Materials under irradiation
ICTP-IAEA-MAMBA School

Raquel Gonzalez Arrabal
Full Professor in Nuclear Engineering

Instituto de Fusidon Nuclear Guillermo Velarde/ Departamento de Ingenieria Energética

Universidad Politécnica de Madrid

raquel.gonzalez.arrabal@upm.es



]

A\

| (004 |
INDUSTRIALES
ETSII | UPM

Trieste, 10/02/2025

Nuclear Guillermo Velarde

Toulouse o
Giié a Montpe
ICG e oD Santander
w2 o 5 s
Oviedo Bilbaoe  san sebastién)
Santiago de &
“Compostela Ean Vitoria-Gasteiz \/\/\‘“""I \A}a;\, -
o L Ut e
Pontevedrae Orense
E © Gerona
‘y_/\
o =y i Zaragoza
m> eled Barcelona
S
opono /J Tarra‘gons
o
/7 Salomance
% S
) Escuela Técnica .
0 Superior de Ingenieros... &
Coimbra A Castellon i
¢l ( de la Plana -
3 Toledo Mallorca
i ° i
Portugal | = Palma
& Es pana Escuela Técnica
-9 Superior de Ingenieros...
9
Lisboa oBadajoz
( Benidorm
Alicante =
(Alacant)
» a
goreta Murcia
Escuela Técnica Superior
de Ingenieria Informética
Huelva
ar ] Almeria
Fero Malaga o
a
Gibraltar
Marde Alpoyy,, Google

ICTP-IAEA-MAMBA School



Y .
= . ar Guillermo Velarde

ETSII | UPM

Director

Pedro Velarde

5 Full Professors
President 9 Associated Professors

2 Assistant Professors

7 PhD students

2 Administrative personal

Manuel Perlado

Deputy Director

Raquel Gonzalez Arrabal

Academic
Secretary

Manuel Cotelo

High Intensity Laser Materials under Neutronics

Hydrogen

produced Plasma extreme environments

Trieste, 10/02/2025 iL1P-IAEA-MAMBA School



]

A\ :
IND:?i;ALES I O n u S e S

ETSII | UPM

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School



| [A04] |

INDUSTRIALES
ETSII | UPM

Natural Colmatado
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MEDICINA
Las técnicas de diagnéstico y
tratamiento de la medicina nuclear
son hables y precisas: radiofarmacos,

MINERIA
A traves de sondas
nucleares se puede determinar
la composicion de las capas

de la corteza terrestre.

MEDIO AMBIENTE
Técnicas como el Analisis por Activacion
MNeutrénica permiten la deteccidn y el

alisis de diversos contaminantes
Trieste, 10/02/2025  oravsisde diverso oot

gammagrafia, radioterapia, esterilizacion....

HIDROLOGIA
Los isétopos se utilizan para seguir
los movimientos del ciclo del agua e
investigar las fuentes subterraneas y
su posible contaminacion,

INDUSTRIA

Los isatopos y radiaciones se usan
para el desarrollo y mejora de los
procesos industriales, el control de
calidad y la automatizacion.

9

EXPLORACION ESPACIAL

Las pilas nucleares se utilizan para
alimentar la instrumentacion de
satélites y de sondas espaciales.

AGRICULTURA

Y ALIMENTACION

Control de plagas de insectos,
mejora de las variedades de
cultivo, conservacion de alimentos..

&

Las técnicas nucleares permiten
comprobar la autenticidad y
antigiiedad de las obras de arte, asi
como llevar a cabo su restauracion

b

COSMOLOGIA
El estudio de la radiactividad de

los meteoritos permite confirmar
la antigiiedad del universo.

http://www.catedraenresauco.com

ICTP-IAEA-MAMBA School
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What does it happen when we irradiate a material?

Irradiation generates damage/defects in materials. So,

generally, it modifies the physical and chemical properties
of the material.

Garner, Ch. 6. Irradiation
Performance of Cladding and
Structural Steels in Liquid Metals
Reactors, of Nuclear Materials part
1, Vol 10 A, Published by VCH,
Germany

Figure 6-24. FEasily observed swelling (= 10% linear, ~33% volumetric) in unfueled 20% cold worked AISI 316
cladding tube at 1.5 x 10* n em "2 (E =01 MeV)or =75 dpa at $10°C in EBR-1T (after Straalsund et al., 1982).
i i ions :

Trieste, 10/02/2025 MNote that, in the absence of physical restraints, all relative proportions are preserved during swelling. ICTP-IAEA-MAMBA School
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Atomistic effects lead to material properties
changes/degradation

. ._'_tr"ii.‘.;' £ L
e VA
......

