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a b s t r a c t 

Molten salts as heat transfer fluids (HTF) for concentrated solar power (CSP) plant application are consid- 

ered as the best thermal storage medium, and more precisely molten chlorides, presenting a wide oper- 

ating range and coupled with competitive cost. Furthermore, MgCl2-NaCl-KCl (MgNaK) mixture appeared 

as the most promising one but need further studies to better understand its thermophysical properties. 

Indeed, its hydrated form leads to the formation of corrosive compounds. In this research, two different 

methods are used to model the ternary mixture. The dehydration process is evaluated by thermodynam- 

ical calculations with Thermocalc software. Then, the local structure, thermal conductivity and viscosity 

are estimated by means of molecular dynamics simulation, with LAMMPS package. The results were close 

to past simulations studies and experimental references, but discrepancies need to be further minimized 

regarding some variable fluctuations. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Producing renewable energy has become one of the major chal- 

enges of this decade and solutions are rising with the devel- 

pment of next generation CSP. Moreover, molten chlorides as 

TF appeared to be the most promising thermal storage medium, 

resenting a high operating range and low cost. The most cost- 

ffective and performant one is the ternary MgNaK chloride mix- 

ure, which provides a wide operating range [380 ºC;750 ºC] and 

ow cost (0.35$/kg) [1] . Nevertheless, oxygen diffusion within the 

alt and hygroscopic magnesium chloride lead to the formation of 

orrosive hydroxyl compounds, such as MgOHCl, already described 

n past studies [2–7] . Computational simulations and thermody- 

amical calculations can be used to better understand its proper- 

ies and evaluate the performance of such a mixture, in real plant. 

ndeed, these numerical methods must be validated by experimen- 

al testing, and are precursor of the development of future algo- 

ithmic models that could be implemented in new power plants, 

or automated machine learning and digital twins development. 

olten chlorides have already been studied for CSP application and 
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ome of these results will be compared to our calculations [8–25] . 

ndeed, assessment of potassium and sodium alkali chloride were 

he most investigated ones [ 19 , 21 , 23 , 24 ], but magnesium chlo-

ide [22] and the ternary MgNaK chloride [ 22 , 25 , 26 ] attract more

ttention as they became salts of interest, offering the support of 

xperimental studies to the design of accurate phase diagrams. 

The calculated phase diagram of MgNaK chloride has already 

een studied for research on optimal eutectic melting point. Fact- 

age software calculations present three temperatures at 381.62 ºC, 

82.01 ºC, and 382.45 ºC for compositions of 64.47/38.19/21.21 

t%, 53.41/20.97/25.62 wt%, and 44.15/47.25/8.60 wt% respectively. 

oreover, Coventry and al. assessed this phase diagram with a eu- 

ectic temperature of 383 ºC with a composition of 55/24.5/20.5 

t% respectively [27] , supported by experimental measurement. 

In this paper, the life cycle of a ternary hydrated-MgNaK 

alt have been analyzed with computational thermodynamics 

ethods, from the necessary hexahydrate magnesium chloride 

MgCl2 ·6H2O) dehydration process before its use in a CSP plant; 

s described in a previous review [1] ; to its determining thermo- 

hysical properties as a heat transfer fluid. First, compounds activ- 

ties and site fractions of the hydrated ternary mixture have been 

alculated with the use of Thermocalc software, to better under- 

tand its evolution with an inert and aerobic atmosphere. Then, 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Table 1 

Pair-potential parameters of the system 

Pair A i,j (eV) ρ ( ̊A) σ i,j C i,j (eV. ̊A 6 ) D i,j (eV. ̊A 8 ) 

Na-Na 0.2637 0.3170 2.34 1.0486 0.4993 

Na-Cl 0.2110 0.3170 2.755 6.9905 8.6758 

Na-K 0.2636 0.3170 2.633 3.9860 0.2777 

K-Cl 0.2109 0.3367 3.048 29.9467 45.5439 

K-K 0.2636 0.3367 2.926 15.1605 14.9733 

Cl-Cl 0.1582 0.3170 3.17 72.4021 145.4283 

Pair r c ( ̊A) ε (eV) 

Mg-Mg 3.021 0.0048 

Mg-Na 2.565 0.0114 

Mg-K 2.906 0.0121 

Mg-Cl 3.947 0.0099 
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he local structure of dehydrated molten chlorides at different tem- 

eratures were performed by molecular dynamic simulations with 

pen source LAMMPS (Large-scale Atomic/Molecular Massively Par- 

llel Simulator) package. To validate this method, the temperature 

ange was selected based on previous simulations and experimen- 

al studies. 

