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1. INTRODUCTION

Maintaining, all along the reactor life, a high ébwf safety and energetic and economic nomindbpmances are the most
important topics for the future of nuclear energythis area, the control of materials ageing play®y role. Predicting the
long-term evolution of the mechanical properties tfte materials (in service or new) submitted tadration during the

reactor life remains a major challenge [1-4]. Hoatf many research activities are concerned witidiation effects on

mechanical properties of real, or model, materifds,in reactor or accelerator irradiations. Buthil the multi-scale

modelling of materials under irradiation has beesll wleveloped these past years [5,6] the experimhesitidies of the

evolution of the microstructures at the atomic lese quite rare. This is mainly due to the lackaaglytical capacity at

nanometer scale for material irradiated in readditions (neutron irradiation).

Neutron irradiation deeply modifies the propertiésnaterials [7,8]. Some of the changes come frpatHicities of neutron

irradiation such as the dynamics of the specifieds created by large displacement cascades aerwaapby the creation
of foreign atoms by nuclear reactions. The natme: the defect concentration depend on many fatitaraeutron fluence

and energy, temperature, material composition, @gstallographic quality. Indeed, the evolution endradiation of the

microstructure of materials results from complexaiyics on an atomic scale from the coupled mignatiof defects and
impurities [7,8]. These nano-structural modificagcare at the origins of the “ageing” of materiaf&l thus of the possible
reduction in their durability and/or performanceheTnanometric scale observations make possible pregjress in the

understanding of these phenomena, such as aggnegstidefects, elimination of the defects on grboundaries or on
nanometric particles, atomic segregations or pitipns, at the origin of the material degrada{i@h

Only the powerful tools recently developed allovedd nanoscale studies necessary to understandi¢cheseopic and

macroscopic phenomena. These characterization®glesant to support the theoretical bases of nsghile modeling from

atoms to mechanical properties.

2. BASIC MECHANISM AT THE ORIGIN OF PHASE TRANSFORMATNS UNDER
IRRADIATION IN NUCLEAR MATERIALS

Irradiation in nuclear reactor can lead to largaetisional changes of metals, ceramics and allagsi{ation creep, swelling
and growth) and also significant changes in thedcinanical behavior (hardening, loss of ductilitjbeitttement, DBTT

shift ...). The rupture mechanisms can be stronghdifiea, like the apparition of quasi-cleavage irgltly irradiated

austenitic steels for example. The first observegtiof these phenomena were in the late 60’s (196i8se modifications are
due to an important evolution of the microstructurgluced by irradiation, voids, dislocation loopsegregation,

precipitation, amorphization.... These microstrudt@eolutions, different from those observed durthgrmal aging, are
governed by the continuous formation of point defednterstitials and vacancies, and by the madtificy and the

enhancement of the diffusion processes. These basitepts were introduced in the 70’s like the gwmtlisegregation in
1974. In non-metallic compounds, the charge stitése defects can also be modified by the eleatrercitation.



2.1 Elastic collisions

Elastic collisions between neutrons and atoms efdtystalline lattice result in the production akRkel pairs (vacancies
and interstitials). The spatial distribution of éefls at the time they are produced, strongly dependhe energy transferred
to the primary knocked atom (“energy” of the digglment cascades). Indeed high energy primary at@msdisplace
secondary atoms, which can themselves displace atbhens, and so on. The material suffers an intarnadiation by
projectiles which transfer the whole of their enetg the knocked-on atom during a head-on collisiéthen the energy of
primary or secondary atom, or eventually of anfiether down in the cascade, is between 1 keV d@nde¥ typically, its
mean free path becomes comparable with the int@atdistances. It will therefore set to motion ansiderable number of
atoms, up to several hundreds, inside a volumeimgrayer a few tens of angstroms in radius. We hhea a displacement
cascade. In chemically ordered compounds, dis@sdatroduced by replacement sequences: stringags of atoms moves
by one atomic distance in the process of Frenkek garmation. Also, it must be keep in mind thhe tfraction of the
projectile energy which is transferred to the &&ttin the form of defects or chemical disorderasysmall, the larger part is
dissipated into heat. The material heats up. Tlsaltse obtained from numerical simulations greatbntdbute to the
understanding of the morphology and the time depenévolution of the displacement cascades.

