibility of forming Mn-Nirecipitates (MNPSs) in low Cu steels was put
forward in the 1990’s, deducing that, also in h@gh-steels, at high doses, once most Cu is
precipitated, it might become possible to triggee frecipitation of MNPs. This consideration
suggested for MNPs the expression “late bloomirgsphk”, which is now the most widespread term.
The challenge is to be able to establish whetherobithese clusters can be precursors of these so-
called “late blooming phases”. This phenomenondédined as an onset of radiation induced
embrittlement after a certain dose, and has begorted to become eventually detrimental for the
integrity of RPV if operating for periods longeiatn40 to 60 years.

Atom-based multi-scale modelling was developedregdly either for pure metals under irradiation
or for simple alloys such as Fe-Cu within PERFEdjgxt. The major challenge of the PERFORM
60 project was to introduce a physical descrip@brthe atomic scale of the effect of the major
alloying elements (e.g. interstitials like C, ambstitutionals such as Cu, Ni, Si, Mn) in the eviol

of the microstructure, on the hardening and ordhs of fracture toughness after irradiation.

The work performed during this work package (WP)exd to develop physical models that describe
the nanostructure evolution under irradiation irdyoentred cubic (bcc) Fe model alloys, with
increased complexity- starting from pure Fe, up FeNiMnSi(Cu) approaching therefore the
composition of RPV steels stepwise. The developedligtive tools enabled the quantification of
nano-structural features, in terms of their densihd size distribution. These are clusters of
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vacancies, self interstitial atoms (SIA) as welkatite atoms that grow into voids, dislocationp®o
and precipitate, respectively.

The first major task was to acquire a large setdehsity functional theory (DFT) data on
configuration energies of point-defects and theisters, as well as migration energies in puniee,
including the effect of solute-defect interactidmgth for substitutional (Cu, Ni, Mn, Si, P) and
interstitial (C, N) solute atoms has been produdedyrder to help develop adequate interatomic
potentials for multi-component alloys or to setthp interaction energies needed to model the long
term behaviour using Monte Carlo techniques ormiedd theories.

In the course of the project, a scientific breatiyh has been achieved by exploring a new
formalism (based on Embedded Atom model) to creati-components interactomic potentials
that are not only compatible with the main physjmalperties of the alloy (i.e. elastic modulus,npoi
defect formation, ...) but also with the thermodyizal stabilities of alloys as a function of
composition and temperature. Using these advarienses, new potentials have been developed for
Fe-C, FeCuC, FeMn, FeNi and FeNiMn.

Each of the developed potentials has been validegadst the existing experimental data, available
in the open literature, in terms of formation anignation energies for point defects and solute-poin
defect clusters. But, the most important effort wadertaken to develop higher scale models (longer
time scale, and larger simulation volumes) in otddoe able to validate the output directly witle th
experimentally observed behaviour of neutron it alloys.

Many cases have been studied, as it can been maerite various publications listed below. In this
report, only 3 examples are described hereaftéiusdrate the successful achievements made.

Example 1: microstructure evolution in FeCuC

Firstly, a model for simulating the nanostructweablution under irradiation in Fe-C alloys has been
developed using a physical description of the progee of vacancy and self-interstitial atom (SIA)
clusters, based on the selection of the latest @fat@m atomistic studies and other available
experimental and theoretical work from the literatuThe effect of carbon on radiation defect
evolution has been understood in terms of the faomaf immobile complexes with vacancies that
in turn act as traps for SIA clusters. It is fouhdt this effect can be introduced using genedpdr
for SIA and vacancy clusters, with a binding enetiggt depends on the size of the clusters, also
chosen on the basis of previously performed atocrssadies.

A number of sensitivity studies to explore the effef parameters on the model, have been
performed. These include effects such as carbotesbm the material, represented by generic traps
for point defects, the importance of traps, the siependence of traps and the effect of the dase ra
It was shown that (Figure 6), in order not to fibe effect of C, very small concentrations needdo
reached, which is unlikely to be achievable initgaboth because of the difficulty of producing
ultra-high-pure iron and because of the unavoid&bleontamination during the performance of
irradiation experiments. On the other hand, abogertin concentration there is a kind of saturatio
of the effect of the presence of C in the matrikisTexplains why experimentally it is very diffitul

to appreciate the effect of the presence of C em#nostructural evolution under irradiation inGe-
alloys.

Quite clearly, this model is a good reference agas proved suitable to reproduce the resultswf lo
(<350 K) temperature neutron irradiation experirsgisee Figure 7). Therefore it was used as the
starting point to include the effect of substitatb solute atoms, such as Cu, on the one hand, and
Mn and Ni, on the other.
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The next step has been the introduction of Curimgeof a concentration of solute atoms that interac
with vacancies forming Cu-vacancies complexes, ge by laws for their stability and mobility
that were previously calculated by means of (atokiietic Monte Carlo (AKMC) models.
Encouraging results have been obtained in ternaes$ity and size of Cu precipitates formed under
irradiation at RPV operational temperature, seeutfeéig8, when compared with the experimental
results obtained from the investigation of the sati@y using many experimental techniques such as
positron annihilation spectroscopy (PAS), smalllangeutron scattering (SANS) and tomographic
atom probe (APT) as it was performed during the FPéject PERFECT. One of the key
assumptions has been to impede the recombinatisaazncies when they are surrounded by Cu
atoms in clusters that are sufficiently large tasben as hollow precipitates.

Example 2: microstructure evolution in FeNiMn

The purpose of this activity was to calculate s#tparameters relevant for object kinetic Monte
Carlo (OKMC) simulations of radiation-induced natractural changes in model FeMnNi alloys.
These models are ultimately intended to descrikefdhmation of MnNi clusters under irradiation,

according to the correct physical mechanism. Attmistudies performed within the project and
educated guesses based among other things on hmdbldensity functional theory (DFT) data

suggest that, Mn and Ni cause a strong reductidhemmobility of SIA and vacancy clusters and are
transported in an Fe matrix by single point-defettte key mechanism leading to the formation of
solute clusters, by segregation on point-defetels (heterogeneous nucleation).

In addition, it has been shown, experimentally witthe project that the presence of Ni and Mn in
Fe has three effects, namely:

e Suppression of the formation of vacancy clustetsraanovoids as compared to Fe-C;

» Suppression of the formation of visible loops: tltEnsity being one order of magnitude less and
their mean size about half as compared to Fe-C.

* Appearance of an important pogulation of Ni-Mn ttus at high enough dose (>0.1 dpa): that
reaches a density of almost4®, with mean size around 1.5 nm.

To account for the above observation, it was necgst® develop a new OKMC model, called
(MATEO) to allow solutes (Ni and Mn) to be expligiintroduced and transported by defects. The
results obtained from these simulations of theyali@-0.7%Ni-1.2%Mn at 563 K up to 2dpa,
selected as it can be compared with the experirhezdalts obtained in the framework of the FP6-
PERFECT project are illustrated in Figure 9, asnapshot in a volume comparable with that
observed in atom probe examinations, 11x11x78. Athe main difference from an atom-probe
output is that here also vacancies and SIAs, ibkdio atom probe, are shown. It can be observed
that NiMn clusters are clearly formed everywheréhi@ simulation box.

The results concerning both density and mean dikneNi clusters are in excellent agreement with
the experiment, as shown in Figure 10.

Example 3: microstructural evolution in FeNiMnCu

In this work, an atomistic kinetic Monte Carlo (MC) model parameterised on electronic structure
calculations data has been developed and useddy ste formation and evolution under irradiation
of solute clusters in Fe-MnNi ternary and Fe-MnNigliaternary alloys.

Two populations of solute rich clusters have beleseoved which can be discriminated by whether
or not the solute atoms are associated with swdfstitial clusters. Mn-Ni-rich clusters are obsatv

at a very early stage of the irradiation in bothdeited alloys, whereas the quaternary alloys cantai
also Cu-containing clusters. Mn-Ni-rich clusterscleate very early via a self-interstitial-driven
mechanism, earlier than Cu-rich clusters; the dattewever, are likely to form via a vacancy-driven
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mechanism and grow in number much faster thandheadr. CRPs are, in essence, helped by the
thermodynamic driving force to Cu precipitationke, thereby becoming dominant in the low dose
regime. The kinetics of the number density increas¢he two populations is thus significantly
different. These results are illustrated in Figlite

The main conclusion suggested by this task isttieaso-called late blooming phases might as well
be neither late, nor phases.

The above described results indicate that the atamnodelling has provided an in-depth insight of
the mechanisms responsible for the formation obraatures in bcc-Fe based model alloys. These
simulations are performed on relatively small boasghey are very heavy to run even in the most
recent computers. To allow for more flexibility and consider bigger volumes that are
representative of an RPV material, it is necessaryranslate the gain knowledge into a more
generalised mean field theory such as the kinatetheory.

In addition to the modelling effort, a substanaahount of experimental work has been carried out
throughout the course of the project. It is wortking two important achievements, namely,
iexperimental examination of neutron irradiateddelaalloys and steels (issued from the PERFECT
project left over materials) after post irradiatiannealing, and ii) heavy ion irradiation, using
JANNUS facility/France, to irradiate different madsloys in order to check the validity of the
mechanisms described above. The results obtainefrroed the mechanisms described earlier in
this section.

Another important source of information, that hasem utilized by the project, concerning the
formation of nano-features in RPV steels, has likenesults obtained within the framework of the
FP7-LONGLIFE, symbolized by a collaboration agreetnthat has been signed between both
consortia. All the experimental data obtained frbath projects are shared in the PERFORM 60-
database hosted by HZDR in Germany.

The success indicators for this WP, establishékdeabeginning of the project, are:
» Nanostructure evolution model for FeCuC alloys
» First approximation nanostructure evolution modelFeMnNi alloys

Both these indicators, have been achieved and thke nas been extended to deal with an even more
complicated model alloys such as FeNiMnSi(Cu), apphing closely the complex composition of
an industrial RPV steel. In addition a substardi@lount of experimental data adequate to validate
these models has been made available.

[.2. Modelling of the flow properties of RPV steel

The main challenge of this task is acquiring anthgighe basic information which allows the
computation of stresses and strains generatednnathiirradiated material under an applied external
load. Knowledge of this behaviour is essential itoutate/predict the evolution of the mechanical
properties and the brittle fracture of ferritic RB¥éels.