. Methodology 

.1. Thermodynamic simulation 

Thermocalc Software was used with CALPHAD (CALculation of 

HAse Diagrams) methodology for predicting thermodynamic, ki- 

etic, and other properties of multicomponent material systems 

ith the “Compound Energy Formalism” (CEF), detailed by Hillert 

28] . Plus, SGTE Molten Salt Database permitted to perform the cal- 

ulations. The Gibbs free energy of phases is computing with a 

ood short range order accuracy, as it deals with its phase con- 

tituents ( pc) , such as neutral atoms, ions, or vacancies within 

he sublattices ( s ) [29] . Indeed, a phase is described by the site

raction ( y ) summation of its phase constituents 
∑ 

y s pc . Then, ex- 

remal species of each sublattices are defined as end-members 

 em ) and their weighted average define a surface of reference ( sr ).

 Equation 1 ) 

 

sr 
em 

= 

∑ 

G 

0 
end 

∏ 

y s pc (1) 

Moreover, Gibbs free energy values of end-members com- 

ounds are relative to standard state Gibbs energy of the num- 

er (m) of components (i) present in the end-members sublattices 

 Equation 2 ). 

0 
f G em 

= G 

0 
end −

∑ 

G 

standard 
i 

∑ 

m 

s (2) 

Furthermore, the ideal entropy of mixing is considered 

 Equation 3 ). 

ST = RT 
∑ 

s 

n s y s pc ln 
(
y s pc 

)
with 

⎧ ⎪ ⎨ 

⎪ ⎩ 

n the stoechiometric coe f f icient 

R the gas constant coe f f icient 

T the temperature 

S the entropyof mixing 

⎫ ⎪ ⎬ 

⎪ ⎭ 

(3) 

.2. Molecular dynamic simulations 

Molecular dynamic simulations were performed with open 

ource LAMMPS package [30] . The micro-canonical ensemble (NVE) 

epresents an isolated system without exchange of particles or en- 

rgy with the environment, and a constant volume. This ensemble 

as used to verify rapidly the stability of the system. 

Harmonic bond (bs) and angle (as) style were used with the 

espective potentials 

 bs = 

K bs ( r − r 0 ) 
2 

2 
wit h 

{ 

K bs a pre factor 

(
eV 

Angstr ö m 2 

)
r 0 t he equilibrium bond distance ( Angstr ö m ) 

} 

(4) 

 as = 

K as ( θ − θ0 ) 
2 

2 

wit h 

{
K as a pre factor ( eV ) 

θ t he equilibrium angle v alue ( Degree ) 

}
(5) 

Lennard Jones potential was used for the force field of 

gCl 2 equation (6) where ε and σ were estimated from the 

orentz-Berthelot rules equation (7) , and the Born-Mayer-Huggins 

r Tosi/Fumi potential was used for (Na, K) Cl interactions 

quation (8) , with coulombic interactions equation (9) . The com- 

ination rules thrive to approximate the potential interaction be- 

ween non-bonded atoms. The validity of the Lorentz-Berthelot 

ule is assumed as the atoms are modelized as hard spheres, and 

he potentials used in this study come from previous calculations 
2 
y ab-initio molecular dynamics present in the literature [ 19 , 31- 

3 ]. gathered on Table 1 . The limitation of the force field accuracy 

ould stem from the Lorentz-Berthelot mixing rule, as some devia- 

ions were pointed out by Boda and Henderson [34] , depending on 

he size parameter. Plus, the cut-off radius was fixed as half of the 

ystem length, to minimize beyond potentials effects. 

