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What Really IS a DPA?

e Fm ®(E;) * ap (E;)dE
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O(E;) — fluxo de particulas com energia E;

op(E;) - Segdo transversal de deslocamento
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What Really IS a DPA?

DPA  [Emax
—_—= D(E; E;)dE;
el GRS

o (E; ,T) — probabilidade de que um atomo deslocado por uma particula com energia E;
saia com energia de recuo T (secao transversal de transferéncia de energia diferencial)

v(T) — ndmero de deslocamentos atdmicos de um atomo com energia T

Tmax
op(E;) =J o(E;, T)v(T)dT

T'min

Nocoes Bdsicas de Danos da Radiacao nos Materiais

» Efeitos Basicos da Radiagdo Neutrdnica

* Cascata de Deslocamento

* Causas e Consequéncias desses Danos

* Fabricagdo do Combustivel Nuclear

* Interagdo Combustivel — Revestimento

* Fatores Limitantes da Vida do Combustivel
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Mecanismo de Formacao de Trinca

(N N A N N J
Edge dislocations piling up at a barrler [ N N N N N J

o000 0O
Piled-up dislocations within crystal lattice
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What effect do the moving particles have?

« Depends on the energy
— High enough it can induce damage
« Level of damage can be significant

K Trachenko

LR N J
o—> 000
® ~-9000
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Escalas de Tempo e de Energia para
os Danos da Radiagdo devido aos
Deslocamentos de Atomos

Tempo Energia
Cascade Creation Neutron or Proton
103 s 105-10% eV
Unstable Matrix Primary Knock-on Atom
101" s 104-105eV
Interstitial Diffusion Displaced Secondary
10°s 102-10% eV
Vacancy Diffusion Unstable Matrix
10°s 109 eV
Microstructural Thermal Diffusion
Evolution
106 [3 kT

Displacement Energy

Atoms arranged In crystal structures,
thus FP displacement energy depends on PKA direction:

In UDE: Dhresbarde il comer v i 1)y caicnkersd gang rhe atdo oo non etk wrke b Mo Liinea sppeack
Javs 148 118 1304 nan 24 pil 4]
s M . | ] n 1}
EYic¥i Lida L] Ben a = b al i} M
Meis and Chartier, 200 (1700 plane
On average:
» EJO]- 20V
» EJU]-50eV

» For most metals E; - 25-30 eV
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Efeitos na Rede

Atomos na maioria dos sélidos estdo localizados em uma estrutura de rede regular.
Isso afeta a capacidade do PKA em causar deslocamentos atomicos por
Focalizagdo e tunelamento

Focalizagdo: Transferéncia de energia e atomos ao longo de uma fileira atémica
em colisdes quase frontais

Tunelamento: movimento de PKA ao longo de longas distancias em direcdo aberta na rede

mm) Eles afetam o nlimero e a configuragdo de cascatas de colisdo nos sélidos
==) Energia transferida por deslocamentos pode estar bem abaixo de E,4
==) Atomos podem viajar longas distancias

e Focalizagdo (Focusing)

hazd-spleeze
raschin of 2nd
crllnimez,

O primeiro atomo 4, é permanentemente deslocado de sua posi¢ao original da rede e cai na posigao
ocupada por A4

Cada colisdo ao longo da linha atémica torna-se mias frontal que a colisdo anterior, por isso o nome
de focalizagao

0 esquema acima mostra uma linha de dtomos {100} em uma rede cubica simples, com posi¢Ges
iniciais Ay , 41, 45, ...

O primeiro atomo A recebe energia E , em uma diregdo 6,; move de A, para Ay, onde atinge o
atomo A,

O atomo A; se desloca de sua posigdo original com energia menor E; e, se ocorrer a focalizagao, em
um angulo menor 6,

O processo continua com ©; > 0;,1 até que a energia E;, 1 seja muito pequena para deslocar (recolocar)
os atomos atingidos por ele
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Focalizacao

Angulo critico para focalizacdo
Para cada energia de recuo Ey, ha um angulo critico correspondente B

Se 6y < B¢y - focalizagdo ocorre
Se 6y > By - focalizagdo ndo ocorre
Note que B, [ quando E, l

Energia critica para focalizacdo
Quando a energia de recuo se torna grande o suficiente para que 67 =0,

a energia maxima para a focalizagdo ocorrer, denotada por Ef, € obtida

Canalizacao

Channeling

T (P
ey

[},/ o

Base experimental: quando ions sdo disparados em uma folha de monocristal que é mais espessa que
a faixa de fons, a penetragdo dos ions é observada para dire¢des cristalograficas a linha de atomos em
empacotamento fechado da rede. O mecanismo é o movimento do ion ao longo de canais limitados

pelas linhas atdmicas de empacotamento fechado.