{
|

>>>2@§\FN—G\/

ICTP-IAEA-MAMBA School



Y . N
o, r irradiation

ETSII | UPM

e High definition image from the ISS
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https://youtu.be/wG4YaEcNlb0
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What would you think as an engineer if the properties of carefully selected materials
change over time?

Desperate man by P. C. Robla

 What would happen if you weren't able to predict those changes?

Understanding the fundamental aspects of radiation-matter interaction
is crucial to develop more radiation resistant materials.

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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* Origin:

— Frenkel pairs

— Defect clustering
— Chemical reactions
— Gas interaction

* Effects
A swelling
hardening
=
L
3
A
resistivity
>
dpa

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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 One of the essential characteristics of ionizing radiation (photons, neutrons,
charged particles, etc.) is their ability to penetrate and interact with matter.

* |n these interactions, radiation loses part or all of its energy, yielding it to the
medium through which it passes through different interaction mechanisms that
essentially depend on:

— The type of particle (mass and charge).
— Particle energy.

— Medium with which it interacts (in terms of composition, density, physical state, etc.).

 These radiation-matter interaction processes are the origin of the radiation-
induced defects

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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The radiation induced changes strongly depends on the radiation environment (energy,
particle, temperature..) and on the material

* The first thing that is necessary to know when one considers studying and/or predicting
radiation-induced damage is the irradiation environment to which the material will face:

— Radiation species: X-ray, neutrons, ions
— Fluence

— Flow

— Temperature

— Energy

— Radiation nature: Pulsed or continuous

* Pulsed: pulse duration, repetition rate, and if the samples experiment thermal loads concurrent to the
pulses

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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W irradiated with

Trieste, 10/02/2025

Pulse x shiot

Lirmg

=30 mEx T shot 171 ms | 300 MM | 1.5x10" Hadm?
- mex1Bshot | 461 ms | 300 MW | 4.0x10% Hedm®
~MWmsxEshol | 4Ems | 300 MW | 132104 Him®
~MmexiSshot | 44T ms | 300 MWIM? | 29x1042 He+Him?

M. Tokitani et al. Plasma and Fusion Research: Regular Articles Volume 5, 012 (2010)

species

ICTP-IAEA-MAMBA School
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)% IFN-GV

energy

W irradiated with He at different energies

0.8 X107 /m?

1.1 X102 /mzs
7200 s
2950 K

0.8 %107 /m?
1.1x 102 /m?s

7200 s
2200 K

09%x107 /m?
1.2 X102 /m?s
7200 s

2.6 X 1077 /m2
3.7%x 102 /m?s

7200 s
2100 K

Fluence
lon flux

Time
Temperature

Surface

Cross
section

D. Nishijima, 30th EPS Conference on Contr. Fusion and Plasma Phys., St. Petersburg, 7-11 July 2003 ECA Vol. 27A, P-2.163

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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W irradiated with

Single crystal

He 20 eV

11002C

Poly crystal

He 20 eV

11002C

ology

1_0’1E He*/cm? 31{10"B He*/cm? 10"9 HE-"J’t:m2

1018 Hts.l“Jl’r._:m2 3x1078 He*/cm?2

S. J. Zenobia, PhD thesis University of Wisconsin (2010)

The defect
configuration in
the as-grown
sample also play a
role in the
radiation damage
configuration

ICTP-IAEA-MAMBA School
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 Definition:

— Charged particles: those that have a charge (e, H*, heavy
ion...)

— Neutral particles: those that have no charge (photon, neutron)
* Differences in effective cross-sections (o)

— Charged particle 0~101° cm>
— Neutral particle 6~ 1024 -107° cm™

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School



 Mean free path (mfp)

Where: g is the cross section
N is the matter density (N~10%3 cm™3)

— Charged particles: mfp~A
— Neutral particles: pm-cm

Trieste, 10/02/2025

A\ er interaction:
“alomi utral particles

ICTP-IAEA-MAMBA School
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* |Interaction

— Charged particles
* They interact practically with each atom along its path.
* They lose energy in each interaction:
— Electronic excitation
— lonization
* They are characterized by their stopping power and penetration length
* Directly ionizing.
— Neutral particles
* They interact infrequently with the atoms of a target
* In each collision they are absorbed or dispersed from the original beam

* The intensity of the non-dispersed beam is attenuated proportionally to the mean
free path and its intensity decreases exponentially with the crossed distance

* Indirectly ionizing (interaction with matter can generate one or more charged

energy particles (photoelectron, Compton electron)
Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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* Itis defined as the energy transferred by the incident projectile to the target and the
consequent distribution of the atoms in the target once the interaction has occurred.

