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JRC Directorate G - Nuclear Safety and Security

Karlsruhe
Petten A Safety of the Nuclear Fuel Cycle
A ReactorSafety and Components A Nuclear Science and Innovation for Energy and Health
A Nuclear Safeguards and Security

Ispra
A Digital Systems for Safeguards and Noaliferation
A Nuclear Facilities Management and Safe Conservation

Geel
A Nuclear Data and Measurement Standards
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MSR Collaborations

Framework Projects

A MIMOSA Qranolead)
A ENDURANCEdlimilead)
A In the past: e.g. SAMOSAFE

Industry & SME

A OranoGroup
A NAAREAThorizon Stellaria
A SALTFOSS, Copenhagen Atomics

Member States

A NRG, TUD (NL)
A CNRS, CEA (France)

International Collaborations

A DTU (DK) A
é CIRTEN (IT)  Licensing Authorities & TSO A T,SA\IEA

CVR (C2Z) A ASNR A NEA / OECD
A others

JRC support EU MSR programme through:
Access to their unique nuclear infrastructure
Consultations / coordination / collaborations
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MSR Reactor Designs Across Europe
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EU MSR Framework projects overview

3 Evaluating the Molten Salt Fast
g [ M OST ] Reactor (MSFR) design
g [ ALI SI A ] Assessen]:egt ?\; SchRe safety
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Evaluating the past
knowledge and data

Safety barriers for controlled
behaviour of MSR in severe accidents

| SAMOFAR

2015-19
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Exploring the potential of molten
salt in the nuclear field

EU knowledge hub for
MSR safety, development

[ SAM OSAF&R\] and deployment
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JRC EXxpertise

Karlsruhe

Oxygen analysis
In process

V)

/Synthesis & Electrochemistry

UF4, UF3, pUF3, ThF4, PUC|3
0Ongoing: UCls, NpF;

/Thermo -physical Properties
Melting point

= Thermal conductivity

* Heat capacity

= Fission product behaviour ;'

«  Vapour pressure ="

* Transition enthalpy

+ Density, Viscosity

\- Corrosion studies

* Phase diagrams e
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Karlsruhe
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Karlsruhe

SALIENTOS3 irradiation at NARetten
MOCHA irradiatiorg Clbased salt 2026

KKarlsruhe

Irradiation of MS

JRC Competences in M$

R&D Safety Studies

7\  Petten

Reactor Safety

Karlsruhe

(Thermodvnamic Database developmenh

~120 binary systems JRCMSD
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Safeguards\

Material Testing\
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JRC is on of the Reference Centres for Properties Determination



Synthesis of An halides

Synthesis of actinide halides

Synthesis oUF,, Thi; and Puk from oxides using HF

Synthesis of Pu€from precursors by chlorinationHC)

Confirmation of puritv bv XRD. meltina point. IOBS |

i e - S

~ | Experimental
ThF — | Calculated
| Bragg positions

C2c
a=13040(1)A
b=11.011(1)A
c=8531(1)A
p=126.32(1)

XRD phase purity «
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Analysis

[ e
Difference curve

20 (°)

T T T T T
60 70 80 20 100 110

Trneiting = 1111.4°C

= COI0UIs agree o pupnsrieu

appearance <75t Purity analysis by melting point -:DSC
_200600 ?‘tI}O 61;0 QQI)O 10l00 11:.’)0 I 12:)0
T/°C

H European
8 Commission




Irradiations \
SALIENT-03 project (follow -up of SALIENT -01) N \G
2nd European irradiation of molten s | n

Collaboration between JRC (KA, PT) and NRG

Very challenging task (demand on purity, Quality control, ~100g of fuel mixture, encapsulation of plutonium fuel with no surface contamination)
4 different fuels (6 welded capsules) ( ‘LiF-ThF,-UF,-UF;-PuF;-(CrF;) composition)