O efeito é importante em danos da radiagdo porque a canalizagdo do ion pode ser um atomo de recuo
gerado em uma cascata de colisdo.
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Canalizacao

O movimento dos atomos se movendo é similar ao de uma bola rolando para cima
em um barranco inclinado: ele oscila na diregdo lateral e desacelera vagarosamente

na diregdo axial.

L) Eo

-
I

channel wall

Lateralmente a trajetdria pode ser aproximada ao movimento harmonico simples
com potencial canal parabdlico.

Channeling

Critical angle for channeling

For a specified initial recoil energy E; a maximum injection angle 6,
exists for channeling to occur. In common with focusing, the 0,,,
decreases as E, increases. However, there is no maximum energy at
which 8, = 0, as there is for focusing

riti Il li
When the recoil energy is below £, oscillation along the channel can
be abruptly interrupted and channeling does not develop

There is no upper limit for E;
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Efeitos da irradiagao nos materiais

defects (FMD) TR

. n—> - interstitial| . [ Dislocation | !
1 clusters - loops

]

1

)

: .

iN.utron Displacement Freely migrating 17 3
I

]

1

1

2 irradiated Mudangas nas propriedades mecanicas
unirradiated “Endurecimento e Fragiizacio
_Tcl::llb % devido & Radiacio”

£

A irradiacao neutronica dos agos aumenta a resisténcia mecanica
e diminui a ductilidade e a tenacidade — os agos ferriticos sdo
mais susceptiveis que os agos inoxidaveis austeniticos




19/04/2022

Dano da Radiagao:
Acumulacgao de Defeitos

Void creation Carbide precipitation

How does it impact the material?

« Significant damage -> significant change in bulk material
properties
— Expansion
— Cracking
— Amorphisation
— Thermal conductivity

)

IAEA-TECDOC-1654 Straalsund et al JNM 317 167-74

10
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Dano da Radiacao

« Radiation

“

]

«; ,.% \ / 10§ accelera}es damage
s 52 O7sampbe 13 & mechanisms
g "IF ! \ { ¢ « Stabilizes voids
g 1k Ni it <2 &
i S L £ o Induces creep
i P R Y Radiation induced
< :{_..__,_1___.,..1";_,___-_,."..'.:,;0 ' sggrggatiqq (RIS)

| ST VOV PP FUVOT POVIN PO TURUT IO | « Grain sensitization

20 15 10 5 0 S 10 15 20

Distance from grasn boundary (nm) « Damage types change

with temperature

Radiation-induced segregation in 300-series stainless steel
Source: G. S. Was eral. J. Nuch. Mater., 411(1-3). pp. 41-50. 2011

Pavimentando o caminho até
os Efeitos da Radiacéo

length $hort & Yip, Current Opinions in Solid Stete Material Science (2045
m
I = ™) Reactor
components
L]
New periodic
structires
um -
Defect
superstructures
nm -4 Dedect par
l Mss interactions
| E‘-: Atomic level
5 m W
A -!I ;f;, defects
-
: 4 time
T v Al Ll v
s P " V ez hrs daysyrs
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Dano da Radiagéo:
DPA e Propriedades

Brittle Fmlure  +—Bucule Failure

uradiated

i
S
W
-
=
7 unirrachated  Tortal
: " Elongation
astic Deformation D. < .
\ Ultimate Tensile
Yield Strength Strength

Umniform Elongation =

Stramn

Adaged w pont, from T Allen s “Matenals Reliabaliry ssd Degradancn Managemens lsoues
In Nuclear Power Plasns, May 4.7 Maerals Apng lisnone. Frasce

¢ Radiation hardening and embrittlement
(<0.4 T,,, >0.1 dpa)

