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Knowing the State of the Salt (Melt Temperatures, Vapor
Pressures, Reactivity) Is Obviously Necessary

Fission and Corrosion Products, Transuranics, and
Contaminants (and Radiation) Govern the State of the Salt

Fission Products of Interest Reactor Primary Corrosion Products
Core

A Radiological hazard Cs, I, Sr < 30 sec = 30 sec A Halides of Cr, Fe, Ni

residence

A Reactive Zr, Te, and lanthanides =~ "¢ - - A Exfoliated graphite

time fission,
A Noble metals Rh, Ru, Tc, Pd decay,
A Tc, Mo can be halide as well gactivation Contaminants

A Noble gases Xe, Kr, He A Oxygen
A Water

stripping

heat-exchanger
noble gasstripping
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Base Salt Systems From Current Program Roadmap

Fast spectrum: Chloride systems

Thermal spectrum: Fluoride systems NaCl-MgCl,-UCl,-UCl,-PuCls,,
A LiF-BeF,-UF;-UF,-ZrF, NaCl- ZrCl,-UCl,;-UCl,-PuCl,,
A NaF-BeF,-UF,-UF,-ThF, NaCl-AlCl,- UCI;-UCI,-PuCl,,
A LiF-NaF-ThF, NaCl-KCI-MgCl,-UCI,;-UCl,-PuCls,
A NaF-BeF,-UF,-UF,-ThF, NaCl-KClI-zrCl,-UCI,;-UCl,-PuCls,
NaCl-KCI-AICI,-UCl,-UCl,-PuCl,,
NaCl-ThCl,-PuCl,

Solely heat transfer medium
A NaF-BeF,
A LiF-BeF,
A LiCl-NaCl-MgCl,

ORNL/SPR-2020/1865

Roadmap for thermal property
measurements of Molten Salt Reactor
systems
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Gibbs Energy Relations Allow Calculation of Equilibrium State of
the Salt (Chemical/Phase Behavior)

A Salt should be near equilibrium due to high temperatures and liquid state
A Governed by their thermodynamic properties, i.e., Gibbs energies

A Computed equilibria can therefore provide
A Local composition/speciation
A Precipitating solid phases (melting points)
A Phase formation
A Chemical potentials/redox for controlling corrosion and transport;
A Vapor pressures
A Input for phase field calculations: Modeling nucleation and grain growth
A Source terms for accident analysis
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Thermodynamic Modeling Requires an Accurate, Consistent and
Extensive Gibbs Energy Database

A Database consists of Gibbs energy relations for each phase and gas species
A Gibbs energy relations for (stoichiometric) compounds are obtained from

A Directly from accurate reported values

A Assessment of reported data and/or measurements

A Solid and liquid solutions need to be represented by models that provide Gibbs energy relations
at specific temperature, pressure, and composition (gas typically an ideal solution)

A Directly from accurate reported values consistent with basic database phase values, or

A Reassessment of reported models using new data and consistent base values, or

A Full assessment from reported values/new measurements using consistent base values
A Resource is the Molten Salt Thermal Properties Database i Thermochemical (MSTDB-TC)

= (Gener IA@maiﬂ%t& r for . : .
gf;rans ormationa ucqear Technologies South Carolina




Sources of MSTDB -7C Values Vary From Directly Extracted From
Publications to Derived From Original Measurements

All values traceable to original sources:
Information linked within the user database e pm—

A Pure substance, single cation phase values from :
tabulated sources, e.g., NIST, SGTE via FactSage®

A Melt, solid solution, or complex compound models and
values/parameters are

A Obtained as is from published papers/reports

Determined in assessments/reassessments using
values from published papers/reports o

HOOK (eV)  HPOK (J/mol)

A

A Computed for compounds obtained using ab initio KUFs 3643 31634643
\ KsUF7

A

-3.523 -3739095.7

modeling & used in assessments KnUsFas

Obtained using measurements for assessments
from original experimental efforts
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Original Gibbs Energy Relations Obtained from
Thermochemical Assessments

A Assessment (CALPHAD) Methodology CALPHAD Method
A Selected models contain adjustable parameters Selection of Selection and

A Optimized to experimental data and/or first principles medels isr the evaluation
Gibbs energy

of input data

calculational results y

A Quality based on reproducing experimental observations Optimization of model

_ _ parameters
A Sublattice models used for crystalline phases and non-salt (by error minimization procedures)

liquids .
A Compound energy formalism: (A,B),(C,D),(E,F),, Calculation

(phase and property diagrams,

A Two-sublattice partially ionic liquid model: etc.)
and Comparison

(# ) ! Fﬁ ﬂ' (to the input data)
( ) s 2

A Molten salts challenging as they exhibit short range ordering Applications

(thermodynamic databases for

(SRO) and thus require use of a model that captures SRO sredietiones, SmilBHons S6e)
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Salt Melt Quasichemical Model Accounts for SRO, and Can
Accommodate Variable Atom Coordination

A First sublattice contains all cations (Li, Na, U, Th, etc.); second contains

common anion (e.g., F or Cl) -
G =G, +NnNgGg ) - TDSONMY+ (N,y5/2)DGpg SM J FNN

A Excess Gibbs energy subsystem end-member interaction parameters each
optimized from experimental/1st principles computes/estimated data A \ F