For this purpose, constitutive laws are used irstatyplasticity to compute the macroscopic flow
behaviour. To be accurate and reliable, these lagesd to be physically founded. This means
incorporating explicitly the mathematical descptiof the main mechanisms that are at the origin of
the flow of the material, following the scheme dged in Figure 12. The constitutive laws
developed within the project, are able to take atoount the major features of the plasticity oVRP
steels: thermally activated slip, hardening mecsrasiand dislocation interactions with irradiation-
induced defects. These features are studied andified at the atomic scale by way of Molecular
Dynamics (MD) using the interatomic potentials deped (see section. I.1), and at the mesoscopic
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scale by way of Dislocation Dynamics simulationdDJDThe flexibility of the crystal plasticity
constitutive equations allows the accurate desonpif the tensile curves for model alloys as vasli

for RPV steels (at least those identified as refegecases). An example of application to un-
irradiated and irradiated RPV on the referencel SteuroMaterial A” is given in Figure 13. It must
be noted that, due to the homogenization methodiwtdmputes the behaviour on a material point,
it is not possible to predict the Lider's plateand ahe necking which are observed on test
specimens. However, the effects of temperature iaadiation on the flow stress and the strain
hardening are correctly predicted. Further, 3D egate meshes were used by finite element (FE)
computations to determine the local mechanicalds$iel These local mechanical fields are
implemented in the fracture toughness predictionehdeveloped within the project (see chap 1.3).
A correct estimation of these fields needs a faybypd description of the morphology and of the
crystallographic orientations. For this purposéipeary of realistic meshes of aggregates has been
generated and integrated in the PERFORM 60 platfbrraddition to the mesh library, software has
been developed to obtain the FE meshes of thetisamicrostructure based on around 20 parent
grains decomposed on 5-6 subgrains each (an exasmgitewn in Figure 14).

The crystalline plasticity modelling has been aggblon virtual bainitic aggregates obtained with the
homogenisation method to compute the stress aauh $telds in aggregates for morphologies and
crystal orientations representative of the RPVIste#ferent microstructures, triaxiality ratios @n
temperatures have been considered. The analy$ie wesulting mechanical fields is performed on
the maximum principal stress because this quaistiised in the brittle fracture modelling. A good
agreement is found with numerical data in the ualaand triaxial cases and a slight shift is obedrv
in the biaxial case (Figure 15).

The task has indeed been very successful, all ssidodicators promised at the beginning of the
project, namely:

» Establish a roadmap with timescales to describeirtfgovement introduced in the
computation of the macroscopic tensile curve iadiated materials;

» Develop a new constitutive law to take into accatetCarbon and irradiation effects;
have been reached.
In addition, a methodology to produce represergatiygregates was also developed in this task. The
resulting tensile curve is used both to evaluagehtrdening due to irradiation and as an inpuhéo t
fracture toughness prediction in the PERFORM 6@fqla (see section 1.4). Nevertheless, further
developments are still necessary to improve theemhmad for instance taking into account material
heterogeneities at different scales and increasi@gumerical efficiency of the developed codes.

[.3. Modelling of the fracture behaviour of RPV steel.

The main objective of this work has been to evaxisting models describing cleavage fracture in
ferritic RPV steels based on micromechanical apgres. Firstly, special emphasis was put on the
selection of suitable models and the identificatioin their potential for further development.
Secondly, a selection of models for further improeat was made. In total four models with partly
different scopes were selected. This combinatiomotlels had the advantage of covering a large
field of application on the top end of the multake modeling chain treated in PERFORM 60 (as
shown in figure 4):

a- A microstructurally-informed brittle fracture mod€MIBF) based on crystal plasticity
(described in section 1.3), which covers fractedction at the microstructural scale (sub-
modelling) with possible extensions to include fuae prediction at the representative
volume and specimen scales;
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b- An advanced local approach model, based on thenBerenodel, applicable to fracture
prediction at the specimen scale;

c- The WST model which is foreseen as providing a bekwveen sub-modelling and models of
fracture behaviour at the representative volumesgpedimen scales;

d- A modified Bordet local approach model, which igasded as an engineering model dealing
primarily with the transferability of fracture tolgess data from irradiated specimens to RPV
ferritic steel components in service.

The selected models, their differences and spatifics were clearly identified in order firstly to

integrate them correctly in the simulation chainldin the PERFORM 60 computational platform

and secondly to calibrate each of them using theesset of data called “reference data”. This work
allows to be focused on the improvement of the laysunderstanding of the various model
parameters and the origin of brittle fracture rathigan to increase complexity of the model
formulations themselves.

Based on the experimental data of these refereaterials, specific reference cases were defined for
each particular fracture model to calibrate itsoas parameters to verify its relevance to a specif
industrial application. The prediction results we@npared with experimental data to proof the
suitability of the model.

For instance, the MIBF model (a) was calibratededarence data then applied to other temperatures
and fracture toughness specimen sizes. Accordirteaalibration procedure pre-defined for this
model, all parameters were considered temperataiependent (except stress-strain behaviour that
is obtained from the work described in section.|i®IBF simulations were then compared to
experimental results. As example, Figure 16 shdwsésults obtained for 1T (C)T specimen. As it
can be seen, except for the slope of the curve at-31°C, good agreement is obtained between
simulation and experimental results for -154°T < -60°C and at the beginning of the curve for T =
-40°C (before ductile propagation occurs).

As for the Beremin Model (b), the fracture touglsesrve of irradiated material was predicted from
the unirradiated data and yield stress changer@het is in good agreement with the irradiatethda
(Figure 17).

As for the WST model (c), 4 incarnations have invgi significantly in terms of consistency via
disassembling older approximations and introducieg features. The proposed and demonstrated
calibration procedure has been shown to producsonedle results applying a fairly compact and
simplistic analysis procedure. WST predictions @®gared to the classical master curve (Figure 18)
for the constraint effect are quite promising dhdsirate the exploitation potential of the modeid

its micromechanical origins. The success indicatapsected out of this task, namely:

» Selection and Integration of an advanced fractoughiness modelling scheme based at
scale of sub-modelling and engineering models

+ Establishment of reference cases to serve fordhdation of the selected models

were partially achieved, as one of the models dpesl was not integrated in the platform and not
all the reference data needed for the calibratioth@se models were available timely. Thus, further
work is needed at least to benchmark all the exgsthodels using the same set of experimental data
and physically based calibration of the model patans.
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I.4. Integration of the developed models in the coputational platform

The computational platform of PERFORM 60, was barltthe basis of the one developed during the
FP6-PERFECT project with the main objective to i incremental versions. Four versions have
been produced and distributed to the end users.délirery was made in two formats: (i) a live—
DVD, and (ii) an image file, which is available fdownloading on the PERFORM 60 web site. The
major improvement with respect to the former progn be summarized as follow:

In the RPV module

Improved parameterization for pure iron in the obj&inetic Monte-Carlo (OKMC)
including new models for migration energies, diitus pre-factors, binding energies and
defect traps, have been updated.

A new rate-theory code “CRESCENDOQO” has been intiegka This code was co-developed
to provide a stable numerical scheme and to ovegctira limitation of the previous code
“MFVISC2” by implementing several numerical optirations, mainly, on what concerns
multi-sink strengths and capture radii. Due to dssumption of homogenization needed to
be considered in this type of codes, the parametessribing point defects and atomic
diffusion and binding energies cannot be more #féattive ones that have to be adjusted on
the observed microstructure. Thus, these methods qaite robust in predicting the
microstructural evolution in simple cases, but thegd a substantial effort on the numerical
parameterization of the physical data required.axizeless the RT implemented has been
successfully validated by the End-user group, teckhthe effect of different irradiation
parameters such us flux, temperature and irradiatose.

Update of the improved parameterization for lowbecar iron in the object kinetic Monte-
Carlo (OKMC) including new models for migration egies, rotation energies for 1D/3D
motion, diffusion pre-factors, binding energies aefect traps.

Rebuild of the RPV3 documentation based on a pmeewed article.

In AFTM module:

A prototype of the large transformations for pojgtalline behaviour has been developed in
Code_Aster. The associated validation and noressgyn tests have also been incorporated.
This development was necessary to apply differentlutes for values of deformation
beyond 10%.

The Bordet model has been developed in Code_Astbiraegrated in the platform. It is a
post-processing model integrated in the fracturehaeic module. It is similar to the
Beremin model (integrated in the platform duringgFFERFECT), but it is supposed to
better take into account the history of loading #m&l notion of active plasticity. The User
documentation has also been supplied. A non reigresest is also integrated.

The new monocrystalline behaviour law (see sectidhbased on Dislocation Dynamics
(DD) has been implemented in Code_Aster. It alldines behaviour of the vessel steel at
high temperatures to be described. The developofddb CC athermic in Code_Aster is a
preliminary to the introduction of these new classé crystalline behaviour laws issued
from lower scales.

The Finite Element calculations (in FlowBehaviour / Aggregate,
FlowBehaviour/Homogenisation, FlowBehaviour/Cortiela, FractureBehaviour
/LocalApproach, FractureBehaviour/Correlation amdckureBehaviour /SubModelling sub-
modules) have been updated with the last versi@ooke_Aster STA10.5.
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* A new post-treatment has been developed to giveTthgparameter of the master curve
approach from a single Beremin computation;

* Many improvements have been implemented as a refstile feedback from the User group
in order to make the AFTM module more easy to Uséact, the utilities have not always
got all the required data to feed into the différgub-modules. Some evaluations procedures
based on classical mechanical characterizatiopragsed.

I.5. SP1 conclusions and outlook

The progress made since the start of the projeBHEIRM 60 as compared to the former project
PERFECT is summarised in a tabular form in Figi@eMery impressive advance has been achieved
concerning:

O Mechanisms of precipitation/segregation thanks beindio simulations and the
development of adequate and more sophisticate@raboimic potentials such as:
FeCuC, FeNiMn, FeNiMn(Cu),

O Interaction between irradiation induced defectd dislocations which leads to the
development of a new crystal plasticity law basedlislocation dynamics

O Link between the microstructure and its changestha evolution of the stress/strain
field in RPV steels leading to a better predictminthe fracture thoughness using
advanced models.

O Calibration and validated of the most advancedtdirectoughness models on well
controlled data set “Reference Cases”

Generally, PERFORM 60 has now build MSM tools tedict the « global » behavior of a generic
« model » steels. The development of multi-scal#irphiysics models, as exemplified by the RPV
tools, is necessary if accurate through-life towgsnpredictions are to be made: particularly e th
context of extended NPP lifetimes to allow forewagnof possible adverse materials behaviour for
flux/fluence conditions beyond current data.