¢ Phase instabilities from radiation-induced
precipitation (0.3-0.6 T,,, >10 dpa)

o Irradiation creep (<045 T,,, =10 dpa)

¢ Volumetric swelling from void formation
(0.3-0.6 Ty, =10 dpa)

¢ High temperature He embrittlement
(>0.5T,;,, =10 dpa)

after S.J. Zinkle, Prys. Plasmas 12 (2005) 058101

12



19/04/2022

Swelling Resistant Alloys can be developed by Controlling the

He Cavity Trapping at Precipitates
Fe~13Cr-15Ni Ternary (P,S8i,Ti,C)-Modified

Mansur & Les
J. Nugl. AMad
179-181
(1991) 105

0.4 dpa/0.2 appm He/675C 109 dpa/s2000 He/675C
OAK RIDGE NATIONAL LABORATORY  These nanascale precipita so npically
U. S DEFARTMENT OF ENERGY provide improved thermal creep irengrh

Comparison of Void Swelling Behavior in Neutron Irradiated
Austenitic and Bainitic/ferritic/martensitic Steels

16 Gelles 1996. Garner & Toloczko 2000 Klueh & Harries 2001
ey T oy —y
) -9
14 | 8 gﬁa‘c"ﬁm ]
: PCA
12 | | ) 3
2 T_~420°C ]

10 [
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@
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21/4Cr,9Cr, | B

2 L 12Cr steels o8 -
& Yo

0 4 1.2 l & ]
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LS, DEPANTMENT OF ENERGY
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Want: Accuracy of quantum mechanics (QM) in 10%° atom systems...
This is impossible (today and in the foreseeable future)

Possible solution: ~1023 atoms
Multi-scale modeling technigues MACROSCALE

based on hierarchies of overlapping P Bridge
scales .

MESOSCALE (| o

MEMS

time

Concept:
“finer scales train coarser
scales by overlap”

1092 atoms length :

© 2005 Markus J. Buehler, CEEMIT

Radiation damage processes

span vast length and time-scales

\ Microstructure & local Hardneas Increases &
' chal ——? ductility Oocvaoue
109 r:y";lnnui m&wﬁm&d Mol S e i e Y
lmid Dy v .4
107 wicrodructuu Inputs: : L :;..’.\‘, I |
Yo % R, | e i
s -pw- r\ X R
i e 1 R
= 100 wcu:odom "'i" (/]
o - e i
'§ “,G::m Tedisiibution : R
E 10‘3 & trapping
D ' t 3 Decreases fracture
= ﬂ'mm toughness & Impacts
106 A ummae hilstion £
o X
s I [ x|
Pr e
10 Imary & -
}, rm‘on €
0 12 = annealing
109 10 103 100
Lengthscale (m)
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CICLO DO COMBUSTIVEL NUCLEAR

PROSPECCAD . e, CONVERSAQ

Y
DEPOSITO ENRIQUECIMENTO

SUBMARINO

! mu 9 RECONVERSAQ

REATOR
FABRICACAOEC

-

e — WA

- . : '?% e -

k. '.oootdomin67 'fé‘ Queima do urénio-235
. % \

/ 35 t uranio
enrquecido

250 t urénio natural 35 t combustivel queimadc
33.4 turdnio-238
2151 0.3 t urdnko-235
uranio 03¢t plulONo
empobrecido 1.0 t produtos de ﬂ’“%_(
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« Atender as necessidades de ENERGIA
— Auto-suficiéncia na produc¢ao de
combustivel para as usinas nucleares
« Atender as necessidades de DEFESA
- Auto-suficiéncia na producao de
combustivel para o protétipo e submarinos
« Atender as necessidades de APLICACOES
- Aulto-suficiéncla na producao de

combustivel para os reatores de pesquisa
e producdo de radioisétopos

Resende
RJ

18
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T3
mars

el Nucl

ear da INB

19



19/04/2022

FCN - COMPONENTES E MONTAGEM

4 iy Capacidade instalada:
SEEART F\ 240 t/ano de uranio enriquecido

DI EX 180 %001 ||

20
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Fuel Types

* A nuclear fuel is a removable component that is introduced into a
reactor core and contains the U (or Pu) to be fissioned in a reactor
* Nuclear fuels differ widely from reactor to reactor
Geometrical configuration of fuel and cladding
+ Fuel rods
= Fuel plates
+ TRISO pellets
Materials used for U-bearing (or Pu) fuel
« Ceramic compounds
+ Metallic alloys
Materials used for cladding
* Fuel-clad system is designed to
Produce and transfer heat to the coolant while
Prevent fission products from reaching the coolant

