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MATERIAIS DE
APLICACAO NA
ENGENHARIA
NUCLEAR

Nistaiais das Profs. Arnaldo Andrade

Reatares
Nucleares

e Raquel Lobo

Resisténcia Mecanica

A resisténcia mecanica é geralmente expressa como as caracteristicas de
tensao-deformacéo de um material. A irradiagdo melhora a resisténcia a
tracdo final do ago estrutural enquanto diminui a tenacidade e a ductilidade.
Dependendo do fluxo de neutrons e da temperatura de irradiacdo, a
recuperacdo pode ocorrer simultaneamente, o que ira finalmente aliviar
algumas das tensdes residuais e pode ter um efeito de recozimento no
material em questdo. O aumento da temperatura e a fluéncia de neutrons
ajudam a recuperar parte da resisténcia mecanica e dureza perdida devido
a irradiacdo a temperaturas mais baixas. Variantes incomuns também
podem ocorrer, tais como o desenvolvimento de um ponto de escoamento
em materiais que anteriormente ndo o apresentavam e mudanca na
sensibilidade a fatores como a taxa de deformacéo.
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Ductilidade, Dureza e Fragilizagao

O endurecimento e a fragilizagdo pela irradiacdo levam a diminuicdo da
ductilidade. A fragilizacdo de acos expostos a radiacdo & direta ou
indiretamente causada pelos deslocamentos de atomos de suas posicdes
originais devido as colisdes por particulas energéticas. Apods a colisdo, ocorre
uma cascala de deslocamento que consiste em diversas vacéncias no meio,
cercadas por uma nuvem de atomos intersticiais. A maioria dos defeitos se
recombina e participa do processo de dano induzido pela radiagao, juntamente
com a pequena quantidade restante de alguns defeitos pontuais migrantes.
Portanto, € evidente que o dano por radiacdo de um vaso de pressdo do
reator, por exemplo, € proporcional ao nimero de néutrons que atingem o
material com energia suficiente para induzir deslocamento (s) de atomo.
Cascatas de deslocamento menores fornecem uma oportunidade mais fraca
para a recombinacgdo, portanto, pode-se afirmar que os néutrons moderados
podem ser relativamente mais prejudiciais.

Tenacidade

O efeito combinade de fragilizagdo e diminuigdo da
ductilidade pode finalmente levar a falha por fratura dos
componentes primarios do reator. A resisténcia
mecanica e ductilidade constituem a tenacidade de um
material estrutural e uma alteracdo na tenacidade do
revestimento do combustivel e do vaso de presséao
causa particularmente varios problemas na operacao,
desempenho, economia e seguranga do reator.
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Temperatura de transi¢cao duactil-fragil (DBTT)

Um dos maiores problemas enfrentados com os agos usados em
aplicagbes de reatores e a fragilizacdo induzida por irradiagdo. O
endurecimento do ago devido a irradiagdo reduz a ductilidade e
aumenta a temperatura de transigdo ductil-fragil em vigor. Apéds a
irradiacdo, a DBTT aumenta acima da temperatura ambiente e
pode ocorrer fratura fragil em vez de fratura ductil. O deslocamento
da DBTT € um parametro critico particularmente para a seguranca
de vasos de pressdo e pode ser atribuido a vacancias, intersticials,
discordancias que sdo formadas pelo deslocamento de atomos de
posicdes de rede para posigdes intersticiais e atomos de impureza.

PWR fucl clewes

Cladding and other in-core structures

Zircaloy € usado para:

-Encamisante do combustivel

- Grade espacadora, dutos que sustentam o conjunto do il oA,
combustivel (BWR) b !