At JRC: A T
Fuel synthesis and Encapsulation ~ #.. \\ (
Safety analysis for HFR
Post Irradiation Examination
N
| P:k T ,:": IUF; ?J:mm ” - Vielting pomtverification | Fuet 01 Solid ingots of frozen fuel of ~100% th. density
%;w._ by %L B
V ML Lk o "*:J_‘.J—|+.—'—‘.'-L~“;‘f“‘*.- i

20() 20)

Purity analysis of all end-members

& di

Optimized test weld

Capsule 2 design (~6.5g fuel)
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MSR Fuel Proper’[ies at JRC Vapour pressure (Boiling point) Heat capacity

— N

Corrosion studies

Thermal conductivity

mole fraction

Electrochemistry
e P - ~
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Salt Handling

Proper handling in place

V Purity of the materials
] —
V How to avoid Qand HO

V Howto containthe liquid?
V How to avoid corrosion ?
V How to avoid vaporisation ?

l

s

-

A Treatment with HF(g) or £

A Handling only in Ar glove boxes

s

|

A Ni-based, C or BN container materials

A Encapsulation

Up to 6 years to
set-up the facilities
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Phase diagrams

Differential Scanning Calorimetry (DSC) for phase transitions, e.g. melting
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Supercooling

| —~ Cooling: 390 °C
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Fusion Enthalpy

Heat flow / uV

Funak Eutectic (NaF-KF-UF,)

-100

-125

i
Y
|

1 e

: 41’__-— Pt crucible

|
T 3 E
s ' qj/ measuring crucible
- Aluminium reference crucible — ||
melting - |

serie of 20 Pt-PtRh10
thermocouples

Phase

transit : e
ransion Al reference gives sensitivity
i | Correction factor for T shift
Eutectic .~
melting
| 1 | L | L | L |
200 400 600 800 1000

Temperature / °C

European
Commission




. < Heating 1
Heat CapaC|ty 110 < Heating 2
- reference
100
1 KF
3 80-
5 |
5 70
T 60-
é 4
On- 50—.
40 n - - -
: Black is water containing
301 Red is the proper measurement
20 0 I 3 I 4 Ll & 1 bs I 3 I
0 100 200 300 400 500 600
Temperature / °C
300
Serp et al. NetzschSTA DS™
i Serp et al.
250 P u C |3 - - —Rand and Fuger
Dulong-Petit
----- Duemmler et al.
< 200 . P64
'—o | o This work laser welded (inside GB)_\/ o6
£
‘-'¥150- g lihy
- - e g §
= Y fg === == 0 77" % = = o3
R B o e E e
. . Sample pellet
i solid liquid =
<l o6
0 L T L T ¥ T . T y T ¥ T ¥ @6,831
600 700 800 900 1000 1100 1200 1300 m European
Commission

15
Temperature (K)



7
Viscosity ——
6 - Zhang 2021 (MD simulation)
. @ n corrected with KNO3 meas 1
A Method improved >
%4
=3
A High temperature viscosity of molten salts measured i <
inactive salts 2 T e ga
1 TS ----1
0

A Follow up to active glove box
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Vapour Pressure

AlIn house development with key commercial parts
AMeasured using Knudsen Effusion cell i Mass Spectrometry (KEMS) :
AComplete vaporization of the fuel
A At vacuum conditions

Temperature (K)
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- § \ \ . 2 : \Q‘;\, o vacuum 13 v
4| |—LiF
—LiF, 40
- —LiF,
T [—ThF, 1 - .
| ur, ABoiling point never reached (due to vacuum)

| pur, ABoiling point is very well extrapolated
A... and correlated with JRCMSD database

1
14 9
10000/T (1/K)

Partial and total vapour pressures for the mixture
LiF-ThF,-UF,-PuF; (77.5-6.6-12.3-3.6 mol%)

B.p. = 1896 + 20 K
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Boiling Point

Funak Eut(\n'l-:n INlAC IZC 1IN\
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Density (g.cm™)