The debris of a displacement cascade is at thénooigall microstructural evolution that may be ebsed in the metallic
structure. A general description is a vacancy dote surrounded by an interstitial rich periphériie vacancy rich cores
often collapse into clusters also leaving free wa@s. The interstitials behave in the same wayptter words, point defects
clusters (interstitial or vacancy) are formed ad a® Frenkel pairs.

Even at very low temperatures, where the pointasfare immobile, the concentration of Frenkelsuiill saturate (1%) as
irradiation proceeds. At large point defects cotraions the distance between defects is smallaginermal recombination
or agglomeration will operate. As a consequencerdle of accumulation of Frenkel pairs under lemperature irradiation
is parabolic. At higher temperatures, point defecigrate by thermally activated jumps, and can tisappear because of a
large variety of defect/defect reactions.

In general the point defects concentration is alted the competition between defects productiod alimination. Three
major mechanisms contribute to defect eliminatignvacancy-interstitial recombination, ii) point fdet elimination on
defect sinks (dislocation, grain boundaries, fradages etc...), iii) agglomeration in the form ofvitees, stacking fault
tetrahedra, dislocation loops.

The point defect agglomeration and eliminationigtsinduce the microstructural evolution.

2.2 Microstructural evolution

During irradiation, elements of the microstructwigich act as point defects sinks absorb both ititexs and vacancies. If
the number of absorbed vacancies differs from tianterstitials, lattice sites are created or omstd at the sink: i.e.
cavities will grow, dislocation loops will grow @ecay, dislocation climb will increase the dislasatdensity. Point defects
may also agglomerate. The most commonly observedliians, at least in cubic materials are as folldy for small
cumulated damage (1 dpa or less), dislocation ¢litheéir density increases. If the dose rate iselaggough, interstitial
dislocation loops nucleate and grow in size. Whenrtumber density is large enough, dislocatiorexd@ut and a dislocation
network builds up; 2) for large doses (5 dpa ammvapand under appropriate conditions cavities magfeate and grow.
Whatever the irradiation conditions, self inteiatintoms always cluster in the form of a disk tufras inserted between two
dense planes: the disk edge is an interstitiabd#lon loops. Vacancy clusters, on the contrary, eather two- or three
dimensional objects: respectively vacancy loopsasities and stacking fault tetrahedra (in the E@rGcture).

The time evolution of the population of free vadasc and interstitials is described by the solutidrihe set of ordinary
differential equations:
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In the absence of irradiation, a binary alloy maydither in the form of: i) a solid solution (whefeand B atoms are
distributed either in a random manner or with sategree of local order), ii) of a long range ordeseédcture (the A and B
atoms are arranged in a periodic manner on a siagiee), iii) a two phase alloy, the second pHasimg either a solute rich
solid solution or an ordered compound. If the aikprepared by an appropriate high temperatuedrtrent in the form of a
solid solution it will achieve on further annealiaa lower temperature one of the above structure.



Under irradiation the evolution may be completeiffedent. Indeed the existence of a point defeqessaturation and the
fact that point defect concentration on sinks & eluilibrium one leads to gradient and fluxesahpdefect. According to
the formalism of the thermodynamics of irreversiplecesses, the fluxes of species are dependerd. féaction of the

different concentrations, fluxes of the spediés a binary alloy(A-B) under irradiation may be written:

_JVQ: DWDCV + DVBDCB
_Ji Q = DiiDCi + DiB DCB
—JBQ = DBVDCV + DBiDCi + (D\éB + DiBB)DCB

D; is the diffusion matrix element. Thus, the evalatbf the point defects population in the binatgyunder irradiation as
well as the B concentration is given by :
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If the cross diffusion coefficient can be neglectb@ only effect of irradiation is to sustain egka defect supersaturation and
therefore to increase the solute diffusion coedfiti The precipitation process will be accelerafBue above argument
implies that the defect supersaturation does ndatifjnthe thermodynamics of the system, which is ¢hse at least in the
metallic alloys. This phenomena is callddadiation enhanced precipitation

In many cases, the cross diffusion terms cannagri@ed and a solute segregation or deplpetionappa the point defects
sinks. If the solubility limit is exceeded, predation occurs. Since such a precipitation procadg occurs because of
irradiation and at predetermined location (defettks it is currently named irradiation induced heterogeneous
precipitation In certain undersaturated solid solutioinsadiation induced precipitation can proceed in &#iMogeneous
manner i.e. not associated to point defects sinks. H@ain the cross diffusion terms are at the oridithe clustering of
solute. However what triggers the defect flux ig tie presence of a defect sink but the fact thatrecombination of
Frenkel pairs may be enhanced in a solute rictoregi