Uranium solid ceramic pellets

» Typical pellets:

0.25" (6.3 mm) diameter \ ” ’\e
0.50" (12 mm) height

* Pellet fabricated geometry ‘ ‘ ~
W

~
Y
dish and chamfer 4

accommodate swelling
« U.S. Commercial Reactors

fuel enriched to 5% 235U Q }
-1}

238J breeds #3°Pu
239pPy fissions occur

22
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TRISO Fuel Particles: Prismatic Fuel System

* TRISO fuel particles
pressed into compacts
with graphite matrix

* Fuel assembly has
channels for fuel
compacts and channe
for gas (coolant) flow

TRISO . Fuel
Coated — Compacts Assembly
Particles

TRISO Particle Fuel

* Fuel particle for thermal spectrum
gas-cooled reactors

* ~0.5 to 0.9 mm sphere

« Particles act as small pressure
vessels

* Fission products remain
inside coatings

23
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Processo de Fabricacdo de Pastilhas de UO,

24
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Fuel pellets grouped into fuel pins and assemblies

* Fuel height ~ 93 in. (3.7 m)
. 186 pellets/pin
264 pins/assembly
49,000 pellets/assembly
193 assemblies/core

+ 9,473,000 pellets/core

* 113 of core replaced per refuel

+ Refuel every 18 months

« 3,158,000 pellets/reload/reactor
* 104 commercial reactors in U.S.

LWR fuel elements

20 and cap
N

Prarnam (=10 adre Hu)

Guarery of Ay, ors

_____1000 MWe light water reactor
Quartty of s (U, fons 100

25
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* AgCddn alloy (PWR); BL (BWR); Gd,0 , (wvixed with U'0,)
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Fuel Assembly - PWR

*+ Fuel Assembly
Fuel rods
« Cladding
+ Pellets
Grids (Spacers)
— Guide tubes
— Nozzles (tie plates)

» Control Rods

BWR Fuel

* Fuel Assembly
— Fuel rods
+ Cladding
« Pellets
- Spacers
- Water Rods / Box
— Tie Plates
Channel

« Control Blades

Interauve
Chanee!

Upgper Tie Pl

Water Rods

Part Length
Fusl Rods

Spacers

Debris Filter

Zircakwy Ferrule

Lower Tie Mate

26
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Fuel Element Materials

* Fuel Materials
Oxides: UO,, (U,Pu)O,
Carbides: UC, (U,Pu)C
Nitrides: UN, (U,Pu)N
Metal Alloys: U-Pu-Zr-Mo
Others: UAI,, U,Si,,
U/Zr hydride, UCO

* Bond (Gap) Materials
Helium gas
Liquid sodium

+ Cladding Materials
Zirconium Alloys for LWRs
Stainless Steels

Aluminum Alloys for
Research and Test Reactors
Refractory Alloys for High
Temperature Applications
(i.e., W, Ta, Nb, Mo, V)

Table 10.1 Nuclear Fuels
Fertile Fuels Fuels Fissionable by Thermal Neutrons
U-235
U-238 Pu-239
Th-232 U-233

Cavities & bubbles in nuclear materials

« Ceramic fuel (UO,)

- closure of pores during fuel-pellet fabrication

(sintering step)

- fission gas bubbles (Xe, Kr) produced during

irradiation

* Metals
- Helium bubbles produced by

* ions injected from plasma in fusion reactor first

wall

* (n.ct) reactions (e.2. Fe + n — 'Cr 4 *He)
- Voids produced by condensation of irradiation-

produced vacancies

* All cavitles (f vacancies) contain some gas (mi aioms:
under-poeiguiized budbie over-presasided buddle

GB He
bubbles
mSS

Void swelling in S5

h H—» -"!L

0 HR /

- "thm"’ fission gas (LWR
voids (in metals) Jission gases (steady-state power transients)
pores (in ceramics) irradiation) helivm blisters (fusion

helium from (n,a) reactions reactor first wall)