* It is made up of different processes:
— The interaction of the incident energetic particle with the atom (part I).

— The transfer of kinetic energy to the atom giving rise to what is known as "primary Knock atom"
(PKA).

— The displacement of the atom from its lattice position (part Il).

— The passage of displaced atoms through the network accompanied by the production of additional
PKA:s.

— The production of the cascade (generation of point defects generated by the PKA).

— PKA completion as interstitial

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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1. The radiation damage event
e Neutron-nucleus interaction
* |nteraction between ions and atoms

2. The displacement of Atoms

3. The damage cascade

4. Point defect formation

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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e Each type of interaction can be characterized by its cross
section.

* The cross section, denoted typically by the symbol d, describes
the interaction probability.

* |t depends on: the particle and energy the neutron energy.

* The unit of the cross section is the barn. One barn is 10 -24cm

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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1. The radiation damage event
e Neutron-nucleus interaction
* |nteraction between ions and atoms

2. The displacement of Atoms

3. The damage cascade

4. Point defect formation

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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Neutrons have no charge. They interact via physical collisions with
nuclei (target nuclei).

* A neutron might scatter off the nucleus or combine with the nucleus.

e When the neutron combines with a nucleus, some type of particle
might be emitted (e.g., proton, alpha particle) and/or a “prompt”
gamma ray.

* Neutrons, like other indirectly ionizing radiation (e.g., Y rays), can travel
substantial distances.

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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[ neutron - nucleus reaction | E———m [ absorbtion ] é’ﬁ

= )

fission (n,f)
transfer ; 5 transfer reactions (n,
zn}r (n,a), 'ﬂnpi

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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SCATTERING INTERACTION
ELASTIC INELASTIC

Scattered
n+X—>X+n/ catterean n+X-X"+n' /
*— . Nucleus i—r.—b.NucIeusexcited

Incident n \ Incident n “LLL

Recoil nucleus Gamma-ray

Emitted n

ABSORPTION INTERACTION

n+X-V+ y / Emitted particle
e ——» — . Nucleus transmuted
Incident n _LLL

G. Mauri et al. JINST 13 (2018) no.03, P03004 arXiv:1712.05614

Gamma-ray
Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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nsmutation reactions

In addition to damage induced by direct collisions, neutron irradiation
produces transmutation reactions.

ABSORPTION INTERACTION

n+X->VY+ y / Emitted particle
*o—» — . Nucleus transmuted
Incident n —LLL

Gamma-ray

Important issues:

1. Radioactive nuclei are produced with very different decay times — safety

2. Transmuted nucleus — changes in the elemental composition of the material—>
change in material properties

3. He and H accumulation inside the material — swelling

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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Type of Energy transfer and energy transfer cross section Equation
collision in text

©
c
©
®» Elastic T=§E;(l—cos¢) (1.13)
..g ~ scattering

q— ¥ s
) o.(E;,T) = &) (1.21)
- )’Ej
8 =) 1/2

o ; A+1 / i
g Lo Inelastic T(Ei,Qj.¢) = ;Ei —%, [Ei (Ei +QiT)] cos¢+% (1.27)
Q o? scattering B
2 0[3 resonance region
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25 yE 14+ 2L ==
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= ’(T; unresolved resonance region
S o Eq™ E; E!
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8 a P A (EiEn)
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X 3 (n, 2n) Fmt gt o S o[ Y (GED) P cond (1.39)
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2 ([). Rt E;n —E} [Ep
g 3 x /E'_U_Em Em _ o~EalEo g!, a" (1.40)
€ . 0 I(E; . Ey,) & '
§¢ »

e EZ

€2 (n.7) T - (1.42)
5 = ’ = 2 B
L < 4(M+m)c

1
On. (E-):om/—"{ } (1.44)
Trieste, 10/02/2025 i E; | [(Ei—Eo)/(T/2))*+1 ICTP-IAEA-MAMBA School
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1. The radiation damage event
e Neutron-nucleus interaction
* Interaction between ions and atoms

2. The displacement of Atoms

3. The damage cascade

4. Point defect formation

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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In its passage through matter, an ion may interact with:

® THE ATOMIC ELECTRONS
and/or
®* THE ATOMIC NUCLEI

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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Incoming ion penetrates into the matter interacting with it and slowing down.

* stopping power: energy loss per unit distance traveled by the charged particle.