A Quadruplets: A,F,; B,F,; ABF,
A FNN interactions between cations and anions A SNN interactions between cations F'B
A Cation-cation coordination numbers defined for each binary sub-system: \
W ¢y ho ¢
A F B F
o Pr
7 7 F A F

where charge neutrality requires:
7

Nuclear Materials 449 (2014
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Model Generation (Assessments) Use Thermodynamic/Structural/Phase
Information to Obtain Relations: Example KCI -UCl ,

Reported Thermodynamic/Structural
Measurements:
A Rycerz et al. (2021)
A Heat of mixing (o, H) for KCI-UCI; melt
A Estimate for Gibbs energy for K,UCI,
A Exptl. H.qq for K,UCI
A UCI; coordination numbers 6 and 7

KCI-UCI; system Lactsay'

900

Exp. data: Rycerz et al. (2021)
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System U- F- Li

MSTDB -TC not Export Controlled and oo e

238.02891000 18.99840320 6.94100000
6 123456

Should be Available Cost -Free on the el S0

IDMX

Code.ornl Github

6000.0000 -351581.57  37.443358 -35.397917 -.93533200E- 03
0.27571767E- 07 0.00000000
UF4
11 10 40 00

A MSTDB-TC FO”OWS the FaCtSage ASC Il Format (dat) 6000.0000 -1639992.8  343.21185 -103.82600 - AT745000E- 02

0.24183333E- 06 510660.00
LIQUsoln

A Database provides 40000

2 3

A Thermodynamic functions readable by FactSageO and open- LilF

11 00 10 10

. - 2500.0000 -617790.20 386.90980 -64.182999 0.00000000
source code Thermochimica 0.00000000  0.00000000
1.00000 1.00000 0.000000 0.000000 0.000000

A Pseudo-binary and higher order system data Ui

11 10 40 0.0

A Reference values from literature with sources 0.00000000  0.00000000 o 77000 0:00000000
1.00000 4.00000 0.0000 00 0.000000 0.000000

A Original measurements including uncertainties 21

Li U

A Details of function fitting and uncertainties "Looooo 400000

12
1.00000

A All systems validated via reproduction of accepted phase equilibria
A Verified via examination of all systems by third-party (ORNL)

2

1
1 3 3 6.0000000 6.0000000 6.0000000 6.0000000
2 3 3 6.0000000 6.0000000 1 .5000000  1.5000000
2 3 3 2.0000000 6.0000000 1.7142857  1.7142857

G12330000
0.00000000 1.00 0.00000000 1.00 0.00000000 1.00
0.00000000 0.00 0.00000000 0.00 0.00000000 0.00

0 0 -16108.400 0.00000000 0.00000000 0.00000000
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Fluoride Systems Content of MSTDB -TC (Ver 1.2):
Be -Ca-Ce-Cs-K-La-Li-Mg-Na-Ni-Nd-Pu-Rb-Th-U-F

Pseudo-ternary and higher order systems Matrix of pseudo-binary systems

A BeF2-LiF-NaF A CaF2-LiF-ThF4 A LiF-NaF-UF4

A BeF2-LiF-PuF3 A CeF3-LiF-ThF4 A LiF-PuF3-ThF4
A BeE2-LiE-ThEa A CsF-LiF-KF A LiF-PuF3-UF4
AR BeE2-LiE-UE4 A LaF3-LiF-NaF A LiF-ThF4-CaF2
A BeF2-NakE-pup3A LiF-KF-NaF A LiF-NaF-BeF2-
A BeF2-NaF-UF4 A LiF-KF-RbF ThF4-PuF3-UF4
A BeF2-ThE4a-UFaA LiF-NaF-CeF3 A LiF-NaF-BeF2- |,
A CaF2-KE-NaE A LiF-NaF-PuF3 ~ KF-PuF3-UF4 CoF
A CaF?2-LaF3-Lie A LiF-NaF-RbF A LiF-NaF-KF- Cef
A CaF2-LaF3-NaFA LiF-NaF-ThF4  CsF-ThF4-PuF3 1=

SrF,
A CaF2-LiF-KF MgF;
NdF,
FeF,
NiF,

v | In MSTDB-TC |
v | Data Published
Being Assessed |

UF,

N N N I N N N NI N

SN O BN N B N AR N RN RN RN N R N AR RN

BeF, CaF, | ZF, | ThF, UF, | UF, | CsF | CeF, | LaF, | StF, | MgF, | NdF, | FeF,
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Chloride Systems Content of MSTDB -TC (Ver 1.2)
Cs-K-Li-Mg-Na-Pu-U-ClI

Pseudo-ternary and higher order systems Matrix of pseudo-binary systems

CeCI3-KCI-LiCl — |
CeCI3-KCI-MgCI2 Z o MSTDBTC

CeCI3-KCI-NaCl Being Assessed

CeCI3-LiCl-MgCI2

CrCI2-KCI-MgClI2

KCI-LiCI-UCI3

LiCI-NaCl-MgCl2-

KCI-PuCI3-UCI3

LiCI-NaCl-MgCl2-

KCI-CeCI3
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