Although, all success indicators have been reaametl all deliverables have been achieved, the
application of multi-scale modelling needs to beenmcused on real issues such as:

O Understanding of the effect of metallurgical vatés: local chemical composition
(explain the role of chemical heterogeinities om ithadiation damage buil up).

O Evaluation of the effects of metallurgical hetenogiies and mechanical constraints
on fracture toughness.

o

Understand plasticity effect on fracture toughness

o

Derivation of constitutive equations for irradiatathterial with explicit interaction
between defects and dislocations as function of tiee;

O Synergies between different phenomena in irradiataterials

O Uncertainty propagation analysis of the effecthd main parameters (T, dose, flux,
chem. composition, ...) on the rupture probability

It shall be noted finally, that the simulation jidein developed for RPV steel within last decaddlsha
be considered as an asset for the European conymamit shall be used further to get better
feedback on possible improvement and simplificatiororder to make it useful for engineering
applications.
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II.  Modelling of the initiation of irradiation assisted stress corrosion cracking on internals
of pressurized water reactor: SP2

The modelling of irradiation assisted stress coorosracking (IASCC) involves the highest degree
of complexity in the multiphysics chain, as it igtates aspects of radiation induced microstructure
modifications, environmental interactions and meate behaviour, as illustrated in Figure 20.

The previous European integrated project, FP6 PERFEoncentrated on the propagation of SCC.
Within FP7 PERFORM 60, the major emphasis is otiation of IASCC and its understanding and
modelling. The shift from propagation to initiatias brought about by realizing that IASCC

propagation rates could be relatively high and &hatajor part of the time-to-failure could be taken
up by the period leading to initiation.

According to our present understanding, the timaitiiation is made up by three periods; the
precursor, the incubation and the slow growth meribthe precursor is a period during which the
material becomes susceptible to SCC in the spesfisronment and is associated with changes to
the material and/or the environment. The incubattoa period during which marginal damage is
regularly created (nucleation) but repeatedly negga{healing). The slow growth period starts when
additional damage is no longer sufficiently repdjreumulative damage therefore becoming critical
(embryo formation) a dominant crack forms and pgapi@an takes over (Figure 21).

The introductory efforts made within FP6 PERFECTuged on the slow growth period and
software to follow surface damage, INIT_EAC, wavaleped. In FP7 PERFORM 60, additional
work in terms of the precursor and incubation p#siwas included, besides work to update the slow
growth period. The work integrates irradiation indd microstructure modifications, environmental
interactions and mechanical behaviour. Within mbpesource limits, and in accordance with the
potential end-user interests, the work focusesredigting IASCC crack initiation, with initiatiomi
irradiated AISI-316 taken as the reference case pimject produced models at three different
scales:

1. Continuum scateA statistical model predicts distribution of ckaanitiated as a function of
time, load and material properties. The model igettped from the end product of the
PERFECT project and represents a calculation fraorievor predicting the development of
multiple cracks as a function of statistical andoeioal rules. This scale relies on lower scale
models for parameterisation beyond pure empiriedd ditting. This modelling scale also
provides the tool to compare experimental validatasts to the prediction.

2. Aggregate scaleAt this scale deterministic models integrate nagutal and chemical
contributions to crack nucleation and growth, aravgle input to the statistical model at the
component scale.

3. Sub-grain scaleThis task provides mechanistic models combinihg éffects of oxide
fracture, crack tip plasticity and grain boundaggregation.

The interdependency between the 3 different madelsistrated in Figure 22. It can be seen that th
development of these models necessitates modeitiots to predict radiation-induced micro-
structural changes and chemical segregation (sedtid), the degree of localized surface
deformation (section 1I.2), the speed of re-pasgimaand associated material loss and the speed of
oxidation along grain boundaries (section. 11.3).

In these activities, the mechanisms contributinglASCC initiation are identified from the
characterisation of cracks observed either dutregirispection of a nuclear power plant component,
or from laboratory testing of well designed irrad specimens. The relevant mechanisms are then
translated into a mathematical form and the donmgamaterial and environment parameters
identified
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[1.1. Microstructural evolution and segregation induced by irradiation of stainless steel

The goal of this work is to produce the componehthe INTERN end product for the prediction of
the microstructure evolution of austenitic steetwer irradiation, similar to RPV-module (see
sections 1.1 and 1.4). This includes (i) predictiohthe production of small scale (nm) primary
damage and its evolution in terms of density, sind spatial distribution, (iii) prediction of the
micro-chemical processes occurring under irradmafeng. radiation induced segregation (RIS)).

The work has been achieved according to the foligugiteps (illustrated in Figure 23):

Step 1 Determination of the elementary properties anpuinfor the RIS and microstructure
modelling in terms of:

- Calculation of elementary data binding energiegyration energies and capture radii using
ab-initio methods;

- Development of an interatomic potential (FeNi®®ttis used to mimic stainless steel;

- Determination of the fate of radiation damage (adecdebris) corresponding to different
primary knock on atoms (PKA) to simulate a neutitar.

Step 2 Development of micro-chemical and micro-structumadels for irradiated materials for use
in IASCC initiation and propagation modelling, mcorporating:

- For the microchemistry: a physical description lo& tmicrochemical processes occurring
under irradiation, e.g. RIS at grain boundaries retipitation, in model alloys for austenitic
steels.

- For the microstructure: a physically based paransstion and if needed modification of the
existing mesoscopic models (MFRT and OKMC modets)as to be able to model the
evolution of FeCrNi alloys (taken as “grey” alloyg)der irradiation.

Step 3 Experimental validation of the micro-chemical amicro-structural models for irradiated
materials of use in IASCC initiation and propagatioodeling, based on:

- Experimental investigations performed on modelyalland reference materials.

- Transmission electron microscopy (TEM) study of timécrostructure evolution in ion
irradiated (without He implantation) stainless Eesd model alloys;

- Tomographic atom probe (TAP), positron annihilatspectroscopy (PAS) and Field ion gun
scanning transmission electron microscopy (FEGSTEMalyses of radiation-induced
microchemical changes in proton and ion irradiaaedtenitic model alloys (FeNiCr and
FeNiCrSi) and model steels (SS 316) at severalsdaise different temperatures.

In order to quantify elementary interaction and hatsms a large amount of ab initio calculations
have been performed, in face centered cubic (fec)aRd in random (quasi random structure)
Fel0Cr20Ni ternary alloys. The point defect vacaaog self interstitial formation energy have been
calculated in both systems. In the fcc Fe systemwhich calculations are easier, migration enargie
and the interaction of C and He have been quadtifieddition.

At the atomistic level, a pair interaction modeséd on DFT calculations has been built and used to
simulate thermal non equilibrium segregation (TNBS8) RIS in a ternary FeNiCr alloy. A model
for the grain boundary, which can be used also ¢dehdislocations or loops has been developed.
After some adjustment on the parameterization thard Ni segregation obtained are in agreement
with experimental results.
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The main difficulties were the construction of atstic cohesive models (mainly empirical FeNiCr
potentials for microstructure and plasticity moohg) and the fabrication of the model alloys foe th
experimental part of this work.

In total, six embedded atomic model (EAM) potestiahve been developed. One of them was found
to be suitable for plasticity modelling with moléaudynamics. For the modelling of microstructure,
it was found that none of the potentials are capabldescribing correctly the expected stable phase
for the ternary model alloy investigated in the exmental part of this project, due most probably t
the complex magnetic characteristic of FeNiCr. Teroome this issue, a pair interaction model has
been developed to model RIS by e.g. atomistic laridonte Carlo (AKMC).

The microstructure has been modelled by rate thendyMonte Carlo methods such as the object
kinetic Monte Carlo (OKMC). The parameterizatiors ieeen improved to take into account density
functional theory (DFT) data obtained within th@jpct. A large effort has been made to develop,
validate and qualify the rate theory code (CRESCBENDwhich has been rewritten based on the
previous MFVISC code used in PERFECT). This allopesforming robust simulation of the
microstructure evolution.

At the macroscopic level, the RIS has been modddietinite elements methods. Different models
have been assessed and compared. The transpogeDreseefficient based on mean field theory
(SCMF) have been used. The results are in agreemtméexperimental results, and in particular the
solute profiles as a function of dose have beeaionbtl, an example is reported in Figure 24.

Some additional work was dedicated at the atomisticmesoscopic level to provide data,
mechanisms or tools for the microstructure and Rislelling:

- Displacement cascades have been calculated by uhetynamics (MD), using the most
pertinent FeNiCr EAM potential developed, as wellthe binary collision approximation
(BCA) cascades, to provide the source term forttegery and OKMC.

- Relaxed Metropolis Monte Carlo has been used tesasthe equilibrium microstructure
predicted with the EAM potential developed.

- A mesoscale Cellular Kinetic Monte Carlo (CKMC) nemethod has been developed to
model solute segregation kinetics similar to AKM@slations but at a mesoscale.

- A phase field model has been adapted for irradiatimdelling. It provides a mesoscale
method taking into account explicitly a represaaéavolume and elasticity.

It shall be emphasized that the last two mesosuoaldels (CKMC and phase field) are new original
developments.

On the experimental side, a large matrix has beeastigated under ion irradiation: 4 alloys, 2
temperatures (200 and 450°C), 3 doses (0.5, 1 atmhp 3 techniques (TEM, ATP, PAS). A very
precise description of the microstructure has thasn obtained in terms of various features:
segregation along dislocation lines and loops (€lbtitmospheres), solute (Ni, Si and/or P) clisster
and NiSi rich precipitates. In particular:

s TEM observations have shown the appearance ofcdistm loops (Frank and perfect — the
latest were not characterized), cavities and stpkawlt tetrahedral (example is shown in
Figure 25).

« APT studies have shown the redistribution of Ni,aBd Cr under irradiation (Ni and/or Si
Cottrell atmospheres and clusters, NiSi rich prigaies, Cr depletions associated to all these
Ni and/or Si enrichments), an example of theseatharizations is shown in Figure 26.
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% PAS studies have revealed the presence of Fe singéncies in the 316 stainless steel as the
majority defect for high and low temperature iregtins, while in model FeNiCr alloy,
irradiated at high temperature, vacancy clusteve lh@en observed

The FEGSTEM study showed that radiation inducedngbaundary segregation was exhibited by
the binary Ni-Cr model alloy, in which the graindsamlary had more Ni and less Cr than the general
matrix. This suggests that the RIS was mainly adlea by vacancy diffusion. In more complicated
alloys, despite the limited amount of specimens ase consequence very small amount of grain
boundaries suitable for careful GB RIS analyseseteas generally a tendency to Cr depletion and
Ni enrichment in vicinity of the grain boundarigsrticularly as observed in all the obtained pesfil
from studied specimens of 316L stainless steel.