Py

Aco inox (stainless steel —SS) é usado para:
- Placa de grade inferior (sustenta conjunto combustivel)
- Equipamento principal (vaso, defletor), secador de vapor (BWR), controlador das barras de controle (PWR)

Spmewr prid, Baites er i, JH0

Inconel (alto niquel, Fe, Cr)
- designs especiais de grade
- Tubo —U no gerador de vapor (PWR)
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Cladding and other in-core structures

« Early LWR cladding and internals were stainless steel
- excessive corrosion in MWOC water
= newiron absorption is too large

« Zirconinm alloy (£ry) developed in the 1950s
= Lry-2: 1L.5% 8n, 0.5% Cr, Ni, Fe; balance Lr.
- Lry-d: no Ni
51 15 substtutional
Cr, Niand Fe form miermetallic precipatates (e, ZoCr, and Zr M)
Add stremgth and comrosion resistance
- good corrosion resistance in water at 300°C (Corrosion resistance
further improved hy reducing Sn < 1.0% and adding Nhj
- low nentron absorption cross section
= adeguate strength to ~600°C due to Sn addition
Bui:
- expensive Chigh cost sinee no other commercial Zr use + HE separation)
- anisotropic (hexagonal close packed strocture ) properties
- chemically reactive with H, O and N
- must be separated from HF impurity: HE is a sirong nevtron absorber

Cladding Performance

« Cladding integrity assures fission product containment

Breach of cladding referred to as fuel *failure”

Failure generally precludes continued use of fuel element/bundle
+ Cladding integrity degrades during irradiation

Temperature, pressure and neutron flux cause “creep”

High coolant pressure causes creepdown (LWRs)
* High fission gas release causes outward creep (LMRs)

Radiation damage causes swelling (embrittiement)

Corrosion by coolant

Interaction with fuel
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Fuel-Cladding Interaction

* Fuel-Cladding Mechanical Interaction (FCMI)
Fuel swelling and/or cladding creepdown closes gap
Continued swelling/creep stresses cladding
* Fuel-Cladding Chemical Interaction (FCCI)
Once in contact, fuel and cladding can react chemically
Reaction often produces a brittle layer that thins the cladding wall
As cladding wall thins, cladding stresses increase
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Atomic Number
Atomic Weight
Density

Elasticity Module
Meiting Point

Boiling Point
Allotropic Modification

PHYSICAL PROPERTIES

Linear Thermical Expansion Coefficient

Specific Heat

Specific Electrical Resistance

Macroscopic Cross-Section

for Thermical Neutrons

40

91,22

6,5 g/cm?
96.000 MPa
1875°C
3577°C

865°C
5,8x10°%/°C
0,067 cal /g/°C
40 pQ/cm

0,0079 cm'

Acc. JH. Schemel "ASTM Manual on Jrconium and Hafnium®', ASTM STP 639 (1877) p.4

Allay-
Element

Tin

Iron
Chromium
MNickel

FesCreMi
Fa+Cr

Oxygen
Silicon

Zircaloy Composition

Zircaloy-2

1.20 - 1.70
0.07 - 0.20
0.05- 015
0.03 - .08

0.18-0.38

0.09 - .16
0.005-0.012

Zircaloy-4

0.28 - 0.37

0.09 - 0.1
0.005-0.012
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| FRAMATOME
| M5

| SIEMENS

|
| <ELS 0.8 Duplex';

| WESTINGHOUSE

! ZIRLO™®:
|

ADVANCED ZR ALLOYS FOR PWR
COMMERCIALLY INTRODUCED

Zr 1 Nb solid tube, with optimized chemical composition and
Jow temperature” fabrication process, recrystallized

OD-Liner with Zry-4 with 0.8 Sn on standard Zircaloy-4, fabrication
similar to optimized Zircaloy-4

Zr1NbB15n 0.1Fe solid tube, with special heat treatments

Z?  MANUFACTURING ROUTES - WESTERN TECHNOLOGY
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J Kroll - Process:
Reduction of ZrCl, by Magnesium

.
[ Wimezici | v
v
| Compacted ZrCl_ | ¥
2
[ KROLL-REDUCTION ]
ZOC1 w M) —— Zr Mg« MgC)