Density

A Completely novel set-up developed

A

A High temperature measurements of fluoride and chloride salts as T function up to 950 °C.
A Very recent measurements on NaCl-PuCl, system
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Based on Archimedean method

« This work
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log,, p(I'y)/bar
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Fission Product Retention

Fission Product retention of the MSR fuel

1 Determination of Fission product chemistry by simulation
2 Sim-fuel synthesis (Csl and CsF additives)
3 Measurement of CsF/Csl volatility using KEMS

Frame: HORIZON2020 Project SAMOFAR (2015 -2019)

Calculation of Cs- and |- chemical forms

CsF release from LiF-ThF4

&~ sAMOFAR

Csl release from LiF-ThF4

Second release?

T

CsF dissolves and as consequnce decreases volatility of Cs >100000x (ref. Elemental form)
Csl is highly immiscible, but formation of Csl compound causes ~3000x lower volatility (ref. Elemental form)
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Corrosion Studies

First test conducted on 316 steel + Flinak for 250h at 700 °C

o

O N
v e N\

Wi
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o
W

X-ray tomography before the experiment
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AN R
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Thermodynamic Database
The Fuel

Mixture of Fluorides or Chlorides with dissolved fissile material

US Historic concepts Selected nowadays concepts

Solvent

/ Fissile Material
s /

MOSART [ TLiF- Be@]{ Pu@}

ARE iNaF ZrF4:: UFy |, Oeneter TMSR [ LiF- Belrz]-

MSRE ["LiF- Bef; | Zrf |- UF, = MCRE NaCl UC} ¢ PuCl

MSBR [ILiF- Be%@ g § VCFR NaCk; (MgC}) ¢ PucC}
Fertle Materia Emm CMSR NaF¢ KFq UF,
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Database Properties

23

Need for Thermodynamic database

For reactor concept

Neutronic properties

Melting temperature
Heat capacity
Vapour pressure
Actinide solubility

Chemical stability to high T

Thermochemistry

Density and Viscosity
Thermal conductivity

Stability to radiation

MSR fuel is multi -component system
e.g. NaCl-UCI;-PuCl,

Finding optimal composition
Trial-Error method is not efficient
Having model is the solution

‘mole PuF,/(LiF tPuF,)

Points i Experimental input

Line i Thermodynamic model
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JRC Thermodynamic database -JRCMSD

Fluorides lodides Chlorides
LiF MNaF | KF | RbF | CsF | BeF; | CaFy ‘ Lak; | Cef; | BaF, nf, Crfy | Cify | NiF; | ThE, | UF, | PuF; | UF; L | Csl | Thiy NaCl | ”\IChl ucy, ‘ F’ill:l,l TI|CI.| L | L] | Cs(:l,l CaClxl csC1 | B-CI;| SrCIgl NiCl; | FeCl | fICI;l CrCly | CrCly
X X X X X X X X Xpg X X X X X X X
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1 o | X x X
u c—-n X
o]
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i [
1E3 v1.0_2022
e ||
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| |
™
uw |:| Unpublished work
=
T ,—| Published work
woc1
E l:l Being developed (coming soon)
e |
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FeCly
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To To To
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Powered by

JRC MSD

MSR Reference Thermochemical Data

Started by JRC in 2002
>130 pseudo-binary systems included
Multi-lateral collaboration TEMOSA

Project
A (CEA, JRC, Orano, TU Delft)
A Open for other partners

Distribution through FactSage and
Thermochimica ongoing

Describes all key MSR fuels (chlorides,
fluorides)

Extension by corrosion and fission
products

Validation through experiments
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Thermodynamic Database

Simple example what we can quickly determine from the database

Example is the LiF-ThF, (78-22 mol%) composition i The red dot

Phases present Melting point
Liquid only 858 K
Boiling point 1500 /
2026 K '
e % i 7]
. f;-'.;} * &
: o ]
s Nt e
Activity coefficients/., o 4. 9%
y(LiF) = 0.587 vy . Lo e I Heat capacity
Y(ThFil) =0.224 | to:\ A qtc:caun .-*\“ 87.7 1] K_l m0|'1
\\\\J
Vapour pressure
™~ 0.07 Pa (total)
0.047 Pa (LiF)
‘ J J 0.02 Pa (Li,F,)
02 04 06 08 1 0.003 Pa (LisF53)
X {ThFy) 0.0002 Pa (ThF,)