Furthermore, the stability of the microstructures leen evaluated by post irradiation annealing on
the ion irradiated alloys, as well as on neutroadiated commercial alloy3he experiments on ion
irradiated model alloys showed that annealing setentause the formation of round objects that
could be precipitates, possibly gamma prime preatg;j but this fact has to be confirmed in further
experiments. Furthermore, indications of loop ulifiag were observed.

Finally, thermal annealing of neutron irradiatetbyd indicate a reduction of the density of Frank

loops and even their complete removal. A significdecrease of the void density was also noted at
the highest temperature. These observations searditate that the annealing temperature is a very
important parameter, and that short post irradiaionealing experiments, combined with modeling

is a suitable technique to distinguish the relaitmportance of microstructure features on IASCC.

As conclusion, it might be said that despite sdveifficulties in the modeling and experimental
work, lots of progresses have been done in theratadeling and modeling of austenitic industrial
and model alloys under irradiation. The succesgatdrs, expected from this task, namely:

* Production of FeNiCr interatomic potential basedlm@rmodynamic and ab-intio data

* Improvement of the mesoscopic models to be ablgraglict the evolution of the
microstructure and microchemistry such as RISamggdss steels under irradiation

are unfortunately only partially fulfilled as theogpluction of an adequate FeNiCr potential appears t
be a very challenging task, and the mesoscopic ma#xeloped so far do not yet predict all nano-
features observed experimentally. Thus, it is higahtommended to pursue this effort.

[1.2. Modelling of irradiation induced hardening of stainless steel

This work focuses on providing both the tensile anekep behaviour of austenitic stainless under
irradiation, with neutron-irradiated AlISI| 316 S&é¢a as the reference case.

In what follows, the main results of this work @igen and clear indications on their limitationatth
require further work beyond PERFORM 60 are alstuinhed:

» Original and significant results about the intei@actrules between dislocations and
irradiation defects (mainly Frank loops) have bebtained for fcc structure based on the
FeNiCr ternary potential and the results obtaineddepicted in Figure 27, showing that
Frank loops are the most resistant to the movenoénscrew dislocation at any
investigated temperature provided that their skdarger than 4 to 5nm . However,
decoration effects of Frank loops and mobile d&lmns which are inferred from
experimental investigations (APT and TEM as shownFigures 25&26) were not
investigated as the effect of Si need to be indudehe simulations. More understanding
of the role of decoration of loops by solute eletaen the hardening process of irradiated
stainless steels is strongly needed.
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» DD simulations have clearly highlighted the rolesofiall Frank loops (about 2-4nm) in
the hardening process. Smart experiments are ragdssconfirm this modelling output.
Also the role of these small defects (the so-caldalck dotes) in the strain/stress
localisation process needs to be further studiedDiy simulations towards a full
understanding of the deformation mechanisms oflistad SS;

» A physically-based constitutive law for irradiat8® has been proposed at the grain scale.
The superposition rule governing the hardening ¢eduby different type of defects (FL,
voids) has been taken as quadratic in this workreMextensive DD simulations would
have been necessary to validate this latter hypahe

» Significant results have been obtained relatech&odescription of clear bands, and the
effect of their impingement at the grain boundanytbe local mechanical fields. They
demonstrated the rule of the clear bands in th&iin process and how their presence
would affect the macroscopic behavior of an irrtatlastainless steel. To complete this
work, some verifications would have been usefulhsas i) the link between results
obtained at the continuum scale (Crystal plasiictyd discrete scale (DD) ii) the role and
nature of plasticity localization mechanisms inwahin intergranular fracture of failed in-
service bolts, although these observations aravetable in open literature as yet.

» Effect of irradiation creep on the local and macaomsc mechanical fields has been
evaluated based on phenomenological constitutiveateans. The validation of this
approach necessitates still some appropriate erpats such as in situ-TEM straining of
irradiated stainless steels.

» Physically based constitutive equations at thengsmale have been developed and
parameters determined from macroscopic experimgensile tests on polycristal). The
obtained results can be considered are fairly gdodgure 28) when compared to the
existing experiments.

The success expected out from this task, namely:

» Description of the hardening induced by dislocaiimadiation defect interaction as a
function of dose based on mobility rules obtain®dnf molecular dynamics simulations.

» Description of the local strain-stress fields aigrscale for irradiated austenitic stainless
steel for different irradiation levels.

were partially achieved due, mainly, to the difftgwof developing an adequate interatomic potential
to simulate both the microstructural changes aedrteraction dislocation-defects in the same time
and also to the scariness of relevant experimelatal in the open literature.

[1.3. Modeling of the corrosion kinetics of stainlss steel in PWR environment

The primary goal of this work was to develop antidade electrochemical models of the material-
environment interface processes and their contabub IASCC crack initiation. Since the structure
and properties of oxides produced at the surfadepagferentially at grain boundaries are viewed as
key factors in the initiation of stress corrosiaaaks, the aim of this WP was to characterize and
model the oxide and its growth processes for ia@di 316L stainless steel and for a model alloy
simulating the composition of grain boundaries estrfiig radiation-induced segregation. The work
was broken down into three main tasks: i) experidar model validation and calibration, ii)
modelling of the oxidation processes, and iii) extiag the corrosion processes to their impact on
IASCC crack initiation. Due to the complexity dfet processes involved, an important task in the
first half of the project was the characterizatairthe corrosion processes and oxide product at the
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material-environment interface in both bulk and grhin boundaries in irradiated material,
specifically:

% quantification of the main properties (compositioafure, structure, thickness) of the oxide
film formed on a proton irradiated 316L exposeadminal PWR primary coolant,

« determination of diffusion coefficients for oxygemthe oxide and influence of the irradiation
(defects, strain localization) on these coefficsent

% collection of a database for modelling of oxidation

« a parallel effort at computational modelling of tberrosion processes and resulting oxide
character at the bulk and the grain boundariesappsoached from several scales, including:

o development of Atomistic Kinetic Monte Carlo siratibn of the oxidation of
FeNiCr,

0 extraction of oxide film properties from in-situeetrochemical and ex-situ surface
analytical data for point-defect/mixed conductioadal parameterization,

o point-defect/mixed conduction finite element modelelopment for Fe-Cr-Ni alloy
and grain boundary corrosion in B/Li solution un&&/R-relevant conditions.

The calibration data for the models was generasatyboth an ion-irradiated 316 stainless steel and
a high Ni and Si, low Cr model alloy simulating themposition of grain boundaries suffering
radiation-induced segregation (GB-RIS). Autocltess by all the partners were carried out in PWR
conditions. Brief autoclave exposures carriedlpuEDF on GB-RIS materials indicated a slightly
lower oxidation rate for this material. Oxygenceaexperiments confirmed a measurable influence
of irradiation on O diffusion, with the diffusiorate being faster in oxide formed on the non-
irradiated sample. In long term autoclave expasuttee effect of exposures at only 200°C was a
thicker oxide at lower pH than at higher pH, whislthe reverse of what was observed at 325°C.

Results for 316L and GB-RIS model alloy specimexigosed to PWR conditions for 2 minutes
already showed higher Ni and lower Cr in the inmeide layer on the GB-RIS model alloy, which
was also thinner than on the 316L. Ni was enriciad Cr depleted at the substrate interface in both
cases. Additional experiments specifically tamggtiransport properties, namely the oxygen tracer
experiments, and the transport property extradiiom oxide composition profiles, were reported
along with the respective transport property extoacresults.

Long-term exposures to variations of PWR chemisiag apparently more sensitive to the particular
conditions than to whether or not the material yadon irradiated or cold worked (Figure 29)

The above described experimental data were usedliiorate a model of oxidation rate of non-
irradiated 316 SS in PWR conditions at normal pEnd elevated pH of 9.1 (where oxidation was
more rapid), at both 200 and 325°C (as shown inrei@0). Detailed analyses were also conducted
in order to evaluate the effect of strain on oxmmetration, based on EFTEM Cr-map analysis.
Results suggested an increase of the mean oxidetrpgon with the local cumulated axial
deformation. At the meso-scale, the original patenwation of the mixed conduction model was
carried out based on EIS measurements. XPS data dxposure experiments were then used to
update the parameterization. New transfer functierivation addressed open questions related to
the form of the impedance of transport of ioniced¢$. A main challenge tackled was the boundary
conditions at the alloy/inner layer interface.

With regards to linking meso-scale process modeth finite element modelling, a new model,
called the SF-PDM (Spinel, Field-Point Defect MQdelas developed. The model explicitly takes
into account the alloy's elements in the film -réhdénvave been very few attempts made in the
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literature to do this, most treating a film contagrone metallic constituent only. The model takes
the substrate composition into account, and expdridswo dimensions. Since the interfacial rate
constants and diffusion coefficients depend ondhal concentrations of species within the filng th
model can be used on Fe-Cr-Ni alloys of varying position without changing the
parameterization. With a view to assess the efiegicancy injection on IASCC crack initiation, a
detailed literature review has been carried outctimpare oxide formation in plant failures versus
laboratory tests, suggesting that there may beffareince. Fracture surface oxides formed on
stainless steels during in plant exposure and ddahoratory testing in simulated environment are
very similar. The crack advance in irradiated materan include environmental contribution due to
oxidation. Oxidation, especially, duplex film fortran on fracture surfaces includes diffusion of
atoms from the bulk metal to the oxide, leavingarages in the bulk metal near the crack tip.
Corrosion-induced vacancies may contribute to thigation of stress corrosion cracks through the
so-called selective dissolution, vacancy creep rhode

Progress in the Atomic Kinetic Monte Carlo approasimodelling the growth of the inner layer
oxide has benefitted from receiving the ternaryeptal developed in the project. The approach to
achieve the development of AKMC simulation of thedation of FeNiCr was the extension of a
Virtual Oxide Layer (VOL) model for layer growth dmnary alloys to the simulation of ternary
alloys and the calculation of certain parameteterd@ned empirically in the pre-existing VOL. The
main improvement of the VOL model over the previousdel is the fact that it is truly 3D — solid
state diffusion in the bulk of the alloy and thadexcontributes to the growth of the oxide layaer, i
addition to the surface processes which have beasidered the sole contributors in the former
model. Furthermore, instead of using Metropolis Mog@arlo, the Kinetic Monte Carlo (KMC)
algorithm was employed; Figure 31 is a schematscidgation of this model.