¥
MgC, é INSPECTION
v

—»
E VACUUM DESTILLATION ] '
T Zr, Mg — Zr+ Mg
= Mg
= ZR-SPONGE
L

(=) {b) () (e}
Fig. 2 - Achieved products: [a} Green pellets; (b) Crude zirconium tetrachloride; {c) Pure rirconium tetrachloride; (d)
Zirconlum sponge [4].
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Independentemente do processo de separagdo de Zr/Hf, o préximo passo na
produgdo comercial de ligas de Zr no Ocidente ¢ a redugdo de ZrCl, para Zr
metalico.
O processo quimico basico é:

ZrCl, + 2Mg - 2MgCl, + Zr
Este processo é chamado em homenagem ao seu inventor, o "processo Kroll".
O tetracloreto de Zr ja bastante puro é reduzido a Zr metalico usando Mg metélico
como redutor. A pureza do Mg € muito importante para ndo introduzir novas
impurezas no Zr metalico.
Este processo termina com um Zr metdlico muito poroso, chamado "espon|a” de Zr.
Grandes pedacgos de esponja Zr sdo esmagados mecanicamente em tamanhos
menores.
Além de alguns elementos volateis como cloro @ magnésio, todas as impurezas
presentes nesta fase permanecerdo com o Zr e, portanto, também terminardo na
liga de Zr. As impurezas mais comuns sdo ferro, nitrogénio, axigénio e aluminio.

Fusao

A fusdo é realizada em um formne a arco a vacuo com eletrodo consumivel e
um cadinho de cobre resfriado a agua.

Atemperatura de fusdo & de 1850 C.

Um campo magneético rotative € aplicado 4 zona fundida para melhor
mistura.

Dependendo do cliente, 2 ou 3 passos de fusdo s&o aplicados.

A primeira e segunda fus&o ocorre sob vacuo 102 a 102 Torr, a terceira fusio
ocorre sob vacuo 10 Torr.

A fuslo requer muita experiéncia pratica para minimizar a variagdo radial e
longitudinal dos elementos de liga, uma vez que a solubilidade dos varios
elementos & diferente na fase liguida e na fase sdélida.
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Melting of Zr-Alloys by the
Consumable Electrode Process

EMive Sysicm

T My o i Tt~ e it stast s {16t s 5

ot tn 7 | arigd M

8 Ingots of Zry-4, as Melted

fJ PHASES, CRYSTALLOGRAPHIC STRUCTURE,
DEFORMATION MECHANISMS OF ZIRCALOY

B

DEFORMATION -BMIECHANIDMS

Wi Waidbeger or o, b sty Darafy st Deterss e o' S0 Farstaber DG Cterummsl, sy (VildS po (379
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Processo de Témpera Beta

A témpera beta & uma das etapas mais importantes do processo de adicionar
elementos de liga / fusao até o acabamento do produto final.

Por um lado, essa etapa do processo facilita a "esquecimento” do material da
influéncia de todo o processamento anterior. Por outro lado, ela define as condiges
iniciais para todos os processos lermo-mecanicos subsequentes que agora sdo
mantidos dentro da faixa de temperatura da fase alfa.

A témpera beta consiste nas seguintes igualmente importantes quatro fases de
processo:

1. Aquacimento

por aguecimento indulivo ou por aguecimenio por radiagdo num fomo (aguecido
eletricamente)

2 Recozimento (Imersdo) na faixa de temperatura da fase beta (<1050 ° C)

3. Transferéncia do equipamento de aquecimento (forno elétrico, aquecimento por
indugdo, etc.) para a instalagio de témpera (banho de agua)

4. Témpera, isto e, 0 material € resfriado rapidamente do intervalo de temperatura da
fase beta para o intervalo de temperatura da fase alfa (temperafura ambiente}m

-~ KEY PROCESSES
-~BETA -QUENCHING"

-

g

— Tamperalure —
g

@
=

g
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Deformagdo a Quente - Témpera Beta