0
() (2] () of
dx )., \dx ) \dx), Xdx

7

— Nuclear stopping power, S(E) : transfer of energy
from incoming ion to target nuclei (elastic collisions)

— Electronic stopping power, S(E),: transfer of energy
from incoming ion to the electrons of target (inelastic
collisions)

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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Stopping Power [MeV/um]

0.5 4 huclear

o -
_—
-

v e
-
—
e e o

L L LA
1 10 100 1000
Particle Energy [MeV]

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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Trieste, 10/0:

Energy deposition
In solids

jectile energy deposition

500 eV Xe%*

typ. 10 nm

nuclear

Swift heavy

/ lons

electronic

5 keV Xe 100 MeV Xe

Stefan Facsko

Institute of lon Beam Phy'sics and M aterals Research "A-MAMBA School
Forechunoer entrim Diresden-Roscendorf Sermany
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Pt

of the slowing down

SS

Electronic stopping dominates

hmlear stopping dominates
e

1,!'

hvs

vacuum

solid material

Concentration_

Trieste, 10/02/2025

ICTP-IAEA-MAMBA School
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: Bragg peak

Energy Loss of Alphas of 5.49 MeV in Air
(Stopping Power of Air for Alphas of 5.49 MeV)

A8
1

—
1

Stopping Power [MeV/cm]

Bragg peak

0 T T ' T T T ' I
0 1 2 3 4

Path Length [cm]

 Bragg peak occurs because the interaction cross section increases with decreasing the
energy of the charged particle.

» It occurs just before the particle comes to a complete stop because the energy lost is inversely
proportional to the square of the velocity of the charged particles.

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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ENTRANGEDOSE

TARGETED PROTON THERAPY:
Dreposits most enengy on target

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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is usually measured.

incident 1on

n: lon range

* The most interesting range quantity average projected range (R ) and this is what

— At high energies —> 5, >>S —> R ~R,.

High-energy 1on

™

:[:I ¥ le

(a)

incident 1on

E,. M,

Fundamentals of Radiation Materials Science: Metals and Alloys,

Gary S. Was, Springer, ISBN 978-3-540-49471-3

Trieste, 10/02/2025

NNN

——>

NONNN

target surface

— Atlow energies > S, ~S, > R, <R.

Low-energy ion

——>

the total path length R 1s:
R =3 (At tAst. etc)

ICTP-IAEA-MAMBA School
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These kind of collisions are governed by interactions between:
— Electron clouds

— Electron cloud and the nucleus

— Nuclei.

 These interactions are described by interatomic potentials.

 To describe the energy transfer cross sections for interactions between atoms, we
need to describe the potential function that governs that interaction.

* Unfortunately, there exists no single function that describes all interactions, but
rather, the nature of the interaction is a strong function of the atom energies, and
hence their distance of closest approach of their nuclei.

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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omic potentials

Table 1A summary ol potental functions

©
c
Potential Equation for Vir) = Range of applicability Definitions Eq. in text g .
-_—
: © —
Hard-sphere 0 for r>r 0~ < T <10° ro = Size of alom (1.46) o~
ee for r<nm %
Bom-Maver Vir) = Aexp( —r/B) 10~ < = 10%ev A B dewrmined from elastic moduli  (1.47) ) b
e (T} o
dn < r=re c 5
2 2 b
Simple Coulomb £122¢ Ligat ions of high energy r < dy i 1.43) 3 o0
ﬁrz-sﬂ 05
Screened Coulomb ( - )CK].’:I:—J"I."EIII Ligat ions R < ag iy = Bohr radius ( 1.49) E 5
F Q
i = Screening rad us w L
Zel iy ¥ " E @
Brinkman I ol =ria) (J ~ ) r<a as @ /Z1 (151) S 2
r 2a ==
AZ1Zct expl( B 0.95 1075 5, S
Brinkman II 226" cxp(_Br) Z>25 A= g (152) =z
| —expl—Ar) an g )
) 13 ©
r= 0.7r. H_w Z.q (Cag “ =
=15 .
7, Zyet 20 2(3 r <@
Firsov 1= (Ell'fz +Ezl'“2] h —} r=dy ¥ is screening function ( 1.56) "g %
r fooa
2 Q
Z’¢* /37 = ; : S o
TFD two-center X (E L —}I —af+ A r < rpl 3ag) b= Radus al which the electron (1.57) ~)
r " , T >
cloud deasity vanishes c 0
S =
2E; 546 740y ? . L <
Inverse squarne — (A 2T (—) a2 < r< Sa Fp = Rydberg energy = 13.6eV i 1.59)
£ r

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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* Electrons can produce Frenkel pairs but to a much lower extend than neutrons
and ions.