TD quantities
absolute entropy (S): 164.3 J K1 mol™?
enthalpy (H): -876234 ] mol!

i First tal f d
Gibbs energy (G): -1040500 J mol IFst crystal forme

LiF

25
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Thermodynamic Database

©
Powered by
LiF - ThF, - PuF, K e T MSR Reference Thermochemical Data
Projection (Liquid), 1 atm thtSage ThF, uF,
PuF,
TK)
T(min) = 819.67 K, T(max) = 1699.81 K I 1700
1500
1300 BiNac
NaCl - UCI, - PuCl,
1100 Polythermal projection 700 - 1200

FactSage

nNaei
900

500

2017-04-04 54 secs

LiF s os a1 s se o4 03 o2 o ThF,

mole fraction

mole fraction

26

LiF

ThFsLi(s) ThaFslLi(s) mole fraction
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log p / atm

Thermodynamic Databae

Example 1: Fission product influence on MOSART fuel

Case of LiF -RbF-PuF; (43.9 -54.8 -1.3) fuel
(alternative of MOSART fuel, m.p . 744 K)

204 i .

i : fuel with CsF (2 mole%)
5L : \
80 |-
35
40 |
4.5 |- \fresh fuel
5.0
55 | :

i gToutIet = 988 K
-6.0 |- :

1 | 1 b | 1 | 1 | 1 |
800 900 1000 1100 1200 1300
T/K

MS Intensity
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Liquidus Temperature / K

NaCl - PuCl, - UCI,

Thermodynamic Databae Gactiy

NaCl

Example 2: Melting point determination ;
With fuel burn -up =\ -
=
3 = \ NaCl = 55 mol% 700
800 -
790 400
------ > PuCl, concentration
780 \\
770 UCl3 mole fraction d PUC’:,
760
NaCl - PuCl, - UCI,
750 1000
740 |
900 | NaCl =75 mol%
730 850 - NaCl = 70 mol%
2 oo}
720 = NaCl = 65 mol% NaCl = 55 mol%
750 |
710 700 | NaCl = 60 mol% ] ;i‘)\
0 5 10 15 20 25 30 35 IRCMSI )
650 |- 1
mol% PuCl, JRCMMSDm
800

L L 1 L L L L L
Q 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
PuCly(NaCHPuCl+UCL) (mol/mol)
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EUROMOST 2660

Organized by JRC
Panels based on invitations

Call for Abstracts for Posters coming
JRC-EUROMOST @ec.europa.eu

Conference Chair: O. Benes
Scientific Committee:

P. Soucek (JRC)

E. Capelli (Orano)

J. Krepel (PSI)

S. Lorenzi (Polimi)

International format (invitations coming)

B
4
§fﬂ
g'c

EUROMOST 2026

1**EUROPEAN
CONFERENCE on

MOLTEN SALT
REACTOR
TECHNOLOGY

VENUE NAME
BADEN-BADEN, GERMANY
26-29 MAY 2026
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Thank you

This presentation has been prepared for internal purposes. The information and views expressed in it do not necessarily reflect an official position
of the European Commission or of the European Union.

Except otherwise noted, © European Union (year). All Rights Reserved
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Corrosion Studies

First test conducted on 316 steel + Flinak for 250h at 700 °C

o

O N
v e N\

Wi
NS
o
W

X-ray tomography before the experiment

RN el
AN R
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Before experiment

After experiment

33
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FIB/SEM

Investigation

Aperture

30.00 kv | ETD 3.45mm | 20,0 mm | 50 pm SS5316 250h




Steel region

FIB section 1
Investigation

Essentially
pitting corrosion
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