 = 4 ε 

[(
σ

r 

)12 

−
(
σ

r 

)6 
]

with 

{ 

εenergy ( eV ) 
ε ( Angstr ö m ) 
ε ( Angstr ö m ) 

} 

(6) 

σi j = 

1 
2 

(
σii + σ j j 

)
ε i j = 

√ 

ε ii ε i j 

}
between atom types i and j (7) 

 = A e 

(
σ−r 
ρ

)
− C 

r 6 
+ 

D 

r 8 
with 

{ 

r c the cut − of f distance 

σ, interaction − d epend ent length parameter 

ρ, ionic − pair dependent lenght parameter 

} 

(8) 

 coul = 

q i q j 

r i j 

wit h 

{
q i , q j t he charges of i, j ions 

r i j the separation distance of i and j 

}
(9) 

Partial radial distribution function (PRDF) was computed to 

tudy the local structure of molten chlorides at different tem- 

eratures following equation (10) . Indeed, it describes the den- 

ity probability of a pair of atoms with distance from a refer- 

nce particle. Thus, the coordination number can be easily deduced 

quation (11) . 

 αβ ( r ) = 

d N αβ ( r ) 

r 2 dr 
· 1 

4 πρβ r 2 
wit h 

{ 

ρβ t he density of β species 

N αβ t he number of β in an sphere of center α
r t he distance f rom α

} 

(10) 

 αβ = 4 πρβ

r min ∫ 
0 

g αβ ( r ) r 2 dr with { r min the f irst peak distance in the PRDF } (11) 

The simulation box is set to periodic boundary conditions, to 

ake the atoms exiting from a box side re-enter from the other 

ide. 

.3. Equilibrium Molecular Dynamics - Green-Kubo method 

This method computes viscosity with an average of 

tress/pressure tensor auto-correlation function, which can be 

alculated in an equilibrated simulation, with a continuous mo- 

entum flow. Indeed, thermal conductivity is similarly calculated 

ith three arguments per atom: kinetic energy, potential energy, 

nd stress with formula: 

= 

V 

3 k B T 2 

∞ 

∫ 
0 

J ( 0 ) · J ( t ) dt wit h 

⎧ ⎪ ⎨ 

⎪ ⎩ 

V t he v olume of the system 

k B t he Boltzmann constant 
T t he temperature 

J t he heat f lux 

⎫ ⎪ ⎬ 

⎪ ⎭ 

(12) 
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Figure 1. Screenshot of the simulation box of (MgNaK)Cl 

r

w

1

r

4

w

s

e

a

3

3

t

c

m  

a

S  

S  

S  

s

D

l

s

a

a

t

d

b

r

o

s

m

o

N

m

t

c

i

s

e

w

w  

c

t

i

a

p

All simulations were performed with different sizes of boxes, 

espectively with 216, 512, and 1800 atoms for single chlorides, 

ith first NPT equilibration followed by NVT equilibration, for 

00ps each. A mean was then calculated, and discrepancies are 

epresented by error bars. The mean error of the thermostat was 

8K. For MgCl 2 -NaCl-KCl mixture, a system with 40/30/30 %mol 

as computed. A screen of the simulation box with 648 atoms is 

howed on Figure 1 . The calibrations and validations of the differ- 

nt models has been made with references of experimental values 

nd comparing with past simulations. 

. Results and discussion 

.1. Phases evolution of hydrated MgNaK chloride 

The dehydration process of MgNaK chloride have been analyzed 

hrough the computation of its amount of phase with temperature, 

ompounds activities and site fractions. 

As seen on Figure 2 , the dehydration process is observable as 

ultiple steps at 10 0 ºC, 20 0 ºC, 260 ºC, identifiable as stages I, II

nd III (reactions (13), (14), (15)). 

tage I : MgC l 2 · 6 H 2 O → MgC l 2 · 4 H 2 O + 2 H 2 O (13)

tage II : MgC l 2 · 4 H 2 O → MgC l 2 · 2 H 2 O + 2 H 2 O (14)

tage I I I : MgC l 2 · 2 H 2 O → MgC l 2 · H 2 O + H 2 O (15)

Moreover, MgOHCl is already forming at 100 ºC, and its conver- 

ion into MgO is predicted at 460 ºC, confirmed by experimental 
3 
SC measures [1] . At 480 ºC, MgOHCl is totally converted into MgO, 

eading to HCl formation and thus the increase of the gas phase. 