O lingote final fundido tem uma estrutura bruta a ser deformada e também deve
ser reduzido a dimensies menores passo a passo.
Para este proposito varias deformagdes a quentes sao necessarias. No Ocidente,
substituidas por modernas etapas de pré-forjamento a quente de alta eficiéncia.
Esses processos reduzem o didmetro externo original do lingote de ~ 630 mm
para ~ 180 mm no final.
A témpera bela & um passo essencial para toda a producdo de material da
Zircaloy. Pode ser realizado antes do forjamento-alfa ou antes da exirusdo a
guente.
Para material tubular, & adicionado um processo de extrusdo a quente: depois de
usinar os lingotes deformados a quente em tarugos com furos.
Com este processo séo fabricados tubos-mae que sdo o produto inicial para os
processos de deformacdo a frio que terminam como tubos de revestimento ou
tubos-guia para combustivel nuclear.

i FRSes

b Cold Deformation |

From Tube Hollow to Final Tubes:
FR cladding tubos,
Structural tubes, like guade tubes (PWR fual) or waler rods (BWR fusl)
Far fabncating cladding fubas
ioday staring dimensions of 80 1085 mm O.0 are used and

the cold deformation {l/e. rocking = pilgering) ococurs in four steps
Imam lube: hallow to final cladding lube,

Impertant parameters for these cold daformation steps &g
the degres ol cobd work and
e “g-fmctor A wall-thickness | AD.D.

o i s et et S After each cold deformation step

an inlarriediate anneaking is necessany lo moryslaliize the maternal
hal became vary hard and brittle during the cold deformalson.

Cald Detormation
Pligering

PaTnATE] OVSE O BN OF I DANE whecht pams

Rl st i et Mormally an-anneaiing procedure gt ~750°02h s used
s emesiarien . Final fabricalion steps ans:
final annealing
ferishing

12
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Zircaloy tube fabrication process

et Y P
+ Alloying 15m, Cr, Fe, ... ot Al . f CpilgaringT]
W Rt
forging ingots, drilling central || e ——
- n =~
+ Beta quenching & machining | | =
to form “tubeshell™ : Y __If'-‘f"' ity J...
| I (.
» Beta-quench as-received — N — J
tubeshell — {-:-'.'“t ! ey
« Repeated pilgering fo reduce . )
iuhe dismeter amd wall
thickness .ﬁn-'u,:mq r.,r'.t_‘;__,:‘_m:1|
* Final anncal L
tewhlned g i
gy F ==
BTG el
anseatnd @ e waail
Ny, it ag mrmey e enc
ot sl k) il ey Dl e i)

Zircaloy tube fabrication process

Zircaley following 2 howr furnace anncal
ELL 3 L0

SH0°C: annealed, Tully 480707 cold-worked,
re=crystallized. Ductile, stress relived. Strong,
hut not strong, bt mot ductile.

ar
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P

EAEM Tnfernalicnabe: I&E—l
PlEIEd 100 m
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Hafnium
. p
Zircanium
r'.'-
SASM Dsiers)omate 40

sz 100 pm

Zircaloy texture

» Structursl metals are polversstalline, containing many small (few wm) grofes
{individual crystals with a charecrerisiic larice structire)

= Depending on lattice structure, material may be fsotropue (fee) or anisetropre
{hep, oy}

« Physical ithermal conductivity) anid mechanical {strength, doctility) are
directionally <dependent in anisotropic single erystals

* Whether single crystal anisotropy persists in a polyerystalline structoral
component depends on the fabrication process

Covdin dviantotrom during processing

Cingslid strucha's Rarsdom | Orssnbed

olropic “mo Ho

AP oG o] L)

I
» Zircaloy fabricated by “pilgering” has 55
texture - basal poles point: v bl
« =30 from radial divection (r) el
- =6ll° from the azimithal direction (8) : e .
- =00" from the axial direction (z) *
o
&1 8
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Cladding - Resulting Texture

Radkal anentation of c-anis due to high reduchon in diameter (heneficial for later
hydnde precipitation):

tangeantial

THGT I N ASR LI

CRYSTAL TEXTURE IN
ZR ALLOY CLADDING TUBES

Circumferential ; Radial Texture

’ Texture of bassl polas II ‘. of basal poles
Random Texture 4

m of bazal poles

Usual Texture
of bagal poles
in cladding tube

16



26/04/2022

Cladding - Resulting Texture

Radial orientation of c-2xs due 1 high reduction in diameter {beneficial for later
hydide precipitation).