27
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Inchamento/Liberacdo de Gases de Fissdo

Produios de Fisso

-Diois atomos substitwemn cada dtomo de U (ou Pu) gue se fissiona
-25% dos produtos de fiss&o 580 alomos de gases (Kr, Xa)
Inchago do combustivel

-0 combustivel incha devido & geragio de produtos de fissdo
-Atomos de gases coalescem em bolhas, acelerando o inchamentio
-0 inchago do combustivel tende a reduzir ou fechar o “gap”

Liberagio de Gases de Fissdo

-Parte dos gases de fissdo escapa do combustivel
[menos que 10%)

-Pressionam o plenum

biolhas no combustive

Bustsbia packi |mes)

Fuel swelling due to fission gases

.E.'rﬂ'n.rp.l'f af fixsion EiTS Ferd iy sn'r”r'l.rgfn.r s Fe-sel o,

ao T . T v 1L T T T T T T
= I o 1 & Sobd 43mion products *
o = B o b 12im Fisginn gas weling s
= — ] tiack « 109 b = 107 F o
- 1“ L ‘ 1 SH ] L] '
n | 3 (D e 107, 0 1 ’_l- A
EOLL :fnpp
L s . E & o
‘E * -" s
15
e ] sl o
o i
o T o
? d 1 Zp . E .M
o e B 1 = v*‘,.,._.q--“"'__' -
etz =3 3 = L
o ke L g i L i ] o L i L I
1] 1 2 3 4 L ] L] T 1] 1 F 3 4 5 ]
Burnup p (= Burmup p %

Less swelling with meore mivnerous, bt smaller brbbles!
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Fission gas behavior
= Baiie processes invalving Tosion gas bubbles and dissolved gat atoms:

1} Nucleation - atom jumping (diffusion) to form di-atoms, which serve as embryo
(nuglei) for bubbles
21 Grewth - collection of mewly-created gas atoms by diffusion from the solid to the
bubble
A1 Beesodution - Xenon atoms m a bubble are injected o the solid by passage of a
fisstom fragment
41 Conlescence - two bubbles jom into a single larger bubble
51 Belease - gas atoms escape by diffusion to grain boundanes or free surfaces

Buobble nucleation
» Mucleation occurs when two migrating Xe atoms meet and form a di-atom cluster:

‘Ct 3 .\:e de:

* Xe atoms created by fission either nucleate new embryo bubbles by the above
reaction, of increase the size of existing (bubble embryo) clsters:
Xe + Xe, — Xy
Xe + Xey — Xe, e

Research explores safer fuel for nuclear reactors

Mann 21, 2016 by Seea Sacken

5 xx (GPa).

02

03

FEage ¥IOWT 8 IMRSECEe UrTetion Saes i3 prachct he brpact of Sazon 3w buSties O Lranter Sxuade Pactie ETengee
Comvior emaARtons A% BS M35 IR 70O M IR Irech g I 3A1on I 1OTEONE Ciadeng Creart Manari Tome
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Fuel Environment
| Microstructural Evolution in Oxide Fuel |

Post-rradiation Original microstructure with
Examination of minor donsification 0> <1100°C
Fuel >20 GWdnt Intergranuiar porosity 2> 1100 - 1300°C

Equiaxed Grain growth ©——2> 1300 - 1800°C

Fuel Response to Irradiation

Beginning of life After 1 cycle
R Cracking due to thermal expansion coefficient |
c 3 differences at varying temperatures
]
e
";—_—_____,«
« Pellet swelling
« Gaseous fission products (Xenon, Krypton...)
S + Density and porosity evolve with burn-up

30
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Fuel Behavior During Irradiation

At beginning of life, a fuel
element is quite simple ...

= Michel &t &, Eng Frac Mech, 75, 3581 (2008) Olancier. p. 323 (1978)

g Fuel Fracture Fission Gas
i —)

but irradiation
brings about
substantial

complexity I g g
: 7 &}. Rt
Orlander. p. 824 (1978) Bentejac et al, PC| Seminar
(2004}
Multidimensional Contact Stress Corrosion Cracking
and Deformation Cladding Fallure '

Nakajma et al, Nuc Eng Des, 148, 41 (1934)
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