When considering the liquid state of this mixture, two main 

tructures are remarkable, the halite, present from 260 ºC to 650 ºC, 

nd the ionic liquid, above this temperature. Indeed, in a CSP plant, 

 HTF must demonstrate relatively stable properties and a quanti- 

ative known behavior considering its thermophysical and thermo- 

ynamical aspects. To operate in a power plant, salt purification 

y dehydration is the most cost-relevant choice for molten chlo- 

ides. Nevertheless, this option cannot assure a total elimination 

f hydrates, as they react to form hydroxyl group and non-volatile 

pecies. Indeed, the first simulation on Figure 2 permits to esti- 

ate a maximum relative amount of magnesium-hydroxychloride 

f 10%. Thus, to simulate this contamination, dehydrated (Mg- 

aK)Cl was computed with 10% MgOHCl at input, and activities of 

onoclinic NaCl, MgOHCl, MgCl 2 ·6H 2 O and NaOH with respect to 

emperature on Figure 3 . The activity of a phase is directly cal- 

ulated from its thermodynamic potential, and the site fraction 

s the summation of the component in each sublattices of the 

ystem. 

Firstly, magnesium chloride hydration is forming at ambi- 

nt temperature with MgOHCl presence as its activity rises, 

hereas the successive steps of dehydration can be observed 

ith MgCl 2 ·H 2 O curve from 50 to 510 ºC. Indeed, the activity in-

reases linearly at each step, but the derivative diminishes, as 

he temperature range to dissociate a pair hydrate-magnesium 

ncrease when the coordination is lower (hexa- to tetra- to di- 

nd mono-hydrate); the thermodynamic potential favors less com- 

lexed MgCl2. Then, MgOHCl activity decreases after 510 ºC, only 
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Figure 2. - Phases evolution of hydrated MgNaK chloride taken from reference [1] . 

Figure 3. Activities of formed components in MgNaK chloride 
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hen total dehydration occurred and are followed by two plateaus 

t 540 ºC and 580 ºC. Furthermore, NaOH activity increase at 656 ºC 

oming from hydroxide-free ionic potential favoring the reaction 

ith sodium chloride at high temperature, which is identified as 
4 
onic liquid. This formation could lead to a mitigation of hydroxide- 

nduced corrosion in the CSP plant at high temperatures. 

To better understand and visualize the transition between halite 

nd ionic liquid phases, a dehydrated (MgNaK)Cl system was com- 
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Figure 4. Site fraction of OH groups in MgNaK chloride under a. air atmosphere (halite and ionic phase) and b. nitrogen atmophere (overall system) 

Figure 5. Partial distribution function and coordination number of ion-pairs distances in MgNaK chloride with temperature 
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uted with an initial amount of 10% of MgOHCl, in aerobic and 

nert atmosphere. Hydroxyl site fraction calculations were per- 

ormed for each phase and merged on the same graph, with re- 

pectively halite (lower function) and ionic liquid (upper function), 

n Figure 4 . First, the site fraction of hydroxyl group has been cal- 

ulated within an aerobic atmosphere, on Figure 4 a. OH fraction is 

onstantly increasing with temperature, as having a direct source 

rom air inward diffusion into the liquid. Then, MgOHCl conver- 

ion to MgO is well defined at 450 ºC in the halite domain, as OH

ite fraction is decreasing. Secondly, on Figure 4 b, the same system 

as computed but under a nitrogen atmosphere and the calcula- 

ions presented a much better behavior as OH site fraction is sta- 

le and nearly null under 700-750 ºC. Moreover, it can be approx- 
5 
mated that a maximum of 5 wt.% oxygen in nitrogen atmosphere 

an be acceptable, under 750 ºC CSP conditions. 

.2. Molecular dynamic simulations 

.2.1. Local structure 

Molecular dynamics were studied to analyze the local structure 

f the ternary MgNaK chloride and the influence of temperature. 