-2
T Schritt . D
e,
o] g P L
2 wgrdaches Cor
‘% (000 - P
?,_ i H  mytincticengl Do
i |
[ i
TE L} : T ] T
! 90" -8 -30" o' 30" e 80t
2 * :
! Wirkgl —
wi Cold Deformation Steps to Fabricate Cladding Tubes
il anis il Libieasnn PWRE elslding rels mEtum grain slsm

ASTM Mo, 13
43 jm

Oyptimizing the Texture by Modified Pilgering Sequence
&, Porees ot 5. Resotkar AFG Condor e on Adaiwes” Dopmoy s for
Fusdt Flananis & LW Kelerita, Gavmaw (80 o a0l
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Typical Temperature Distribution

» High temperatures in fuel

« Steep temperature
gradients in fuel and
cladding

Friel Pelet
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Interacao

Pastilha-Revestimento
(Pellet—tladding Interaction — PCl)

Interacdo Combustivel-Revestimento

L
E
=
2
=
=
]
(= 8

Densification as pores in fuel sinter
Swelling due to solid and gaseous fission products
Xe and Krypton insoluble in UD;

19
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Interacdo Combustivel-Revestimento (PCl)

Interacio Mecanica Combustivel-Encamisante
(Fuel-Cladding Mechanical interaction = FCIMI}

-Inchago do combustivel efou confregdo por fludncia do encamisante fecha o "gap”
-0 progresso do inchagofiséncia sobrecamega o encamisanis

Interacdo Quimica Combustivel-Encamisante
(Fuel-Cladding Chemical Interaction — FCCI)

-Uima wez em contato, o combustivel e o encamisante podem reagir quimicamente

-A reagio produz frequentemenie uma camada frégd que reduz a parede do
encamisanta

-Conforme a parede do encamisants fica mais fina, a5 tensdes nele sumentam

PCMI

radial expansion of pellets might lead to long axial cracks

20
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Interacdo Pastilha-Revestimento

PCl: Stress concentrations at cracks

i sde emegearh
WUPT_RE DEFECT

Ambiente do Combustivel

| Interactive Phenomena Operating in Fuel during Irradiation ‘

[ Fr.Swmiing ! Fuai- ciao Gop Focml |
|
Redistritution e
Fuel : . ' i
———= Temperalure Ga Cladding Creop
Canducs Stress :
Restructuring —f— I
Denwiicat - = Fissian Gas
Grain growth Releass
Columear grain
ol Valatlle F. P,
Ritleass
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Resposta do Combustivel g irradiociio

i - W - R |
{extensdo dao vida i)

| Inmteracin Pastilha Revestimanta am Oimwima Flevada

Protegdo contra a
falha por PCIFCST
& reguerida para
extender a queima
do combustivel

Formiabo o tas da pastitha combastine
thawida ad gradiondo Warmibkoo radkal

e L i e

Trincas Incipluntes de
PCESGET

Adesias clrounlerenciais gm
wanstas do cordustivel nackar

Fuel and Cladding
Performance
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Table 12 hists the causes of faled fuel elements identified i both BWRs and PWRs over
a four-year peniod. Even though PWEs in the U. 5. produce only twice as much power as BWEs,
they discharge exght tunes as many faled fuel elements. Fretung faulures at spacer gnids
donunate the tabulation for both reactor tvpes. The large number of fretting failures due to gnd-
to-rod flow-induced vibration donunates the PWR faslure causes, This particular tvpe of farlure
15 not observed in BWRs, although debris-induced fretung is the principal source of flaw
production m this reactor type

Pellet-cladding interaction 15 a falure mode umque to BWRs. After a year or so of
operanon, the fuel swollen by fission products contacts the cladding, resulting m significant
tensile stress m the metal. Zircaloy is sufficiently brinle to support cracks that grow radially
outward under the combined mfluence of the stress and the chenucal action of certamn fission
products (I, Cd) at the tup of the arack. The aack eventually penetrates the cladding wall thereby
breaching the fuel rod.