* Only in the case of ceramic materials when the generated electronic density is
very high they can produce atom displacement by complex mechanisms (as it is
the case of swift heavy ions).

* In general we will consider them a source of energy that leads to heating of the
material

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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* Atomic displacements (nuclear stopping power, S, )
— Dominant damage processes in metals
— Significant for semiconductors, ceramics and polymers

— Units- displacement per atom, dpa

* lonization and excitation (electronic stopping power, S,)
— Generally negligible for metals
— Important for polymers, ceramics and semiconductors

— Units- Gray, Gy, absorbed dose 1] / Kg.

* Transmutation reactions
— Products of transmutation, especially isotopes of H, He and neutron-induced reactions

— Units appm / dpa

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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1. The radiation damage event
e Neutron-nucleus interaction
* |nteraction between ions and atoms

2. The displacement of Atoms

3. The damage cascade

4. Point defect formation

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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 When the energy of the incoming particle (radiation) is high enough, above
a certain threshold, it will produce atomic displacements leading to Frenkel

pair formation (vancy-interstitial). Cortesia de M. J. Caturla

Incident neutron Component
Ou, ® 0 O
\ . @® siAs

{:}\... - ® v
® 6 & O
® 0 ¢
® © 0 O
@ Interstitial defect

{_J Vacancy

Displacement cascade damage from
Trieste, 10/02/2025 movement of Si atom after primary.gallisi®a school
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. : i The initiation of the displacement cascade
* Primary knock-on atom (PKA): is the first atom P

o . _ ® @ o 0 0 o

that an incident particle encounters in the © o060 00
target. After it is displaced from its initial lattice PPN
site, the PKA can induce the subsequent lattice i ® o ;,‘D*’ e o
. . . . e o @ @ ©
site displacements of other atoms if it has c 0 06 0 o o
sufficient energy, or come to rest in the lattice at ® e 0 0 0 o
@ ¢ ¢ ¢ o ©o

an interstitial site if it does not.
Collision cascade

DY MNARMIC
REPLACEMENT

* Collision cascade: is a spatial cluster of lattice \& Wo%}
i o 5 'O .- o

vacancies and atoms residing as interstitials in a
localized region of the lattice.

ENERGY
TRAMSPORT

DEPLETED ZONE

Fig. 17.25 Later version (still gualitative) of the displace-
ment spike. U, vacancy. ® interstitial atom. —— path of
neutron. - - -, path of PKA. (After Ref. 28)

Seeger (1958)
Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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1 dpa means that each atom has displaced once (on average).
— Fusion: The half-life time of a PFM is ~ 100 dpa.

* A way to quantify radiation damage in a highly questionable and unreliable
way.

* lIgnore dose rate and cascade overlap

e Stongly dependent on material

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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cascade).

Cu irradiated with:

Trieste, 10/02/2025

Heulrdn 15 Mev
S R

Electron 1 Mev

Deuterdn 10 Mev

lation-induced damage

* Very important. For similar projectile energies, The averaged energy transferred
by neutrons is larger than that transferred by ions. Therefore, neutrons generate
dispersed PKA, but each PKA generates a high concentration of defects (dense

5 vacantes 3
tamafic = 10 dtomos

500 vacantes
lamafo - 10° dlomos

o

e —

& 3

——— e, 3':”1- —

———————— muy variable -

Fundamentals of Radiation Materials
Science: Metals and Alloys, Gary S. Was,

Emm. ———»—

7 i

05Smm, —e=—

Springer, ISBN 978-3-540-49471-3
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 The final state of the cascade is extremely important because the end of the
cascade is the starting point for defect diffusion, agglomeration and destruction that
forms the basis for the observable effects of irradiation

e Cascades evolve in stages given as follows:

1. Collisional (<1 ps) End of the quench phase is completed within ~
10ps of the initial collision event.

2. Thermal spike (~ 0.1 ps) i == ——y

3. Quenching (~ 10 ps) I h

Not all the created Frenkel pairs I

survive . -1

4. Annealing (ns-months) I :

x (nm) x (nm)

MD simulation of a 30keV displacement cascade in Cu at 300K at 2ps and
18ps into the collision (calculations performed at the Barcelona

Supercomputer center, courtesy of M. Catula and Tomas Diaz de la Rubia)
Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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amage: time scale

Cascade Creation

1013
2

Unstable Matrix
1011s

Interstitial Diffusion
10°s

Vacancy Diffusion
10°s

Microstructural evolution
10° s

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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1. The radiation damage event
e Neutron-nucleus interaction
* |nteraction between ions and atoms