hus, as explained in Section 2.2 , it can be analyzed by the distri- 

ution of ions pair distances. PRDF and coordination numbers are 

lotted on Figure 5 and the first peaks of each pair are gathered 

n Table 2 . 
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Table 2 

First peak of ion-pairs distances with temperature 

700K 900K 1100K 1400K Maximum relative variation 

r min (Mg-K) 3.1 2.7 3.1 3.1 13% 

r min (Mg-Na) 2.9 2.7 2.9 3.5 21% 

r min (Mg-Cl) 3.3 3.1 3.3 3.3 6% 

r min (Na-Na) 3.9 3.5 3.5 3.3 15% 

r min (Na-K) 3.5 3.1 3.9 3.7 11% 

r min (Na-Cl) 2.7 2.5 2.5 2.5 7% 

r min (K-K) 4.1 3.7 3.9 4.3 10% 

r min (K-Cl) 2.9 2.9 2.9 2.7 7% 

r min (Cl-Cl) 4.5 4.1 4.1 4.1 9% 

Figure 6. Calculated thermal conductivities compared to past research for a. MgCl2, b. NaCl, c. KCl and d. MgNaK chloride at different temperature 
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The first peaks of ions-pair distance show a higher disorder 

hen varying temperature between positive-charged particles with 

 maximum relative variation of 21% for Mg-Na pair. The lower 

ariation appeared to be with Mg-Cl pair, with 6%, coming from 

 higher density of chlorine atoms. Indeed, Na-Cl and K-Cl are the 

econd lowest with 7% variation. Na-Cl, Na-Na, and Cl-Cl first peaks 

ositions of 2.5, 3.3, and 4.1 Å at 1400K showed a good agreement 

f anion-cation pair, compared to experimental results of Edwards 

nd al., at 2.6, 3.7, and 3.8 Å respectively under 1340K [35] . Plus,

-Cl first peak at 2.9 Å also showed a similar result with 3.1 Å in

he work of Allen and al. [36] , while magnesium local structure did 

ot appeared to be studied experimentally. The disorder of the lo- 

al structure can be easily observed with the coordination number 

urves, which decrease with temperature. Indeed, the probability 
6 
f a structural stability decrease with the number of different in- 

eractions in a system. Also, the mobility of Mg atoms enhances 

he statistical path of Mg ions on near to the surface leading to the 

dsorption and inward diffusion of oxygen atoms. Therefore, atmo- 

phere relative humidity must then be mitigated for high temper- 

ture applications, as being the source of oxygen contamination. 

.2.2. Thermal conductivity 

Single salts and ternary (MgNaK)Cl have been computed with 

he Green Kubo method, in the same range of temperature of 

revious research to compare the results, gathered on Figure 6 . 

lus, experimental values have been taken as a reference [37] . Sev- 

ral simulations have already been performed on potassium and 

odium chlorides in previous research [ 9 , 21 , 23 , 24 , 38 , 39 ], with
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Figure 7. Calculated viscosities compared to past research of a. MgCl2, b. NaCl, c. KCl and d. MgNaK chloride at different temperatures 

v

W  

s

a

s

e

p

c

e

h

f

W  

n

i

i

i

c

c

2

t

t

i

u

t

h

t

e

a

m

M

i

a

3

M

v

o

w

p

r

N

o

p

M

f

η

d

alues between 0.7 and 0.48 W/(mK) for NaCl and 0.46 and 0.26 

/(mK) for KCl, from 10 0 0K to 140 0K. Moreover, most of the re-

ults present a linear behavior for all salts. Nevertheless, the over- 

ll discrepancy between each thermal conductivity curve of a same 

alt can be misleading for comparison. Indeed, variation in param- 

ters such as timestep, swap rate, running time, box size or tem- 

erature control, added to a different algorithm resolving method, 

an rapidly lead to different values. Thus, an experimental refer- 

nce was used for NaCl and KCl. For MgCl 2 , much less research 

ave been made and only one case of equilibrium simulation is 

ound in the literature, with linear values between 0.52 and 0.47 

/(mK) for a temperature range from 975 K to 1200 K [22] . Fi-

ally, for the ternary MgNaK chloride, previous studies computed 

t with a round hard sphere method for a 40-27.5-32.5 mol% salt 

n a range of [650K; 1100K][8], non-equilibrium molecular dynam- 

cs [25] , and we also compared these values considering FactSage 

alculations [26] . All our models show a thermal conductivity de- 

reasing with temperature, confirming past investigations [ 8-20 , 

2 ], and MgNaK chloride linear regression showed a coefficient de- 

ermination of 0.979. Plus, discrepancies occurred when varying 

he box system resulting in the error values, but the results are 

ncluded in the error range given by reference. Furthermore, the 

ncertainty of the temperature is estimated to 30 degrees for the 

hree single salts and 45 degrees for the ternary salt. Indeed, MgCl 2 
igh value at low temperature seems overestimated, and induced 

he strong temperature dependance of the ternary salt. This can be 
7 
xplained by the local pressure fluctuation term that induce a vari- 

tion in the phonon-phonon collision probability. Then, each end- 

ember of the system presents a different phonon mean free path. 

oreover, a phonon free path higher than the interatomic distance 

ncreases the mass fluctuation term, and thus thermal conductivity, 

s demonstrated by Gheribi and Chartrand [40] . 