3. EFFECT OF IRRADIATION ON STRUCTURAL MATERIALS OF NUCLEAR
REACTORS

In regard to structural materials of current rees;ta better understanding of ageing is essentigudtfy the lifetime
extension of pressurized water reactors (PWR), thekyoe 40 years design life. In 2011, 58 PWRsraperation in France,
and 2 units have passed their third 10-year ingpecEor 27 of the 900 MWe reactors, the regulagurgveillance program
has provided data for irradiation doses close ¢satexpected after 40 years of operation. The latioe used in France up
until 2008 to evaluate the Reactor Pressure Vd§deV) embrittliement was based on an empirical fdan(&IS) [10],
developed from test reactor data. Its upper bounadlacter is satisfactorily verified with the mostent surveillance data;
however, it underestimates the general trend ofrigtheinent increase with irradiation dose. For ttéason and in view of
life extension, the use of an improved correlatonecessary for the embrittlement assessmenghehfluence. The work
to determine a new correlation is carried out ivesal steps: comparison of existing correlationthwie surveillance data,
constitution of a database, observations of irtadianicrostructures, choice of a model form, mdithg and validation.
The difficulty today is that very few data exist foigh doses and results from accelerated testaaréully reliable due to
the complex effects of dose rates. In additionhhdgses may also produce additional hardening riestike the so called
« late blooming phases [11]. To go beyond the tatices and understand the phenomena occurringghtdoses, analyses
of the different irradiated microstructures (pldteging, welding materials) is urgently neededider to develop models of
precipitation and defect accumulation. The longntevolution of_internal structuraustenitic steels (swelling, irradiation
assisted stress corrosion cracking) representsnadgor stakes, and again, analyses at the nanommedér are crucial to
understand and predict the degradation phenoména [9

For cladding materialsf the current reactors (zirconium alloys), woededs to be carried out on the damage mechanisms
(creep/growth under irradiation, corrosion by thienary circuit, stress corrosion cracking enhanicgdodine) that limit the
burn up of the fuel assemblies and availabilitythaf reactor [12]. The observation of these phenanatrthe atomic scale
could for instance help to understand how a few mfnsulfur can have such an impact on the creepepties of the
cladding and in general contribute to the optimirabdf their chemical composition.

Extensive work is needed on projects for a sudtéénauclear energy to allow technological breaktigits and innovations
for all GenlV reactotypes. In particular, structural materials mugheatiand high fast-neutron fluence at high-tempeeadis




well as to comply with new reactor coolant [13] ahiwill require the development of new material DSICDS/NDS
(oxide, carbide, nitride dispersed strengtheneelsteceramic materials such as SiC/SiC composite, The R&D activity
will also be concerned with the coating or funcéitiy gradient materials. For example, the choic®BfS for SFR cladding
needs to be validated, and the choice of a claddliatgrial is one of the principal technologicaldias for the development
of GFR [14]. The strength of this material at higimperatures has been demonstrated but its behader irradiation still
needs to be assessed.

For fusion reactorthe stakes relate to the development of structuedérials adapted to the operating conditiongtferfirst
wall, the divertor and the blankets.

For radioactive wasteoptimization of the recycling of long life elentenresulting from the reprocessing of used fuel, i
required. The aim is to separate them and to themtin fast neutron reactors (transmutation) atddicated systems ADS
(Accelerator Driven System) type. These long-liengents will be incorporated in a transmutationrirahat will resist to
very high irradiation doses.

4. TRACKING MATTERAT THE ATOMIC SCALE

4.1 High resolution techniques

The elementary mechanism at the origin of the digien of materials under irradiation occurs at ét@mic scale. Thus
tracking matter at the atomic scale is importantiprove our understanding of irradiation effectsnaterials, a fortiori for
structural materials for nuclear reactor. Many mstructural studies have been performed to acclmurthe formation of

extended defects as voids, precipitates, loops d.tamredict the lifetime of materials. Between #iEs and the 90’s, the
conventional TEM and conventional spectroscopy ghoa lot of information to confirm or to improverounderstanding of
these phenomena. However, the observation of tlliation effects in matter was not accurate enoaghh many

phenomena were still not understood or just suggegtfter the 90’s the combination of higher resiolu instruments such
as Atom Probe Tomography, HRSTEM as well as Smadlé Neutron Scattering gave new insights in teisearch field.