Table L2 Failed fuel rods im T. 5. LWRs 1994 - 1997 (Courtesy 0. Ozer, EPRI)

Reactor Cauwse of fuel rod failure Number
Tvpe In 4 vears
FWER
Handling 4
Grd-to-rod frettime (debris) 32
Grid-to-rod frething (flow-induced vibrahon 270
Corrosion 15
Fabricanon 26
Unknown 81
Total 418
BWR
Grid-to-rod fretting (debnis) 13
Corrosion 6
Fabrication 3
Pellet-claddimg mteraction L
Unkmown 22
Tosal 50

23
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Evaluation by metallography and FEM

Metallographic cross section; sample position with higher tensile stress at the inside
and kower tensile stress at the outside due 1o a bending moment

:
A TR and
L‘ . II ! -

+Normal” hydride distribution due to texture

24
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Delayed Hydrides Cracking (DHC)

Pitammal ~ _El_ex:ernal
He. Xe, Kr e, B
& ¥ » [ I rEw .
FWR
Siorags

Courtesy: A, Alam / PSE

High burnup fuel assemblies

« Corrosion performance of Zr cladding
+ Hydrogen pick up

« Delayed Hydride Cracking

« Pellet Cladding Interaction

+ Irradiation induced Growth and Creep

Oicta thicknass {zmj

I SR O DR E

knowledhgesment: Weslinghouwse and Sludsvik Hudaar

Preuss
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Challenges for Materials at High Burnup... Fuel

H Hon-estructured fus|

0 Typical fission rate in a U0, grain:
10 s 108 wm in 3 years
fef. =7, 10 atoms in Q2

O The 2 fission products (=70, 100MeV)
cause ~10F displacements over ~8um
—+ =1 dpaiday
O At “endof Iife” {EOL) each atom has
been displaced a few thousand times!

Partinlly resiruchared Fuel 0 Thermo-rechamcal characienstics of

fusl affected quite drastically,

e.0. so-called high burnup siructurs
Fully restructured foe| affects fission gas relesse

Challenges for Materials at High Burnup... Cladding

i ]
o e e
| Y R O !
i | bl i
i"‘ :d-jlh l!-l
e
i'l il _..,1 A |_.. —

Blressnorrocain aetayead Fpdrada Brm- Hpurr.-
m etk Fabaw L derkireg Fadurs

I Chemical regctions at cladding outer
surface accalarated at high burnup, 2.9
= Oxide laver thickness grows ko increese
COrTOEI rale
+ Cladding oxdation liberates H; frem HaC:
fraction picked up by Zr, precipitabes info
hydridies —» fadure probabity enhanced

3 Other physical-chemical processss as well
« Siress-corrosion cracking. controlied by
jodine release alinner surlace dus to pellet
thermal expension
¢ Zr-ipddes formed agressive enough io
Cause cracking
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Desempenho do Revestimento
(Cladding)

= Cladding integrity assures fission product containment
» Breachof cladding referred to as fuel “failura®
* Failure generally precludes continued use of fuel
element/bundle
= Cladding integrity degrades during irradiation
* Temperature, pressure and neutron flux cause “creep”
= High coolant pressure causes cregpdown (LWRs)
= High fission gas release causes putward creep
(LMRS)
= Radiation damage causes swelling (embrittlement)
= Corrosion by coolant
* Interaction with fuel

Fenomenos Limitantes da Vida

* Cladding breach ends a fuel element's use

* Cladding breach occurs due to:
= Embrittiement of zirconlum cladding due to corrosion/hydriding by
water coolant and stresses induced by FCMI {LWRs) — motivates
development of carmosion-resistant cladding alioys
* Creep rupture of cladding due to fission gas pressurization,
accelerated by cladding thinning due to FCCI {LMRS) = motivates
development of creep-resistant cladding alloys