The expected success indicators out of this takety:

* Modelling of the oxidation kinetics taking into @atmt the composition of the matrix
when exposed to nominal PWR primary water,

e Parameterisation of irradiation creep enhancedosmmn model for stainless steels in
PWR conditions,

were reached, in addition an important amount peexental data have been generated both on the
corrosion kinetics and the microstructure of thedexfilms that would certainly help generating
more robust models.

As stated earlier, all the work presented in sewidl-1 to 1.3 has been used to develop two
important codes that integrate most of the infoioratlisted above. In the following, a short
description of each of them will be given beformdestrating their ability to predict the initiatioof
IASCC phenomenon in PWR internals.

. 4. Statistical model for the prediction of IASCC initiation: INITEAC

Within the framework of the PERFORM 60 project, thmtistical code INITEAC has been
developed to simulate crack nucleation and growith whe aim of predicting crack length
distributions obtained from multiple runs of theogram. Originally a code-generated pattern of
hexagonal grains was used to provide the bounddresracks grow along. In a first upgrade this
has been extended to arbitrary grain boundary npattprovided by the user to the program. In
addition, a general sensitivity formula has beerplamented that enables several parameters
influencing SCC susceptibility to be defined forclkeaboundary. Comparing INITEAC with
experiments on model alloys (unirradiated) theofelhg conclusions were drawn:
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o INITEAC was found able to reproduce main trendghmexperimental data from tests
using non-irradiated model alloys. Fitting the uhgparameter to data from one
material INITEAC correctly predicts trends in theeasurements on a different
material. Experimental data with very few cracks @ea could only be reproduced
very roughly due to poor statistics in the INITEA&Sults. This could be improved in
the future by increasing the statistical variabitf results from INITEAC runs with
the same input parameters.

When using INITEAC to simulate irradiated specinests:

o By adjusting three input parameters of INITEAC whilising best estimate values for
all other input parameters it has been possiblepooduce the major features of the
experimentally observed threshold curve for irrddia dependent failure, as
illustrated in Figure 32. Indeed, the results alediare in fairly good agreement with
the experimentally driven curves which indicatetttitee ratio between the applied
stress and the yield stress of the material woelctehse by increasing the neutron
dose (operation time).Shortage as well as scaftexjperimental data for the dose
dependence of yield stress, Si and Cr concentrgii@s rise to large uncertainties in
the results from INITEAC.

Future steps in order to improve on this unceryastiould therefore include the acquisition of more
experimental data and the improvement of data tyudieside this, additional effects (such as Ni
segregation) could also be considered to be indludéNITEAC.

[1.5. Deterministic model for the prediction of IASCC initiation: IGOC.

The Intergranular Oxidation and Cracking (IGOC)-subdule describes the true initiation and the
following successive crack extensions due to IAS&Ghe scale of the polycristal. The assumed
mechanism is based on the oxide penetration on gaindaries and the following evaluation of the
resistance to fracture of the grain boundary agi@dty the oxidation, considering the oxide itsell a
the local modification of the chemical compositiointhe metal, at the grain boundary, ahead of the
oxide. The scheme used to gather all the necessgrgdients to develop this end product is
illustrated in Figure 33. The actual approach igeinistic. The typicascalesof the model are:

102 mn? ( équivalent to about 200 grain-polycrystallingemate).
1000 h (duration of SCC test in the laboratory).

Voronoi space subdivision is used to model polyetlise aggregates. Oxidation kinetics was
provided by the work described in the section IC3ystal plasticity modelling is an appropriate
approach to evaluate the heterogeneity of the moatis mechanical response in an aggregate, taking
into account activation of slip systems. Therefaech modelling is relevant to simulate IGSCC
mechanisms, where hardening and stress concentattigrain boundaries play a significant role in
the cracking mechanism. In the final version of p&tform, the phenomenological behaviour has
been replaced by the crystalline plasticity lawigated in Section Il. 2, in order to incorporate th
physics and the irradiation effects. To model thigation and the extension of the crack along the
grain boundaries, cohesive elements are insertédeba grains. The crack propagates using
Cohesive Zone Model (CZM) laws whereby crack opgronsts energy proportional to the crack
length. Specific routines were developed in Pythamguage and introduced in a Code_Aster
computation to simulate the IGSCC due to local tiogetween mechanical parameters, oxidation
and fracture. Grain boundaries are weakened byatgid as soon as the Gauss points of a CZM are
reached by oxidation. Therefore, crack extensigredds on two parameters: the local intergranular
oxide penetration and the local stress appliedhengrain boundary weakened by oxidation. An
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example of the results that could thus be obtaisekkpicted in Figure 34, showing as expected that
highly irradiated materials are more susceptiblA®CC. Further work is needed to increment the
robustness of the approach, to increase the eftigief the platform and to implement more physics
in the parameterization of different models.

Il. 6. SP2: Conclusions and outlook

Multiscale modelling addressing many of the issieegprediction of IASCC has been an important
part of the PERFORM 60 project. Particular success®l remaining limitations that are worthy of
further study beyond PERFORM 60 include:

e Modelling

o The framework document created early in PERFORM réMains a valuable
reference for modelling experience and mechanistgight. It has guided a
significant amount of the PERFORM 60 modelling,exsally at the continuum scale.

o There has been significant progress modelling ffeets of localised deformation in
terms of grain boundary stress concentrationsngrigiom clear bands, and grain
boundary stress/strain fields due to irradiationdaaing . However, work is still
needed to guide on conditions leading to localgefdrmation.

o There has been incorporation of the effects of lised deformation into the
continuum scale INITEAC IASCC model, whereby equagi defining GB increased
susceptibility due to localisation are used. Rrdgehese rules are not able to be
used until further parameterisation has been plassib

o Modelling of surface oxidation in PWR primary watercluding sensitivity to matrix
chromium composition, irradiation creep, localisgeformation and environment.
These models have been developed and validatedg uskperimental data.
Development of the models to predict intergranwardation would be useful.

o The oxidation rules have been incorporated intodhetinuum scale models IGOC
and INITEAC Ability to adjust sensitivity of oxalion rules to chemical
compositional variability is presently only for cmium content. It would be useful
to be able to model other effects of Radiation tretliSegregation.

o It has been possible to reproduce to reasonabileamcthe current accepted variation
of the ratio between applied stress and the yigkss of irradiated material versus
dose, predicting therefore the IASCC threshold giSINITEAC. With greater
guantities of experimental data on IASCC initiatiah would be possible to use this
model to explore sensitivities to irradiation cdratis etc, to the benefit of IASCC
understanding.

o The synergies between the deterministic IGOC maddl the statistical INITEAC
modelhave been demonstrated whereby parameterisatiobeaone in IGOC and
the results then used in INITEAC.

« Experimental data

o Some limited empirical data has revealed oxide tdir@c conditions for proton
irradiated 316 SS; it has also been interestinge®an apparent correlation between
dislocation channelling and rupture of surface egid However, no rules able to be
used in continuum scale models are yet availaldgher does the data extend above
low dose.
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o Qualitatively, a dependence of strain localisabondose has been seen, it also seems
that loading conditions affect the degree of stlagalisation. More well designed
lab. experimental data would be needed to devgl@mtitative rules on localisation
able to be adopted in IASCC models, even thouglitlaévalidation should take into
account the failure modes observed in real opeyatmditions.

To sum up, the table of Figure 35, illustrates phegress made within the PERFORM 60 project
taking as starting point the situation at the enBERFECT project.
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Il. Sub-Project 3 “Users’ Group”

The scientific approaches developed in the SP-1S#n@ sub-projects to model the behaviour and
degradation mechanisms of reactor pressure vesselidtion embrittlement) and internals (IASCC)
materials are very innovative both because ofebRrtiques used for numerical simulation and of the
challenge to derive the macroscopic component bhetaWom the microscopic evolutions of the
material.

Although this project deals with fundamental reskaand modelling, it's a challenge from an
industrial point of view, since only such an in-dephysical understanding of the degradation
mechanisms is able to provide predictive modelbhthese phenomena.

Therefore, to fully reach the goals of the projeccomplementary work has been done through a
Users’ Group in order to assess the developed higlelvith industrial data and share the
knowledge and modelling approach improvements antbagEuropean and International nuclear
Communities. The work included, first of all, thstablishment of a consensual view through the
compilation of the state of art knowledge with dical evaluation of existing tools and approaches
in a 60 years operation context. Secondly, a laagkection of experimental reference data and
proposals for industrial applications. Finally augh out evaluation of simulation tools has been
performed to address their applications to colceference data and applications.

Taking into account the lessons learnt from the PERT Users’ Group, The activity of Users
Group has started at the beginning of the projecrder to constitute a wide diversified UG. Intfac
a wide participation has been noticed, includingotss organizations from Europe, USA and Japan
representing utilities, R&D organisations, manufiaets, regulatory and safety organisations. A
working programme has been defined for each orgaars using a specific “participation
agreement” that has been signed by the coordimmatdrehalf of the consortium and the interested
organization.

The activity of the Users’ Group SP-3 was splibidtmajor tasks:

» Constitution of Users Group (involving external tpars of the project with a specific
contracting to set up), including its managemerd aoordination, reporting and feedback
towards other members of the project (SP-1 and )SBfganization of specific Training
sessions on simulation tools, and the external conication.

» Scientific and industrial evaluation of the simidattools and their capability to be used in
the future for practical industrial applicationsdasmssessments (and how to fill the possible
remaining gaps).

» Collection of reference data and industrial appitces, both for RPV and Internals materials.
All these elements have been gathered in a spefEfabase (PERFORM 60 Database) using
feedback from previous FP6-integrated project PEREE This work included the
constitution of the Database, the definition ofuhpnd output data, the Quality Assurance of
the Database, and its maintenance which is of apéderest for industrial applications
related to:

* Materials: chemical composition and manufacturing;
e Specimens including cutting schemes;

* Irradiation conditions;

* Metallographic and microstructural investigations;

* Mechanical test results and fracture mechanicsgest
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* Atomistic modeling.
A wide range of materials has been inserted irdttabase, notably including:
* Western RPV steels;
* Western weld metals;
* VVER type base metals;
* VVER type weld metals;
« Laboratory materials
Notice that there is no model alloy in the database

e A final evaluation of simulation tools and end puots and their ability to be used in real
industrial components assessment.

