FISA 2022

30 May - 3 June 2022
Lyon, France

Innovation & Qualification of
LEU Research Reactor Fuels & Materials

Jared Wight — SCK CEN
Stéphane Valance — CEA
Stefan Holmstrom — SCK CEN

10t European Commission Conference on EURATOM Research and Training in Safety of Reactor Systems
30 May - 3 June 2022 | Lyon, France

o]
[

Non-proliferation Background

1953: Atoms for Peace speech of Eisenhower
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Late 1970s: Concerns about nuclear proliferation .
»
1978: U.S. DOE initiated the Reduced Enrichment for Research and Test Reactors (RERTR),}
]
development of high density LEU fuels (e.g. uranium silicide) 3
E 3¢ UNITED STATES POSTAGE 3¢
1990 — 2000 : LEU silicide fuel utilized for LEU conversions where technically feasible SENEENEE bR e A ada i

* 4.8 gU/cc; moderate power/BU (not applicable to HPRRs)

1999 - 2013: Europe addresses high density LEU fuel qualification for High Performance Research Reactors:
IRIS, LEONIDAS, ALPS

Since 2013: The HERACLES group forms as a joint European effort

Since 2015: HERACLES-CP

Since 2017: LEU FOREVER  Euratom Projects “l

Since 2020: EU-QUALIFY Seeay [OREVER
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HERACLES Team & Partners

EU’s Leading Nuclear
Fuel Developers
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www.heracles-consortium.eu
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LEU Fuel Challenge
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Schematic drawing, no actual data!
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EURATOM Projects

DREVER

T
HERACLES

Initial fuel development

*  Further fuel development .
*  Fabrication development *  Fabrication development
* UMo dispersion .
* lrradiation & PIE

Initial fuel qualification
UMo dispersion

*  Fabrication development
UMo monolithic
UMo monolithic

*  UMo dispersion
* lrradiation & PIE
 PIE *  UMo monolithic
* Alternative: U3Si2 dispersion * Irradiation & PIE
* Irradiation & PIE .
This project has received funding from the Euratom H2020
research and training work programme 2014-2018 under
grant agreement No 661935

U3Si2 dispersion

This project has received funding from the Euratom H2020
research and training work programme 2014-2018 under
grant agreement No 754378

Irradiation & PIE
This project has received funding from the Euratom H2020

research and training work programme 2018-2019 under

grant agreement No 945009
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HERACLES Roadmap

2021 202? 2023 2024 2025 2026 2027

2020

Fabrication Equipment & Processes

Dispersed Irradiation Tests
oo o e O reoosedtcimdatons)
Fabrication Equipment & Processes
Meonelithic
U-Mo
High-Density
ot p o g

Reactor-specific
Tuel assessment |
canvarsion selection
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Fuel Qualification Strategy
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Scale: miniplates -> full-size plates -> assemblies
Irradiation
Volume: individual plates to multiple plates in assemblies
Maturity: lab-scale fabrication to commercial-scale manufacturing
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Fuel Qualification Objectives

EU-QUALIFY

Target
Fuel Generic

Comprehension Qualification

Development

Prototype

Processes

Pt
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LEU Fuel System Development for HPRRs

High performance research reactors
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UMo Dispersion Fuel — Overview
e S UMo fuel
TS ~ +  <«— Alcladding * In 2000 UMo alloy was identified as best candidate
= : high density fuel
UMo fuel + Al powder —  7-10 wt% Mo added to stabilise high temperature y-U phase
— High U density in alloy: >15 gU/cc
<«— Al cladding e Development pursued in two paths:

y : : L. op> — U-7wt% Mo dispersion
_ o 1ows -
BONAPARTE bench for PIE U-10wt% Mo monolithic
thickness/oxide measurements *  Challenge: U-Al interdiffusion leading to
unacceptable swelling behavior

Too UMo dispersion fuel
- FUTURE
PO | * Dispersion of 50 vol% fuel/Al matrix results in 8-8.5g
P e T U/cm?
= - SELENIUM (Si)
g . SELENIUM (ZrN) -" . « _age . A
& 40 * Various initial tests identified the unacceptable
3 . .
“ 20 i swelling behavior
0 ! ! ! ‘ ‘ ! e Various modifications tried in SEMPER-FIDELIS
o] 1e+21 2e421 3e+21 de+21 Se+21 Be+21 .
. . experiment
Fission density (ficc)
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UMo Dispersion Fuel — Status

Results of LEU-FOREVER
* PIE/comprehension of SEMPER-FIDELIS experiment
results

— HERACLES identified optimizations for acceptable fuel
performance at high power and high burnup
¢ Heat treatment of the atomized powder
* ZrN coating of the powder
e Addition of 5% Si to the matrix

— Optimizations demonstrated with commercial-scale
fabrication equipment and pre-industrial processes

Fuel Swelling (%)
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UMo Dispersion Fuel - Objectives

Objectives of EU-QUALIFY

* E-FUTURE-III test

— Fabricate 4 UMo
dispersion fuel plates

EU-QUALIFY Objectives

* Establish fuel performance

. . database
— Irradiate flat plates in Fuel T
FUTURE-5 basket Development E-FUTURE-IIl test

— Perform NDE PIE

* Establish/implement pilot

. scale equipment: atomizer,
Equipment heat treatment, and powder
coater

Processes

FUTURE-5 basket loaded with fuel plates FUTURE-5 fuel plates
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UMo Monolithic Fuel — Overview & Status

UMo monolithic fuel

* Highest possible uranium density of all fuel candidates:
up to 15.5 gU/cm?