However their application to active materials ortenial as different as ceramics, glasses, metalsatioys (mixed with

oxides nanoparticles) and nanostructured mateniale only taking their first faltering steps, thestruments were still in
development and dispersed.

Now, with the progress in scientific instrumentatidigh resolution analytical microscopy tools akilable and mature:
GIF Quantum Filter, Cs corrector for TEM, samplddeos for in-situ straining, heating, tomography fogh resolution
scanning transmissions electron microscope, langiedemtosecond laser pulsed atom probe tomografthyvarious wave
lengths in order to quantitatively analyze diffdr&mds of materials in the best and reproducildaditions, Cross Beam
Station where the nanomanipulation and nanomadiiofrsamples can be routinely performed. Thesenigaks and their
coupling are nowadays the state of the art tecksigqa go further in the research of the irradiatiopact on the ageing and
integrity of nuclear structural materials.

The following figure illustrates the high resolutimanoanalytical tools and the continuum scalebseovation using these
complementary techniques.
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The spatial resolution and field of view of AtomoBe Tomography (APT), Scanning Transmission Eleciiicroscopy
(STEM), Scanning Electron Microscopy (SEM) with Eeed lon Beam sectioning and X ray Tomography ampared.
Full circles are for depth resolution, dash cirdi@slateral resolution. It is universally acceptbadt experimental studies of
irradiation effects require techniques falling e tpurple square. The potential of Atom Probe Taagoigy coupled with
TEM is evident. For ceramics, a statistical apphody X-ray diffraction is a mandatory complement tbese local
techniques.



One of the goals of these experiments is to estalaistrong link between experiments and the ptysised multi-scale
modelling of irradiation effects. Various simulat® are used at various scale, as well as their liogugAb-initio
calculations, Molecular Dynamics, Object or Evelid€ic Monte Carlo, Cluster Dynamics, Dislocatiogriamics...see C.
Becquart presentation). This approach has reacheghly predictive power, in particular thanks toiaitio methods, which
allow the calculation of the properties of radiatidefects (structure and mobility of vacancy aneérstitial type defects).
Experimental data at the appropriate scale (i@nit scale) are however often lacking to validéese simulations. This
strong modelling activity needs experiments in otdevalidate some of the latest concepts propas@articular regarding
the unexpected properties of some radiation defesters and complexes. Conversely, experimensalltealso stimulate
new simulation studies and developments. The $oaeale modeling and experiments are given offighee below.
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These experiments will allow validation of the riéswbtained from the physical models and theiradmg developments.
These experimental validations of physical modelscdbing the first stages of irradiation are vienportant for their use in
predicting of long-term behavior of different maads and the lifetime of components.

4.2 Research still going on

Even if experimental techniques are increasingrthapabilities and performences, as well as maodglinumbers of
guestions in these fields are still open.

In bainitic steels used for the Light Water Rea¢PWR or BWR) vessels for which the irradiation eas very low (< 0.1
dpa even for 60 years), the irradiation leads til Imnicleation of clusters consisting in minor elatseof the steel (as seen
by APT) and point defect clusters (it is still umkvn today if they are small dislocations loops?-214). These clusters are
too small to be studied by conventional transmis®tectron microscopy. A few results are availaile limited to low-
activity samples. The results need to be complétec more systematic study of different vessel malteand highly
irradiated (representative for 40 years and beytmdjetermine chemical effects on clusters andtetugnetics but also to
determine the nature of point defect clusters. Thisssential in order to propose new approachdsf@amula closer to
microstructural evolutions and to have a more bédizxtrapolation of macroscopic behavior of matsrand the lifetime of
this component.