* Burnup limit set to preclude cladding breach during irradiation

27
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Microstructure Evolution in LWR Fuel
e —— L =)

h::nnl.ilnn in reactor ‘Removal from r;nﬁtnr

Early Life Mid Lifie Late Life Fuel Failure

* Thermal expansion * Point defect diffusion = Fission product swelling = Pellet/cladding

» Fraciure « Paint defect clustering - Bubble perectation and  inferaction

* Point defect and fission - Fission gas segregation  fission gas release « Cladding cormogion
gas generabion to.GB and voids + Cladding creep = Cladding fracture

« Fued densification * Bubble nucleation * Fusl areep

Bratan 2500

Current Fuel Development Efforts

* Fuel Cycle R&D TRU-bearing metallic and ceramic
fuels for high burnu

« High Temperature Gas Reactor TRISO Fuels .\\ .

AFCAH (U-28Pu-dAm-2Hp-30Zr)
AGR-1 LEU (18.8% U™ 33.2 at% fissils burnup
TRISO-coated Uranium Oxy-Carbicds {3.91E21 Uem)
12% FIMA burnup

« Reduced Enrichment Dispersion Fuels

-
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Fuel Assembly Performance

+ Design Functions

Provide support and protection for the fuel-pin bundle and other
components of the subassembly

Provide a controlled path for the primary coolant

Provide a compact structural unit that can be easily moved in and
out of the core by a refueling machine

Interact with adjacent subassemblies, retaining ring, and core
support plates in a manner that assures safe and predictable
reactor geometry

« Design Issues
Swelling, creep, fatigue, toughness
Reduced limits for elements

Fuel Environment

(Gas pressuriration of ¥ s 1
clacdding lube
~100 MaV heayy fission fragments
Fission gas bubblas (Xa, Kr) leid B0 ey high defect densdies,
Cause fued swelng very fael diffusion
Fush-clad chismical
interaction as a result
vt -
products
Sieep tomparabura gradient can
Fuel-clad kead b0 large difference in
mechanical chemical potenittal and drive
Irderachion oonsHuen! migration
resuiis from
Tuet Swelling Solid fission products
causs fusl swelling,
changs in composition
[ooygen potential in
* A very harsh environment lor malerials TRUO,)
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Combusthvel MTR
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Formado pela montagem de Placas Combustiveis paralelas, fabricadas segundo a
técnica do sanduiche

(Piclura Frame Technigua)

Lamina¢do a Quente
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Operacdo de Cravamento Controle Dimensional

Radiografia
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Plate Fuel

+ Research and test reactors (ATR, HFIR)

« Dispersion fuels (i.e., fuel particles in metal matrix)
« Solid fuel foils
* No plenum
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Elements Combustival Padrdo — LL,0; com 1,9 glliem?®
Elemanto Combustivel Padrie — U0, com 2,3 glicm?®
Elemento Combustival de Contrale — U0y, com 2,3 gl

Elemanto Combustivel Padrio — U,Si; com 3,0 gUlem?

U,Si,

1~ Com bose no experiéncla adquirida na producie de miniplacas de
dispersfio LySl,-Al com 4,8 gll/on®, plone|a-se fabricar wm
parcial cam 2 places combustivels de tamanho notursl contenda
alta concentragde de urdnio (4,8 gll fem?] usands U, 515
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Armazenamento temporario do Combustivel Queimado

92

DEPOSITOS INICIALS DE BALIA E MEDIA
ETIVIDEDE DA CENTRAL DE ANGRA DOS  PEIS

ANGRA | | anvaRs 2

CAPACIDADE 285 VOLUMES CAPACIDADE . 1844 WOLUMES
OEUPRCAD: BO07 WOLUNES CCUPRCAD. 11 VOLUMES

Flangs futuros: 2 novos depasitos em
construgio of capanidade para BE0E volumses.
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"_JEF*ENCE;‘-. DE REIEITOS DE ALTA ATIVIDADE
Mo Srasil...

Depdsito imcial em “piscing’
isolado do ambiente externo
sifuada no intenar da unidade
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