* Consists of a metallic U-Mo foil,
coated with a Zr diffusion barrier,
clad between aluminum

* Acceptable irradiation behavior demonstrated in various
irradiation tests performed by US DOE

* Challenge: fabrication equipment/processes considerably
different to existing dispersion fuel systems

500 5m

e
LEU-FOREVER Results

* PIE of EMPIrE mini-plate irradiation test (US DOE funded)
— Demonstrated acceptability of EU fabrication process

fraﬁ?ﬁme m ml> - \m> f
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UMo Monolithic Fuel - Objectives

Objectives of EU-QUALIFY
* FUTURE-MONO-1 test

— Fabricate 2-4 UMo
monolithic fuel plates

— Irradiate flat plates in
FUTURE-5 basket

EU-QUALIFY Objectives

e Establish a fuel
performance database
Fuel * Increase data set with

Development FUTURE-MONO-1 test

— Perform NDE PIE

e Establish pilot scale
equipment: casting, foil

Equipment
S rolling and foil coating

Processes

Post-irradiation underwater visual inspection of a FUTURE-5 fuel plate
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High-loaded U,Si, — Overview & Status

High density/loaded U,Si, aluminium

* Demonstrated fabrication technology and existing cladding
infrastructure at 4.8 gU/cc

¢ Increase volume of fuel to ~50% in fuel meat

* Change to fuel design may be necessary such as a slightly
thicker fuel plate

* Challenge: ensure acceptable fuel performance at higher pu = 48g.cm=3 o > 15g.cm=

coolant

fuel core —

loading and thinner cladding

LEU-FOREVER Results

* Irradiation & PIE of HiPROSIT test
— Demonstrated fabrication capability
e Thicker fuel meat at 4.8 gU/cc
e Thinner cladding and higher density at 5.3 — 5.6 gU/cc
— Demonstrated acceptable fuel behavior at high power and
high burnup conditions for all candidates

:
:

HiPROSIT plate
Post-irradiation neutronics analysis
peak heat fluxes
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High-loaded U;Si, — Objectives

Objectives of EU-QUALIFY

e ME-DEUS test

— Fabricate 3 high density U,Si, (5.3 gU/cc) formed/curved fuel
plates

EU-QUALIFY Objectives

— Assemble into outer ring of a mixed BR2 fuel element
— Irradiate at high power and moderate BU

* ME-CHARTREUSE test

e Establish a fuel performance
database

* Increase data set with
examination HiPROSIT test

* Increase data set with
ME-DEUS and
ME-CHARTREUSE tests

— Fabricate 3 thick meat U,Si, (4.8 gU/cc) formed/curved fuel Fuel
plates

— Assemble into outer ring of a mixed BR2 fuel element
— Irradiate at high power and moderate BU

Development

* None necessary
All equipment currently at
commercial-scale

Equipment

Processes

BR2 Mixed Element

*LEU silicide plates in green*
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Conclusions

* LEU-FOREVER project was highly successful

— Increased comprehension of UMo dispersion fuel system and identified design i
for qualification through SEMPER-FIDELIS PIE b '

— Demonstrated the EU fabrication process for the UMo monolithic fuel system "\ gainage
through PIE of EMPIrE '

— Demonstrated high loaded/density U3Si2 fuel system at high power and high
burnup enabling an alternative solution for some LEU conversions

— Demonstrated a new design for LVR-15 fuel assembly (medium-power reactor) ,
to increase EU security of fuel supply through fabrication and irradiation brie

— Increased EU fuel performance modeling capabilities through the MAIA code T

MAIA code mesh

* EU-QUALIFY project has high expectations for curved MTR fuel

plate

— Demonstrate final design of the UMo dispersion fuel system in multiple
FUTURE-5 plates through the irradiation and PIE of EF3 to initiate generic fuel
qualification

— Demonstrate design of the UMo monolithic fuel system in multiple FUTURE-5
plates through the irradiation and PIE of FM1 to initiate generic qualification

— Demonstrate high loaded/density U,Si, formed/curved plates in MEs for

generic qualification LVR-15 current to new FA
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PLEASE NOTE!
This presentation contains data, information and formats for dedicated use only and may not be communicated, copied, reproduced,
distributed or cited without the explicit written permission of SCK CEN.
If this explicit written permission has been obtained, please reference the author, followed by ‘by courtesy of SCK CEN'.

Any infringement to this rule is illegal and entitles to claim damages from the infringer, without prejudice to any other right in case of
granting a patent or registration in the field of intellectual property.
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This project has received Foundation of Public Utility
funding from the Euratom
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