To achieve the above tasks, it was necessary nmg two dedicated training sessions. The first
one has been organised from 15 to18 March 201 D&tlEes Renardiéres, in which more than 50
participants out of 32 organisations have attendée. scientific and technical progress of SP1 and
SP2 has been widely presented to the Users Grodpessing the capabilities and limits of the
models and the tools, including first demonstrati@i the PERFORM 60 platform (V1.0). An
updating of UG work programme has been discussetth w&il participants. The following
contributors were then committed to be active m tser goup: HSE-NNL/UK, (including financial
support to NNL for further examination of the mistactures), EDF (some more data out of its
surveillance programme with additional characteéitiza Rolls Royce, IRSN (as user of the
platform), AB Ringhals / Vattenfall (to provide pate data), Tractebel Engineering (to provide
private data), AEKI / KFKI, TEPCO, ORNL ( companswith DISFRAC), EPRI (Evaluation of the
tools on both RPV and internals), AREVA GmbH, NBEF (coordinates a common contribution
on VVER steels with NRI & Prometey), KAERI. Otherganisations have engaged in addition their
in-kind contribution and become very active insithe project, such as PROMETHEY/Russia,
CNEA/Argentina, Uni-Helsinki/Finnland, NNL/UK, CRME/Japan.

Based on this first group who signed the partiégmatgreement, the"2training session has been
organized again at EDF Les Renardiéres on 15-191 013, with a wide participation (57
registrations from 21 organizations) with the malmectives of:

* Informing participants about final progress of FlERFORM 60 project;
* Presenting and demonstrating the project database;

* Giving the status of developments and correspondiescription, elements of validation
(models and tools).

Right after this training session, the evaluatidrthe version 3.0 of the platform has been made
leading to the following results.

a- Evaluation of the PERFORM 60 platform for RPV

The initial evaluations were done by UG membersugh Apollo-database that was installed in the
Huddle workspace of the project website. Thereofeid a Joint Evaluation Meeting (Paris, 1-3
October 2013), in which additional evaluations wdme. The Live DVD has 15 modules that
produce an output that can be compared with aveildéta, scores of alternative chains of modules
leading to a prediction of the same observatiod around 130 model parameters. It was not
feasible to investigate more than a small fractbrthe potential alternatives within the resources
available. Nevertheless, it was possible to acheveasonable depth of coverage encompassing
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most modules. The original target for the total bemof evaluation objectives was exceeded and the
number of prediction results was substantially Inelyexpectation.

Given the limitations of current knowledge and comagtional techniques, the RPV tool evaluation
generally performed fairly well, and demonstratedeptial for future practical application. Some
modules could not, however, be fully tested duknbitations of the implementation of the models
on the Live DVD or lack of suitable comparative exmental data. It is clear however, that there are
still significant limitations in current knowledgend that it is difficult to make full extent ofeh
modelling advances available using a Live DVD faornigut, even with these limitations, the RPV
tools are already valuable for training and develept of insights.

The scientific and technical level of tools was emided during the final workshop, but the platform
and the simulation tools seem to be more apprapfat developers and model experts (‘academic
tool’) than for common users in link with real irgltial applications.

b- Evaluation of the PERFORM 60 platform for internals

Most of the validation exercise was concentratetherone hand on the microstructure tools and, on
the other hand on the INITEAC software, which i$ imegrated on the Live DVD but was provided
as a stand-alone version. The available tools thesi reproduce the general trends seen in tlak fie
which is interesting for academic or training pwses, but are still far of having reliable predietiv
capabilities. In addition, they require a specoffxpertise in and knowledge of the physics and nsodel
for each of the modules which most of the timeasavailable for the average end-user.

The target audience of multi-scale, multi-physiasdels in the field of IASCC should rather be the
scientific community active in this field in labaoaies and research institutes, and not industndt
users who need robust and relatively simple engimgé¢ype models in order to provide the data
necessary for structural integrity assessment fatirie prediction of plant structures and
components. The multi-scale, multi-physics modeloogild help developing such models on the
basis of physically sound principles.

It was acknowledged that the tools developed irptiogect represent a remarkable achievement from
a scientific point of view, but the live DVD canndflect the full extent of the work. Many of the
modules developed for the Internals are not fullplemented on the Live DVD and could not be
tested by the Users’ Group. Some modules providernrediate information which is probably
useful to help researchers understand the IASCChameems or to test specific hypotheses.
However, it is of limited usefulness for the indiadtuser, which does not have the necessary data o
the expertise to run these tools and is not neaBssaa position to appreciate the scientific walof

the work. The final result is still of limited prigeal use for the lifetime management of the in&rn
structures of an operating reactor.
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Potential Impact

The impact of PERFORM 60 is rather of strategicuregtas it allowed strengthening tleading
position of the EU’s nuclear industryin the field of numerical simulation for residul#etime
prediction. It is in fact effective to date, PERF@R0 developed tools are , to a certain exteng abl
to predict radiation effects both on RPV steel'sc(brystalline structure) mechanical behaviour and
initiation of failure of austenitic stainless steéfcc crystalline structure); Thus, the PERFORM 60
project allowed the community settled, already itihe FP6-PERFECT project, to take a dominant
position in the frame of fracture mechanics andessircorrosion cracking simulation fields.
Furthermore, the results obtained are very encawgatp become directly applicable to existing
reactors up to possible 60 years of operation. blee the studies conducted within the
PERFORM 60 project are considered to be of grdatest for GenlV reactors. Indeed, even if the
materials involved in GenlV reactors are differathie humerical tools developed in the frame of
PERFECT and PERFORM 60 are able to take into a¢cduypes of crystalline structure, i.e. bcc
and fcc. No doubt that these kinds of crystallittacture will be present in GenlV reactors. One can
also list several other potential impacts thataatéressed by the PERFORM 60 project, such as:

Capitalization of knowledgeDuring the last decade and thanks to both prej@&?6-PERFECT and
FP7-PERFORM 60), a huge effort has been dedicatedfitalize the experimental and theoretical
works that were carried out to characterize, urtdats and model irradiation effects in materials
since the sixties to the eighties, both by integgaand developing new simulations tools based on
this knowledge and also by creating a dedicatedbd@e storing the most relevant data set to
validate the models at the appropriate scale. Ttmasfuture European Research in these fields can
benefit from the amount of work performed twentyitty years ago.

Structuring of the European ResearchPERFORM 60 brought together around 20 reseantres,
institutes and academic laboratories working in tiedd of numerical simulation of materials
behaviour. In addition, close collaborations haeerb settled with the main players in the field
worldwide (see User's Group) such as the progra@&sL in the USA, the programme PLIM in
Japan and those under investigation in Russia awdaK Such a large international community is
indeed required to mobilize the necessary competeand skills; no single country could provide all
of them.

Training: Learning about irradiation damage requires angtranvolvement of students from
academia and young engineers from industry. Indbedpols developed allow to carry out “virtuel”
experiments aiming at assessing systematically ctiess-influence of parameters (temperature,
spectrum,...). The simulation tools developed are bheimg used in many training activities across
Europe and even the world, just to quote a fevheft:

» European master in nuclear engineering hosted bg-PRCH/France;

* Master of nuclear engineering at the institute afclear technology and science
(INSTN/France);

» The yearly training courses for young engineersawoized by the Materials Ageing Institute
having as constitutive members the most importaictear energy producers in the world
namely, EDF SA (FR), EPRI (USA), KANSAI/INSS (J)DE-Energy (UK), CGN/SNPI
(CN), Rosenergoatom (RU);

» Formation of young engineers at SUEZ/Eletrabel;
» Course on nuclear engineering and materials by ENEN

In addition, the project itself contributed to matmpical schools and organized two specific ones
and it is listed later.
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Bridging “Eastern” and “Western” countries The PERFORM 60 project played an important role
in the dissemination of recently developed codeklarowledge concerning numerical simulation of
materials( see later the composition of the useug)y. This dissemination was particularly fruitful
within Eastern countries as many seminars have pemided in the interested research institutes or
academia by PERFORM 60 contributors.

Disseminating European Research among non Europeasuntries The fact that the user group,
has members from all over the world including ERFSIA, PROMETHEY/Russia, KAERI/KOREA
and TEPCO, CRIEPI/JAPAN ensures that the resutisiged by the European research have been
disseminated among non European countries in additi more than hundred of international peer
reviewed publications and key notes oral presemati

a- Socioeconomic impact
The socio-economic impact of the project is reaiteough:

» Enhancing industry innovation: the tools developsithin the project will allow a better use
of resources concerning the assessment of théitjiaf the main structural components of
nuclear power plants. They are certainly helpfulplianning adequate surveillance and
maintenance programs for the RPV and its interddisy will also provide a technical basis
envisaging innovative solutions on in-service repaid or mitigation of radiation damage of
these two critical components, namely the RPV #thternals.

* Creating growth by enhancing the availability ofclear power as it can help reducing the
maintenance and inspection durations of the twdistucomponents (RPV and internals).
The lifetime of a nuclear power plant is technigaklated to the integrity of the pressure
vessel among others. To ensure a smooth energatisition in Europe, and to allow for a
safer operation of the existing NPPs, it is of pavant importance to be able to assess the
residual lifetime of the critical components susttlze RPV.

* Enabling small and medium size enterprises to litefiefm improved model tools as in the
course of the project few SME’s have interactedhwlie project consortium either to provide
advanced IT services (i.e. Phimeca/France, LGldgaEMDESK/Germany).

b- Societal implication of the project

More than 330 persons have contributed to the sscoé this project. About 280 persons have
contributed to the scientific achievement while m@mbers, have used actively the results and
trained with the developed software platform, ad esers.

Among the scientific and technical contributors,renthan 150 are experienced researchers (40% are
women), about 90 highly qualified personnel (35%w&omen) and about 30 young engineers, post-
docs, or PhD students (15% women). About 10 new [@ve been created within the consortium.

This high qualified community has first of all lead to work together in spite of cultural and
organisational differences and they were able ttaloorate together towards commonly decided
objectives within the project.

Indeed, as it is demonstrated in the following isest, the project appears to be quite attractive to
create renewed interest to the nuclear engineenragerial science for nuclear application as the
approach developed is very challenging and corsittex latest development in new technologies:
namely computer science and communication.
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Use and dissemination of Foreground
Within the project, 2 summer schools and two inrdéonal workshops have been organised
1. MATRE-1 summer school

The First International School on Materials for Ma¢ Reactors (MATRE-1) was jointly organised
by FP7/GETMAT and FP7/PERFORM 60 projects. It whe first school organised in the
framework of both projects. It was held on the pe&® of the Auberge de la Ferme in Rochehaut sur
Semois, on the Belgian Ardennes, from 18 to 23 kmto2009. 45 ‘students’ ranging from
undergraduate students to senior scientists, butlynBhD students participated in the school: 29
men and 16 women. They were sent by laboratorigdd in 12 different countries and represented
15 nationalities. Sending laboratories ranged fuonversities to research centres, industries asml al
safety authorities. The technical programme indudb®th lectures and interactive sessions. In
addition, a poster session was held to allow stisd@rshing to do so to present their research work.
24 posters were presented and the three best postrvoted by students and lecturers, were
awarded a prize.