2. The displacement of Atoms

3. The damage cascade

4. Stable defects

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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efects

When Frenkel pairs do not anneal (vancancy-interstial recombination) defects are generated
in the material.

e These vacancies and interstitials form the foundation for all observed effects of irradiation on
the physical properties of materials.

e Various types of defects exist in any crystalline lattice. These include:
— Point defects (0D): vacancies and interstitials
— Line defects (1D): dislocation lines
— Planar defects (2D): dislocation loops
— Volume defects (3D): voids, bubbles, stacking fault tetrahedra

 Moreover, the defects generation by light ions (He, H, D) and the generation of transmutation
products (neutron irradiation) is critical.

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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Substitutional
impurity atom

Void Vacancy type
Edge di5|ocati(}n \ Vacancy  dislocation loop

DBV
9000 %
n.ssu -u
. #\‘ﬁ“t o= .n e

ou,m,nmun . !a,o...ii.
L e b LU IO

Cymi) I O lﬁ.ﬂi\ ® )

sShsspittiiaiiste i
i E‘l ¢ " ;e ©
P asoseeeseses ”

Interstifial impurity atom
Self interstitial atom

()
,'
J’
ZO.
3y
.,ﬁ
[ A1)
-
i
-
,,.

. Interstitial type
Precipitate of dislocation loop
Impurity atoms
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1D-‘|E
1D—‘|3
1D—11

=10

Trieste, 10/02/2025

arizing

Event

Energy transfer from incident
particle

Displacement of lattice atoms by
FPEA

Energy dissipation, spontaneous
recombination, clustering

Thermal migration of defects

Result

Primary Kknock-on atom
created

Local melting,
displacement cascade

Slable Frenkel pairs

Recombination,
clustering, trapping

Fundamentals of Radiation Materials Science: Metals and
Alloys, Gary S. Was, Springer, ISBN 978-3-540-49471-3 ICTP-IAEA-MAMBA School
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* Relate the microscopic defects with modification in the materials
(macroscopic) properties:

— Elemental composition

— Dimensional instabilities

* Swelling
* Creep

— Thermal conductivity
— Electrical conductivity
— Mechanical properties

— Optical properties

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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Void Substitutional

_ Vacancy type . .
Edge dislocation Vacancy dislocation loop lmunty atom

Interstifial impurity atom

Self interstitial atom / Interstitial type
Precipitate of dislocation loop

impurity atoms

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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effects in materials

Elemental composition

* Transmutation A swelling
hardening
Chemical composition: 3
e Diffusion (Formation of new chemical phase §
° Segregation resistivity
>
Dimensions: 4ps

* Volume change: swelling
e Shape change: creep, fuzz

Physical properties:
* Decease in the electrical conductivity (low temperatures)
* Decrease in the thermal conductivity (ceramic materials)

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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he elemental composition

Irradiation Temperature Region : 600-800°C

Pan i ; 200 - . - : ; =
— JUTR O¥® [ HFIR 2 Precipitates e W
% . O,-.cf!' | l|° (C; \Ij’g;dp :id ! O W-5%Re
£ - e e s * ° o W-10%Re
C . 00 S ® e . O W-25%Re ]
-2 SR - ®e o 0
S i/ DEMO .
= 3-6%R T
§ 15-3nd§a % 100 7
o —Void+Precipitate = O
) i O o O 00 1
e o2y | E ' = 5700 Bgo
e | S, 7 ITER Below 1%Re 3 oo
et ) Around 1dpa = | -
V 000 —Void {Lart)tice?} E R % & O X ©
0.1 - = o<
0.1 10 2 | <&
dpa =
Y. Ueda et al. Nucl. Fusion 57 (2017) 092006 0 . 56{] | | ‘ 10IOO
* Thermal conductivity Temperature / K
° M eCh an ical p ro pe rties T. Tanabe et al. Materials Letters 57 (2003) 29502953

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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EUROFER 97:

Recycling dose rate level
of 10 mSv/h is achieved R

[RLLLE |

o L LEREEL (RN |

after 50-100 years RS Total Iéurc:f r. :
Hands-on dose rate level i :Ki';;: = | 1
of 10 uSv/h is achieved S b et B e SeciMl ]
after 105 years R Y

: Recycling Limit-————— --—-FI'-.i S S :

Assumptions: r o)

HCLL PPCS reactor model B r “Nb
*  Fusion power: 3300 MW
*  First wall made of EUROFER 97
*  Neutron flux: 1.53x10" cpr? s