For austenitic steels used for internal structwfekWR or for subassemblies of sodium fast neutrerectors (SFR) for
which irradiation is very high (active samples)alysis at atomic scale [22-26], with atom probeagnaphy for example, is
very important to determine the first stages of rostructural evolution, segregation at differemiksi (surfaces, grain
boundaries, dislocation lines and loops ...), préaifwn induced by irradiationsy( G-phases...). This information is
necessary to improve our understanding and thusititeling of swelling resistance that is very dejest on the element in
solution (Cr, Ni, Si, Mo, N ...), radiation-inducedardening, irradiation creep or stress corrosiorcldérg (Irradiation
Assisted Stress Corrosion Cracking). The knowleafgbe local stress state and segregation at fgfaed grain boundaries
will help to determine mechanisms at the originASCC. However, techniques described in the previparagraph only
give a partial view of irradiation effects. Indeeden if APT is the most suitable tool to charasteenanometric chemical
heterogeneities, it is not able to detect crystalldefects such as nanovoids, cavities or dislmtdtops. Such features
largely contribute to irradiation-induced ageingnaditerials. Transmission Electron Microscopy (TEMpa complementary
technique of APT since it allows observation andrahterisation of these small defects. So the coatioin of these two
techniques is an important step toward the undeaig of basic mechanisms of material ageing umdediation. The
instrument needed for such experiments should bgped with spherical aberration (Cs) correctoricwtallows Scanning
TEM imaging with a high resolution. Energy Dispeesiand Electron Energy Loss Spectroscopies (réspgcEDS and
EELS) detection systems would be implemented, atigwehemical analysis from lightest to heaviesh®ats, and open to
radioactive materials. Thus it will be possibladentify and quantify the structural defects indiitg the neutron irradiation
but also to estimate local variations of chemisisgociated to these defects.



For cladding materials of LWR (Zr alloys [27-333tomic scale studies must give additional infororatbn dissolution of
Laves phases which are present before irradiatioBrialloys and also on nucleation @fphases in Zr-Nb alloys under
irradiation and their evolution at high doses.

Materials proposed for the future SFR cladding 334 are ferritic-martensitic alloys reinforced by aniform dispersion of
oxides. The presence of nano-oxides (radius 1 mRin these alloys provides good creep deformatasistance. Also,
these nano-oxides allow trapping of the hydrogen laelium produced by nuclear reactions, mainly isién conditions.
The nanoscale of oxides makes very difficult tadgtby conventional transmission electron microscapgl asks means at
this scale as TAP, HRTEM and GIF system. Mechanigtribe origin of the creep resistance are not ¢etely understood
and need complementary studies at the scale adxiges, interaction with dislocations, interfaceighwnatrix ... Also, the
stability of these nano reinforcements under imtidh and their interface with matrix governed teolution under
irradiation and aging of mechanical properties dimdensional stability of this kind of steels.

For ceramic materials [36], same methods must k@ieh However, one has to take into account to es@pecific
phenomena which are absent in metallic systemsepoe of several sub-lattices which behave diffgremder irradiation
(induced disorder in cationic sub-lattice in spinfar ex.), effect of the electronic excitationheit on the damage process or
in the irradiation induced annealing (in SiC for)exlifferent charge states of the defects whidluémce their diffusion...
Moreover, one must have tools for the charactéomaif the phase transitions (monoclinic to tetraadn zirconia for ex.)
or of the amorphization kinetics, the grain rotatand the grain fragmentation... All these phenomzarabe understand
only if they are characterized at the nanometradeswith local approach (analytical HRTEM) for tiiefects and impurities
clustering and for the evolution of the dislocatimatwork, or with a statistic approach (X-ray difftion) for the evolution of
the structure, the texture, the grain size, theluas stress...

Also other large instruments must be consideregncl&otron SOLEIL with the Multi-Analysis on Radidave Sample
(MARS) beamline and Leon Brillouin Laboratory aslives Pierre Sue Laboratory.

5. CONCLUSION

“It is only a paper reactor until the metallurgisiis us whether it can be built and from what.”

Norman Hilberry, Director, Argonne National Labtory, 1957 to 1961

This laconic statement made by N. Hilberry in theéelfifties is even more appropriate nowadays. Nl are at the
forefront of nuclear power. It was true for Geninatl reactors in the 1950’s, it is true for prels&@eneration Il and Il
reactors and is even more acute for tomorrow's @Gio® IV and fusion reactors: the challenging agieg conditions
imply that in most cases, the use of conventionalear materials is excluded, even after optimiratind a new range of
materials has to be developed and qualified foleaucuse. Research in physical metallurgy, mechahimaterials and
modelling is needed as well as their teaching dered at this schoolEffets d'environnement sur le comportement
mécanique et la dégradation des matérigidSSOIS (21-25 01/13).
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