2. SOTERIA summer school

SOTERIA® is the international trainingysposium_a irradiation effects in structural matdsidor
nuclear reactors, jointly organised within the feamork of two FP7 collaborative projects, namely
LONGLIFE and PERFORM 60. It was held in Sevillea®p from September 17 to 21, 2012. The
main aim of the symposium was to train early caresearchers and senior engineers on topics of
relevance for both the operation of existing nucjgawer plants and for the implementation of the
next generation reactors.

The University of Seville freely offered its fatiéis for the symposium, specifically at the Schafol
Architecture. The training programme covered fiays] equally distributed among two sections:
RPV and internals. The interactive sessions weredan the use of the tools developed in
PERFORM 60 for the simulation and prediction ofiasidn effects in steels. These tools have a
potentially high educational added value, as tHwaa student, under proper guidance, to perform
virtual irradiations, with the possibility of “sewy”, as if using a sort of virtual microscope, the
nanostructural changes produced in the materiggring how they evolve with dose and checking
the effect of variables such as dose-rate and teatye. Next, the student is given the possiboity
simulating the effect of these nanostructural cleangn the mechanical properties, in terms of
increase of yield strength and reduction of dugtillThese are the effects of importance for RPV
steels. On the side of internals, similar toolsendeen developed but, in addition, the possibility
exists of looking at the development of irradiatessisted stress corrosion cracking, which affects
specifically austenitic steels.

In parallel with the symposium, a workshop on "lsstues” in radiation embrittlement was held on
the first day, open to experts present at the ks

In total, 122 delegates participated in the sympasiincluding organisers, lecturers and studer@ts. 2
lectures and 2 interactive sessions were given3tat8dents by 32 lecturers. Women represented
about ¥ of the participants. While most studentsevie their early career, many 'advanced' students
also attended. The participants came from 48 differorganisations, distributed in 17 different
countries. About 80% of the organisations represkat the symposium were European, but there
was also an important presence from the USA andsiRus’he organisations were equally

% Soteria was the Greek goddess of Safety
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subdivided in ~50% research and ~50% industry, ¢wveagh the latter often corresponded to R&D
divisions (e.g. EDF R&D).

3. PAMELA international workshop

The workshop PAMELA, dealing withPredictability of long-term geing_mehanisms of reactor
components based on modelling anddaatory experiments has been held at Mol/Belgium from
Sept’l9 to 22d, 2011, with the aim to address gwmue of the transferability of data - from
accelerated experiments performed in the laboratorthe conditions met by the material when in
operation - based on advances in modelling andnoer analysis and correlation of existing data,
from both laboratory experiments and surveillan@®. participants out of 30 organisations from 16
countries (utilities, producers, research centmed aniversities,...) have attended the workshop.
About 25 invited talks and 45 posters have beesgmted and discussed.

4. Final workshop:

The International workshop on “multiscale simulatiof the prediction of radiation damage in
reactor pressure vessel steel and internals upOtye@rs of operation” wakeld at EDF-Les
Renardiéres, Moret sur Loing/France, from 10/12R1@112/12/2013.

The main aim was to demonstrate that the commoejoged effort, that is to develop future tools
useful for industrial and research projects, reldte the prediction of materials behaviour under
nuclear power plant operating conditions, has lvadely disseminated with the scope to provide:

» A sharpunderstanding of the physical phenomena and interaction betwaéemt
(experimental tests, observations).

» An accurate definition of the several blocks needed for the modelling Ifj@m
splitting into sub- domains in time and spacélpealisation strategy”.

» The simulation (as accurate as possible) of the observed locahgrhena and
interaction between them.

» The use of powerful numerical tools to homogenize time and space -
“"homogenization strategy”.

» Thevalidation of the tools using representative in-pile experitaen

This workshop had therefore the objective to bitimgether all the contributors (developers, users,
...) to this project to share their knowledge amgresent the main achievements obtained within the
project as part of its dissemination strategy. lr@nmnore, the workshop is open to the whole

international community.

The workshop hosted 110 delegates coming from g8nisations from all over the world, including
USA, Russia, Korea, Japan and Europe. The workstemped with 3 invited talks: from USA to
describe the scope of the CASL project sponsoreth&®yOOE, Japan to present the actual national
programme regarding the modelling of material behavand finally from Russia to report on the
main outcome of the ISTC # 3973 project on resititmbssessment coordinated by PROMOTHEY
institute.

The workshop was also the occasion to present autdish the review and evaluation of both the
most important deliverables by the evaluation awdew committee that has been appointed by the
project executive committee and the tools integratethe simulation platform by the user group as
will be described in some details in the next peaplys.

Other Communication/dissemination events

All the members of the consortium have been adtiveisseminating the results. More than 60
articles have been already published in internatigmurnals with peer reviews, the same amount
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have also been reported in proceedings and moreSbanvited lectures have been given at many
occasion. In addition, the results and especiiéy dimulation platform is being used continuously
by many organizations in their daily practices.

Here it is worth mentioning that the technical egentative of the coordinator has presented the
project is several European and international evdntleed, the project has been presented at the
following events: NULIFE and NUGENIA Fora, IGRDM185RDM17, SMIRT22, CORROSION
2013 where a special session was dedicated torpiraxsé discuss the content of the SP1 project. The
project was also presented at the ICG-EAC-2010-ZIP-2013, at international conferences such
as MMM-2010 and 2014, ICACM2010 and Fontevraud 2846 2014, GORDON, MRS and many
others. It was also presented at the FISA 2009 ISR 2013 conferences organized by the
European Commission. The project has been undewunigrella of NUGENIA and part of its
portfolio since 2011. A state of the art documenplanned to be published under the NUGENIA
label.
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Scientific and technical evaluation and review comitiee

To assess and ensure the high quality level oktientific production from PERFORM 60, it was
decided to organise the « Evaluation and Review 1@itiee» (E&RC), that was composed of 6
prominent scientists in the fields of material saces, mechanics, corrosion, solid state physics and
irradiation damage. The ERC had the following matdjectives: a) to assess the scientific research
output, b) to make recommendations to Sub-Projeeiders (SPL), ¢) to propose possible scientific
improvements and/or reorientations to SPL, d) topsut the coordinator for EC evaluations. The
ERC members were:

v" Chair: Damien FERON, CEA, (Corrosion)

v Colin ENGLISH, Oxford University, (Microstructurend fracture aspects, IASCC).

v' Jean-Louis BOUTARD, EFDA (retired in 2009), now exrpattached to the CEA
(Atomistic modelling of radiation damage)
Sylvain LECLERCQ, EDF, (Flow behaviour /creep unilexdiation)
Marc HOU, University of Brussels (ULB), (Microstrucal evolution/segregation)
Dolores GOMEZ BRICENO, CIEMAT, (Corrosion behavip&CC)
Ulla EHRNSTEN, VTT, (Corrosion behaviour, IASCC)

This committee had as a rule to critically revigitlae reports issued by the partners, and orgdnize
several face to face meetings with the project etvee board.

AANENEN

E&RC Review of the scientific and technical achiewents of PERFORMG60 project

The members of the ERC have greatly appreciateddéseription of the project status and the
overview of the main achievements and issues doyethe PERFORM 60 coordinator and the SP
leaders (during the 3 dedicated meetings). The EB&t mainly with the SP1 and SP2 scientific
outputs and its members appreciated very muchwue imformation on the SP3 developments.

For RPV. an important concern is the fracture toughnesscdver different scale lengths, several
models have been identified for further developmemd integration in the PERFORM 60 platform.
They were selected with the aim at incorporatingdioscale modelling into the upper scale, to link
the local approach to the engineering models. Mdse(RPV base metals, welds and model alloys)
with which to validate / verify the various modelsflow and fracture behaviour being developed in
SP1 have been selected jointly with the FP7-LON@&L_[ftoject and form the basis of reference
cases.

A substantial effort has been undertaken to develew methodologies to derive interatomic
potentials for FeCuC and FeNiMn based on the dminand thermodynamics calculations
performed. The FeCuC potential, used to mimic thlealiour of high Cu RPV steel has been fully
exploited to derive the interaction rules betweeadiation induced defects and dislocations leading
to the necessary parameters for the meso-scale limgdef either the microstructure or the
dislocation dynamics. As for the FeNiMn potentifie task appears to be much more difficult than
expected but still a first version of this potehtias been made available and will have to bedeste
further against the experimental observationsnpguee its robustness.

Regarding Internals the main concern is the comprehension of theviddal mechanisms
contributing to IASCC and the interactions betwe&esadiation, corrosion and mechanical loads. In
particular, the main goal is to identify the masapbrtant features participating to the crack itiia.

The role of corrosion has to be better understsodel as the radiation induced segregation and the
contribution of local strain gradient.

Efforts are made on crack initiation criteria fohish modelling results and experimental data are
compared. Analytical models of crack initiation &ased on a strong interaction between dislocation
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channels and grain boundaries, using an energyndmlariterion. Results are in agreement with
experiments performed with slow strain rate teSSRT) in inert environment. However, on
irradiated specimens, no clear bands are obsemvi iISSRT under PWR environment. A statistical
tool (INITEAC) is also developed with success tegict reasonable maximum crack depths and also
the numbers of cracks, based on criteria whichcatdi the failure and are tuned to obtain the best
comparison. Being able to put some physics inégdtcriteria is still needed.

A lot of work was performed on modelling plasticégd oxidation with experimental verification on

irradiated specimens with both observations of ispeas and experiments in hot cells. Results
showed that hardening is not sufficient from diakban loop interaction. The development of

interatomic potentials is more complicated thaneexgd initially. Similarly, considerable amount of

experimental tests on highly irradiated materiasenbeen performed, however they were not fully
profitable to the project as they were deliverethwome delay (almost by the end of the project)

Concerning the user groupghe objective was the evaluation of the platforrolgoby the non-
developer users, with their own database. An ingmbreffort of the user group was dedicated to
produce a comprehensive document reviewing thetiegisnethods of predicting the effects of
radiation on internals and RPV materials in allrabe world.