] JOAWE i
Trieste, 10/02/2025

T R BT T ima

U. Fischer and S.P. Simakoy,
June 2003

b Hands-on Limfleade L Ll
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ns: He and H production

W irradiated with neutrons

Neutron Fluence (MW~y/m2)
0 5 10 15 20

(1]
C
S
S
1]
—
C
(0]
(&}
-
@]
o

Irradiation Time (years)

M.R.Gilbert. Transmutation and He Production in W and W-alloys

0 nm
K. Yutani et al. JNM 367-370 (2007) 423
Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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11
1

111
A B
1)

UNIRRADATIO 18 W2 emd

E>0.1MaV)

CONTROL

Garner, Ch. 6. Irradiation Performance of Cladding and

Structural Steels in Liquid Metals Reactors, of Nuclear
Materials part 1, Vol 10 A, Published by VCH, Germany

Figure 6-24. Easily observed swelling (= 10% linear, 2 33% volumetric) in unfueled 20% cold worked AISI 316
cladding tube at 1.5 x 10** n cm ™ ? (E = 0.1 MeV) or =75 dpa at 510°C in EBR-1I (after Straalsund et al., 1982).
Note that, in the absence of physical restraints, all relative proportions are preserved during swelling.

50 nm
K. Yutani et al. JNM 367-370 (2007) 423

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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Important issues:

1. Radioactive nuclei are produced with very different decay times —
safety

2. Transmuted nucleus — changes in the elemental composition of the
material—> change in material properties

3. He and H accumulation inside the material — swelling

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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Composition of T9]1 Heats A and B in wi%

Heat Cr Mo Mn \' Nb Ni Si Cu C P Al S N Fe
A 8.13 0.98 0.43 0.24 0.24 0.22 0.27 0.16 0.09 0.09 0.015 <0.01 <0.005 Bal.
B® 8.37 0.90 0.45 0.216 0.076 0.21 0.28 0.17 0.10 0.009 0.022 0.003 0.048 Bal.

* Normalization: 1038 °C, 1 h; temperature: 740 °C, 45 min [2].

> Normalization: 1066 °C, 46 min — air cooled; temperature: 790 °C, 42 min — air cooled.
RIS after irradiation to 10 dpa at 450°C with 2.0 MeV protons

6 | T T 1 1 1 | | T T i

—— Mo

LA
5
I.IE

o
&y
I
1

Change in Concentration (wt%)
= M3
-
Change in Concentration (wt%)
o
!
E

no
=
tn

1N
——

- I 1 L I 1 -1 I I I I i
30 20 -10 0 10 20 30 30 20 -10 0 10 20 30
3 Distance from GB (nm) b Distance from GB (nm)
Trieste, 10/02/2025 G. Gupta et al. Journal of Nuclear Materials 351 (2006) 162-173
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te formation

HTO irradiated with 5 MeV Fe to 20 dpa at 4202C

-—— T —

As-received HTY nominal composition {wWER]L

Fe Cr Mo M Mn W WV i C M P a

8489 118 103 051 @5 05 033 021 021 001 o008 oo3

1
1
i
1
T T T T T v 1 T T
oW 3 N & @ M T W
Position (nm)

Sin I -—
i r-r- >
4 ! ||
:
: :
T T T T ¥ T T r T T ¥ T ¥ v v T
] L 0 ] L = m ™ W L] W N BN O %N W W W
Position (nm) Paosition (nm)
I . i
i i - s I

' T8 &
¥ . ' o Ly -4
: CC L L)
1 [l (/1] B
i = - :
i T1E N 4 3
¥ E - L ®
I 4l E
' - H
1
' H
’ W
P W Om™m W w % ® W W 0 1 I D 4 W 0 M @
Position {nm) Position {nm)

C. Zheng et al. Journal of Nuclear Materials 491 (2017) 162-176
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Light species (H-isotopes and He) occupying cavities

Fe—13Cr—15Ni Ternary

Void Substitutional

Vacancy type o
Edge dislocation \ Vacancy dislocation loop 'mF;UﬂtV atom

O—0) Al h
g'gg'\‘"gt\mun\\uuz% e
.. W ,,os ‘l 4“... o

.Ib' 0
uomo,mu uliiilx I °
900085000 iui"u. INL)LC o°
...‘“..”..r .." I ". 0 0 0.4 dpa/0.2 appm He/675C

- .5! [} "ﬂ."i'ﬂlrou)ﬂfu». . H. Lee et al. Phil Mag. A 61 (1990) 733
oo ] .uo T IN IR T o o

Y go.onuou:a,umuwo
YV

Interstiial impurity atom
Self interstitial atom

/ Interstitial type
Precipitate of dislocation loop
impurity atoms

Figu elling A vnl ; m waorke (: AISI 316
cladding tube at 1.5 % 107" n em ™ * (E > 0.1 MeV) or =75 dp 051 o “Cin EBRAT (after Strantsund et al, 1952]
Note that, in the absence of physical restraints, all relative prog are preserved du velling,

Trieste, 10/02/2025
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onductivity

e Radiation decrease the thermal conductivity because points defects act as:

Trieste, 10/02/2025

— phonon scattering centres.