.2.3. Viscosity 

Green-Kubo formalism was performed on single and ternary 

gNaK salts, and results are gathered on Figure 7 . Chloride salts’ 

iscosity have been studied by simulations, but no data was found 

n single MgCl 2 . In our work, it showed a decreasing linear curve 

ith temperature, as NaCl and KCl, whereas they presented an ex- 

onential trend in the range [10 0 0K; 140 0K] and [1050K; 140 0K] 

espectively in past studies [ 19 , 21 ]. Nevertheless, the ternary Mg- 

aK mixture showed an exponential form with a strong coefficient 

f determination (R 

2 = 0.959) but is coherent with the results re- 

orted by Vignarooban and al [3] and Zhang, Salanne and al. [25] . 

oreover, an Arrhenius regression fitted to the results, with the 

ollowing form and parameters. 

= A e B/T , with 

{
A = 0 . 2823 

B = 1684 . 4 

}
Indeed, coordination numbers of each pair showed a structural 

isorder with temperature, charge interactions becoming weaker, 
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Table 3 

Linear regression of thermal conductivity and viscosity of single and ternary chloride salt calculated 

Molten salt Thermal conductivity – Regression equation R 2 Viscosity – Regression equation R 2 

NaCl y = -0,0003x + 0,8073 0,9469 y = -0,0012x + 2.3967 0,9101 

KCl y = -0,0001x + 0,5144 0,8573 y = -0,0007x + 1.6919 0,9833 

MgCl 2 y = -0,0003x + 1,1698 0,8218 y = -0,0012x + 2.3667 0,9636 

(MgNaK)Cl y = -0,0005x + 0,9697 0,979 y = 0,2823.e (1684,4/x) 0,959 
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[

nducing an increase in fluidity. Both thermal conductivity and vis- 

osity most accurate regressions for each system are available on 

able 3 , with their respective coefficient of determination. 

. Conclusions 

Thermo-molecular dynamic simulations were performed on sin- 

le and ternary MgNaK chloride to study their local structure and 

hysical properties with respect to temperature. First, the dehy- 

ration process of the magnesium hexahydrate chloride is com- 

uted, and activities of hydroxyl-compounds are highlighted, with 

he conversion of MgOHCl into solid MgO at 460 ºC and an in- 

rease in NaOH activity after 656 ºC. This NaOH potential formation 

t high temperature could lead to a mitigation of OH 

−-induced 

etal oxidation in a CSP plant. Moreover, the importance of an in- 

rt atmosphere such as nitrogen is confirmed as no corrosive OH- 

ssociated compound reaches equilibrium and forms within the 

alt. Indeed, from thermodynamic calculations, an estimated rel- 

tive oxygen percent of 5% can be stated as a limit for CSP appli-

ation at 750 ºC in molten chloride, assuming punctual failures in 

he inertization system. Partial radial distribution was computed 

nd confirmed the increase of structural disorder with tempera- 

ure highlighted by a coordination number increasing slower. Then, 

he negative derivative of thermal conductivity and viscosity with 

emperature is confirmed and the values are close to experimental 

ata and past simulation studies, as well as the Arrhenius behav- 

or of the MgNaK chloride in viscosity. Physically, this decreasing is 

elatable with the molecule expansion when heating up. Neverthe- 

ess, an overestimation of thermal conductivity has been associated 

ith the local pressure fluctuation influencing the phonon-phonon 

ollision occurrence with temperature. Plus, the discrepancies oc- 

urring with respect to other research need to be minimized with 

ore data to make accurate decision in future algorithmic mod- 

ls. Further research needs to be made on the interaction of chlo- 

ide salts with nanoparticles to study and calculate their potential 

roperties enhancement, and on the assessment of these results, 

o potentially link molecular dynamics and calphad methods. 
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