The evaluation of simulation tools requires a aiien of reference data (materials properties,
conditions of irradiation, metallurgical evolutigns..) to be compared to predictions of the
simulation tools, both for RPV and Internals matisti All these elements were gathered (with effort
and time) in a specific database using the stiiteag PERFECT database and in close collaboration
with the FP7 LONGLIFE project.
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General Conclusions

The integrated project PERFORM 60, rich with itsncounity that involves more than 350 scientists
coming out from different disciplines has proven lie fairly effective in creating not only
outstanding scientific and technical results agudlesd above, but also to collaborate with eacleoth
in creating added value results for the Europetatfational community. The project was also able
to motivate an important number of end users, cgnuat from different horizons (constructors,
utilities, safety organisations, ...) who showedagrinterest in the developed simulation tools and
participated actively in their evaluation and dieg®tion of knowledge (see the section related to
the dissemination). In addition the work done withihe project has generated more than 100
scientific publications in international and peeviewed journals and conferences which made the
EU-community taking the leading role in the field.

The great success of the project is also translagatie fact that all deliverables and milestonageh
been achieved. Most importantly more than 20 yoemgjneers have obtained PhD degree based on
the work performed within the project in differdfiropean countries.

Last but not least, all the events organised byptigect (more than 100 international participants
each of them) were a real happening in the sciem@mmunity.

Finally, this success story is not yet achievednase collaborative work is needed to transfer the
complex basic work performed within the last dectalenore engineering oriented modelling tools
that would help the nuclear industry better assgstie residual lifetime of the two very important

and irreplaceable components, namely, the presgssel and its internals.
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Milan Brumovski (NRI)
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Nicolas CASTIN (PhD) (SCKeCEN)
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Marlies LAMBRECHT SCKsCEN
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Roberto C. PASIANOT CNEA & CONICET
M. Inés PASCUET CONICET

WP1-4 G. Adjanor (EDF)

A. Zeghadi (EDF)

N. Rupin (EDF)

F. Latourte (EDF)

J.M. Proix (EDF)

L. Dupuy (CEA)

B. Marini (CEA)
Support: Phimeca (PME-France)

WP2-0: S. Van Dyck and M. Konstantinovic (SCK.CEN)
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Félix Latourte (EDF)
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Cédric Pokor (EDF)
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Annex 2: List of user’s group members

LAST NAME FIRST NAME COMPANY COUNTRY
AMBERGE Kyle J. EPRI United States
ADJANOR Gilles EDF R&D France

AL MAZOUZI Abderrahim EDF R&D France
AUBLANT Edwige AREVA NP France
BARTHE Marie France CEMHTI/CNRS France
BASS Richard Oak Ridge National lab United States
BEAGLES Adam Serco United Kingdom

BECQUART Charlotte University of Lille France

BEHRAVESH Mohamad EPRI United States
BELEZNAI Robert Bay Zoltan Foundation Hungary
BENCTEUX Guy EDF R&D France

BENGTSSON Ingrid Westinghouse Electric Sweden

BERVEILLER Marc EDF - R&D France
BOGAERT Anne-Sophie Tractebel Engineering Belgium

BONNY Giovanni SCK-CEN Belgium
BRUMOVSKY Milan UJV REZ Czech Republic
CALOTA Elena Westinghouse Sweden
COSTA Dominique LPCS ENSCP CNRS France

COUVANT Thierry EDF R&D France

DAWI Kamel CEMHTI/CNRS France
DE DIEGO Gonzalo CIEMAT Spain
DECAMPS Brigitte CSNSM France
DESGARDIN Pierre CEMHTI/CNRS France
DESGRANGES Clara CEA France
DOMAIN Christophe EDF - R&D France
DRUCE Stephen ONR United Kingdom
FERON Damien CEA France
FORD Michael AMEC United Kingdom
FORGET Pierre CEA France
TRACTEBEL ENGINEERING .
GERARD Robert GDF SUEZ Belgium
y HAS
GYENES Gyorgy Center for Energy Research Hungary
HARDIN Timothy EPRI United States
HEUSSNER Stefan AREVA NP GmbH Germany
HOROWITZ Hélene IRSN France
JAMES Peter AMEC United Kingdom

JEZEWSKA Lucy UoM United Kingdom
JOURDAN Thomas CEA France
KARLSEN Wade VTT Finland
KLASKY Hilda Oak Ridge National lab United States
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KONSTANTINOVIC

Milan SCK-CEN Belgium
KOSTYLEV Viktor CRISM PROMETEY Russia
KWON Junhyun KOREA/KAERI Korea
KYRIELEIS Albrecht AMEC United Kingdom
LANDRON Caroline EDF - R&D France
LE CALVAR Marc IRSN France
LEISTNER Kirsten ENSCP France
LIDDELL Petr UJV REZ Czech Republig
MALERBA Lorenzo SCK-CEN Belgium
MARINI Bernard CEA France
MAYORAL Mercedes CIEMAT Spain
MERINO Susana CIEMAT Spain
MEUNIER Sébastien EDF - R&D France
MOINEREAU Dominique EDF - R&D France
MOTTERSHEAD Kevin AMEC United Kingdom
NANSTAD Randy Oak Ridge National Laboratory Uniteichgdom
NASTAR Maylise CEA France
NOMOTO Akiyoshi CRIEPI Japan
ORTNER Susan National Nuclear Laboratory Unitedgdiom
PETELOVA Petra NRI Rez Czech Republic
POKOR Cédric EDF - R&D France
QIAN Guian Paul Scherrer Insitute Switzerland
RADIGUET Bertrand Universit of Rouen France
RIDDLE Nick Rolls-Royce United Kingdom
ROUDEN Jenny Ringhals AB/Vattenfall Sweden
RUPIN Nicolas EDF R&D France
SAEZ Alberto CIEMAT Span
SATO Kenji MHI Japan
SERRANO Marta CIEMAT Span
SHARPLES John AMEC United Kingdom
SOROKIN Alexander CRISM PROMETEY Russia
SUEISHI Yuichiro TEPCO Japan
SZAVAI Szabolcs Bay Zoltan Foundation Hungary
TANGUY Benoit CEA France
THUINET Ludovic University of Lille France
TODESCHINI Patrick EDF R&D French
VANKEERBERGHEN Marc SCK-CEN Belgium
VIEHRIG Hans-Werner Helmholtz-Zentrum Gresden- Germany
Rossendorf
WALLIN Kim VTT Finland
WILFORD Keith Rolls Royce British
WILLIAMS Tim Rolls-Royce United Kingdom
ZEGHADI Asmahana EDF R&D France
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Irradiation (0.2 dpa)

Figure 9: Above: snapshot of the simulation box includiragancies (blue), SIAs (red), Mn (black) and Ni éeat 0.2 dpa: high density
of MnNi rich clusters is clearly visible. Below: mparable volume from atom probe examination of FeMalloys irradiated at the
simulated conditions.
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Figure 12 Scheme used to model the flow properties of Rie¥ls
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Figure 14: Typical microstructure mesh (10 parent graingath packets) built using the developed software.
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Figure 19: summary of the progress made from PERFET to PERFORM60

PERFECT (2007)

PERFORM (today)

Irradiation damage in Fe;

Microstructure evolution under irrad. FeCu: homuogrus
precipitation (MFVISC);

Hardening ( micro-cavities, Cu-rich clusters)
Flow behavior: emperical plasticity law;

FTM: local approach ( Beremin type based on the
homogenization of a microstructure of Voronoi type;

Plateform: Perspycace/ Python Qt3
UG: database on fracture/ application as demormtrat

Irradiation damage based on annealed MD (BC) cascad
Microstructure: heterogeneous precipitation (CRESDO)
Interatomic potentials : FeCuNiC, FeNiMn (1 aprjox
Hardening: various defect/solute clusters (VC, INC
decorated loops, ...) (validated on real steels)

Coupling between hardening and advanced frachogels
Cristal plasticity laws based on DD

Experimental validation at the appropriate scaier{o-
crystal, grain, poly, ...)

Homogenization and aggregate calculations ontizain
structure

advanced cleavage models : Beremin, WST, Bokdi&F
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Figure 20: schematic illustration of the interaction of tlater coolant with an internal component in PWR.
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Atomic-level tools to parameterise end-products
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Figure 35: Table on the progress related to internia

PERFECT

PERFORMG60

Simulation of radiation damage in Ni;

Simulation of irradiation induced
microstructure change in FeNi binary
alloy ;

Long term simulation of irradiation
induced defects in « green material »
with (MFVISC) ;

Hardening mechanisms in pure Cu, ar
to some extend in FeNi (mostly
interaction with loops and SFT’s) ;
Simulation code to predict the local
chemistry in crevices (T, pH, ...);
Model for crack propagation ;

First version of a 2-D Monte carlo mog
for initiation;
No module was integrated in the platfc
PERFECT;

1el

Development Many versions (6) of FeNIiCr ternarpwlbotential;

Simulation of radiation damage in FeNi, FeNiCr ;

Microstructural evolution of radiation damage ilNiKer (OKMC)

Long term simulation of radiation damage: develeptof CRESCENDO code;

Simulation of radiation induced segregation in KeiNand steels : development of 3
models (atomistic, analytic, and mean field)

Understanding the mechanisms of radiation indu@edédning in FeNiCr (interaction of
dislocations with various defect clusters) ;

Development of a physically based crystalline pt#tgtlaw for non and irradiated
stainless steel and its experimental validation;

Prediction of stress-strain behavior of stainlésslaunder irradiation;

Simulation of the chemical environment as functépH, T, ...;

Model to predict the kinetics of corrosion with andhout irradiation as function of
materials properties (cold work, composition, ..mperature and environment chemis
Development of computational scheme to couple s@ro(slow process) and mechani
deformation (fast) during the same simulation;

Development of physical criteria governing the ssof grain boundaries cracking
Development of statistical model for IASCC init@ii (INITEAC) based on physical
criteria (strain localisation, grain boundary degsibn, ...)

Development of a deterministic model for cracki@tibn based on the integration of m
of the above cited developments.

Experimentally: First experimental analysis of angce failed bolt; IASCC initiation
testing of highly active material (up to 80dpalisd from an operating NPP, great amg
of data related to the microstructural evolutidre torrosion behavior and mechanical
properties of irradiated model alloys and steiels, (oroton, neutrons),

Iry;
cal

DSt

Development and production of the first simulagpdatform for IASCC initiation,
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