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Introduction

The selection of materials able to sustain inteadeation and severe environmental
conditions is one of the major tasks for the desigany nuclear facility. Appropriate
structural and functional materials for future tusreactors are being developed now.
Being on the cutting edge of technology this taslsents a real challenge for material
scientists and requires not only deep knowledgeatitrial behavior under normal
conditions, but also understanding of processesrdng in material under irradiation.
This lecture is aimed at introduction of non-spksig into the basic physical phenomena
taking place in irradiated metals.

Displacement damage in metals

After a short introduction into the major crystaitice types elementary point defects in
metals — vacancy and interstitial — and their prige will be discussed. Creation of
point defects involves interaction of projectilehvihe atoms of target material. The
details of such interaction depend mainly on thpeetgf incident particles. Neutrons,
gamma quanta or charge particles interact difféyevith matter. Therefore formally
total displacement damage is subdivided in twospg@rimary damage produced by
incident particle and secondary one generateddyattyet atoms displaced from their
lattice sites due to interaction with the projextVhether target atom will be displaced
depends on the energy received from the projg@ilergy transfer T) and the energy
barrier necessary for irreversible defect creattbreshold displacement energy) EThe
last value is an important material parameter, ssary for displacement damage
evaluation. Depending on the transferred energgraégenerations of recoil atoms can
be created. In this way a cascade of atomic diepleats can be formed in irradiated
material.

As far as recoil atoms lose some fraction of tetgctrons and move in metals as charged
particles it is necessary to consider in more detaiinteraction with irradiated material.
The nuclear and electronic energy losses of chaogedin matter explain some features
of cascade of atomic displacement development,iwiez demonstrate using TRIM
calculations.

The Kinchin-Pease and NRT models for evaluatiothefnumber of displaced atoms in
cascades are discussed.

Time scales and stages of displacement cascadegment will be considered on
several examples of molecular dynamical simulatidie temperature in the cascade
core can reach melting point stimulating defediudibn, recombination and clustering.
Defects in cascade are distributed very inhomogesigoa vacancy reach core is
surrounded by interstitial clusters at the perigledrcascade zone. Here we recall a
gualitative model of in-cascade void formation peed by R.S. Averback.

It should be noted that it is necessary to distisigbetween
o the number of displacements in cascades calcuhdtbde.g., NRT, which
corresponds to the peak disorder
o the number of defects survived after recombingpioase, but still localized
within the cascade area and



o the number of freely migrating defects, which cepends to the average
concentration of defects available for diffusiorthie bulk (i.e. outside of the
cascade zone).

Damage morphology depends on the projectile typletarenergy. At high particle
energies cascades are no more compact and braeatelgubcascades. A model of
subcascade formation proposed by M. Kiritani isdésed.

Evaluation of displacement damage is based ondghemof displacement damage cross
section, which is discussed in general and in apftin to the case of neutron irradiation.
Typical neutron damage cross sections, neutrortrspiee various nuclear facilities and
resulting primary knocked-on spectra are presented.

Finally several computer simulation methods of dgenavolution are discussed with
respect to their advantages and shortcomings.

Effects of irradiation on material properties

The effect of irradiation on materials is versatBeveral examples of the effect of
irradiation on the increase of sample dimensiongl{gg), the decrease of dynamical
toughness (embrittlement) and mechanical propetegsadation due to helium
generated by nuclear transmutations are presented.

We show that, in spite of the widely spread opirtiwatt irradiation induced swelling
originate from excess of vacancies in the formads, volume increase is due to the
interstitials which annihilate at free surfacesigioundaries and dislocations leaving
excess of vacancies in the material bulk.

Mechanical test accessing material brittleness r@hianpact test) and changes occurring
under irradiation are explained by considering psses occurring at the microscopic
level near crack tip. An example of reactor press@ssel steel embrittlement due to the
Cu-rich cluster precipitation is shortly discussed.

Transmutation induced helium increases materialrtess, provokes formation of helium
induced bubbles and may result in severe high testyre helium embrittlement. Some
examples of these effects are presented.

Literature

[Selected textbooks]

[1] B.T. Kelly, Irradiation damage to solids, 1sk ePergamon Press, Oxford, New York,,
1966.

[2] M.W. Thompson, Defects and radiation damagmétals, Cambridge U.P., London,,
1969.

[3] J.F. Ziegler, J.P. Biersack, U. Littmark, Themping and range of ions in solids,
Pergamon, New York, 1985.

[4] G.S. Was, Fundamentals of radiation materialsree: metals and alloys, Springer,
Berlin ; New York, 2007.



[Effect of radiation on materials]

P. Vladimirov, S. BouffardDisplacement damage and transmutations in metals under
neutron and proton irradiation, Eds.: J. L. Boutard, S. Dudarev and G. Martirsiéil
and Generation IV Fission Power Reactors: Behawbiaterials Subjected to Fast
Neutron Irradiation, Compt. rend. Ph$5(2008) 303-322

P.V. Vladimirov, A. MéslangComparison of material irradiation conditions for fusion,
spallation, stripping and fission neutron sources, J. Nucl. Mater.329-333(2004) 233-
237

P.V. Vladimirov, A. Méslanglrradiation Conditions of ADS Beam Window and
Implications for Window Material, J. Nucl. Mate856 (2006) 287-299

[First principle modeling of defects and gas atoms]
M.G. Ganchenkova, P.V. Vladimirov, V.A. BorodMacancies, Interstitials and Gas
Atoms in Beryllium: Ab Initio Sudy, J. Nucl. Mater386-388(2009) 79-81

[Modeling of helium cluster diffusion]

V. Borodin, P. VladimirovDiffusion coefficients and thermal stability of small helium
vacancy clusters, J. Nucl. Mater362(2007) 161-166

V.A. Borodin, P.V. Vladimirov, A. Mdsland,attice kinetic Monte-Carlo modeling of
helium cluster formation in bcciron, J. Nucl. Mater367-370(2007) 286-291

V.A. Borodin and P.V. VladimirowKinetic Properties of Small He-Vacancy Clustersin
Iron, J. Nucl. Mater386-388(2009) 106-108