— e scattering centres

25.8 MeV krypton, 102°m2, 1.77 x 10> m=2 571

100 -

80 -

99
94

89
a0

63

50

36

SiC

TiN TiC

ZrC

B S,
N S,

L. David et al., J. Phys. D: Appl. Phys. 41 (2008) 035502

ICTP-IAEA-MAMBA School
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e 100
Rohm Haas CVD SiC |
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L.L. Snead et al. Journal of Nuclear Materials 329-333 (2004) 524-529
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He plasma irradiation: 60 eV, 1 x10%26 m-2 sample temperature of 773 K

(a) Pristine W (c) He-plasma irradiated W

A Reference #1
A lrrad. Bulk W (w/. Ref #1)
v Reference #2
v Irrad. Bulk W (w/. Ref #2)

% % % & 4 + %
W thin film

\

Irrad. W thin film

-
(=4
(=4
o
e |

100 |

(b) Pristine W (d) He-plasma irradiated W

= o
"
.
g
B e

Thermal conductivity [W/m-K]

0.1
290 300 310 320 330 340 350 360 370 380
Temperature [K]

S. Cui et al. Journal of Nuclear Materials 486 (2017) 267e273
Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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Table 1
Properties of materials studied

® R I C d e p e n d S O n : Material Supplier Processing Density (glec)

Room temp. electrical
conductivity (Qm)~!

CVD SiC Thermoelectron Chemically vapor 3.1
deposited (CVD)

— D O S e Alpha SiC Carborundum Pressureless sintered 3.1

162.0

Qi

1.32x107*
(Hexoloy)
Beta SiC Kyocera (SC-221) Hot pressed 30 Unknown
SiC fiber Nippon Carbon Polymer precursor 26 1x107!
— Te m p e rat u re (Nicalon) continuous fiber
103E ———rrrry ———rrri Ty
) i XX XXX

10 FCVD SiC, 22°C (irradiated and non-irradiated) 3

10"+ El

10’ + +
E [ Nicalon ]
B0 e ke bbb +
g E Nicalon non-irradiated 3
= F ]
T 107 -y
= [ Hexoloy a:SiC.22°C o o—* % ]
S it et T
73 ?Hf Hexoloy non-irradiated
T gt 1 L.L. Snead et al. Journal of
= E E
k%] F ] .
=R | Nuclear Materials 329—-333 (2004)

T 524-529

106 Kyocera p SiC, 200°C 7_

i Kyocera B SiC, 22°C
107 ¢ 1
IO’S_ EEE—— ey :
102 107! 10° 10!
Dose Rate (Gy/s)
Trieste, 10/02/2025 Fig. 1. Radiation enhanced conductivity of select monolithic ICTP-IAEA-MAMBA School
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* The study of materials under irradiation is very important
for diverse applications.

* The development of more radiation resistant materials is
crucial for improving device performance.

Do you want to join our comunity?

Trieste, 10/02/2025 ICTP-IAEA-MAMBA School
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de simulacién, disefio y andlisis avanzado,
necesarios en la investigacion y el trabajo
profesional, en el area de la ciencia y [a tecnologia
nuclear, esto es, de los reactores de fision y de
fusidn nuclear, incluyendo aspectos de sus ciclos de
combustible y de seguridad. El programa recoge
tanto los contenidos basicos disciplinares, como los
de desarrollo tecnolégico en las diferentes dreas
que diche objetive comprende.

El campo nuclear es especialmente activo en su
contenido il igador, ya que incluye
metodologias y sistemas en continuo desarrollo. Los
aspectos  cientificos y  tecnoldgicos  son
fundamentales para el futuro de las aplicaciones
energéticas e industriales de la energia nuclear de
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lineas abiertas de investigacion y desarrollo
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Por ello, las materias que se incluyen en el Master
son las que se consideran necesarias para investigar
y trabajar profesionalmente en:

* El desarrollo de reactores avanzados de fisién
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