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THERMODYNAMICSOF ALKALI METALSMELTS
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The local Animalu-Heine model pseudopotential modified by us earlier in the way that the
well depth parameter for each component becomes non-empiricaly changed with an aloy
composition is applied to thermodynamic studies of liquid Na-K-Cs, K-Rb-Cs, and Na-Rb-Cs
systems. The aomic structure is described in the framework of the variational method with the
hard-sphere pair potentia as a reference one. Exchange-correlation effects are approximated
by the Vashishta-Singwi function. The Nozieres-Pines interpolation formula is used to
estimate the electron gas correlation energy. A number of mixing properties is computed for
different concentrations of components in aloys a 373K. For lack of experimenta
information on investigated alloys our theoretical results may be considered as prognosi sed.
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1. Introduction

At the last time, the interest of researchers to dkali metals melts is significant in connection
with their use as coolants in nuclear reactors. Some efforts to create the coolants with controlled
properties lead to increasing in atention to multicomponent liquid alloys of alkali metas.

The pseudopotentid theory is widdy and successfully used for a quantitative description of
simple metals and their aloys. For the liquid state thermodynamics of such substances, the model
pseudopotential (MP) technigue in conjunction with the thermodynamic perturbation theory (TPT) [1]
is the most applicable theoretica approach [2]. The variational method of the TPT [3] is used mainly
for theseaims. A good agreement with experimental data of many thermodynamic properties has been
achieved for a great number of binary liquid metal aloys in the framework of the approach named
above [4-6]. However, a sufficiently large discrepancy of theoretical results on mixing characteristics
with experiments is observed for alloys contai ning cesium in most cases.

Recently, we suggested a new version [7] of theloca Animalu-Heine (AH) MP [8] (modified
local AHMP - MLAHMP) taking into account the well depth dependency on the alloy composition.
This approach enables us to improve significantly cal culating results on thermodynamic properties of
liquid Na-Cs, K-Cs and Rb-Cs alloys in the framework of the variational method [7].

Since our formaism is independent on a number of components in an aloy, it can be applied
to ternary systems. On the other hand, earlier we generalized the variational method to n-component
metal mixtures [9]. On this basis, we recently investigated the liquid eutectic NaK-Cs alloy at
different temperatures and obtained a good agreement of our results with available experimental
information on some thermodynamic properties [10]. The results of refs. [7] and [10] show that the
MLAHMP is more accurate method than LAHMP one.

In the present work, we apply the approach mentioned above to the thermodynamic study of
liquid Na-K-Cs, K-Rb-Cs, and Na-Rb-Cs aloys at different component concentrations near a melting
temperature. Unfortunately, experimental data for the dloys under consideration are unknown.

" Corresponding author: Alexey.Maygin@usu.ru



1260 N. E. Dubinin

However, a good agreement of our results with experiments for binary akali-Cs dloys and eutectic
Na-K-Cs system allows us to hope that our results for aloys under question are sufficiently accurate
too.

2. Theory

The expansion of the variationa technique in conjunction with the modd pseudopotentia
approach to three-component mixtures is described in details in our previous work [9]. Let us
especidly emphasize that the description of a structure and interatomic interactions in ternary liquids
islimited by pair functions asin cases of pure and binary fluids.

If the hard-sphere (HS) reference system is used, the main expression of the variationd
method for ternary liquid metal aloys (per atom) is
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where F is the free energy; T the temperature; k the Boltzmann's constant; Sys the entropy of the HS
mixture; S4 the dectron gas entropy; U, the structure-independent contribution to the potentia energy
including the eectron gas corrdation energy term which is taken in the Nozieres-Pines form [11] in
the present study; o the number density; ¢; the concentration of the i-th component; &; are the HS
diameters; gi(r) the pair corrdaion functions, @;(r) the effective interatomic pair potentias
determined as (inau.)
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Here z is the valence of the i-th component and F;;(q) are the energy wave-number characteristics:
F, (@) = ~(a*/8m)w, (a)w; (@)[(x, (@) 1)/ x(a)] 3

where ), (Q)is the Hartree didectric function; x(q)the dielectric function with an exchange-
correlation correction approximated here in accordance with Vashishta and Singwi [12]; w. (q) the
formfactor of thei-th kind bareion expressed in LAHMP approach as follows:

w (o) = -47p|(z- AR, Jcos(aR,, ) + AR, sin(aR,, )/aR,, [(a)/ o @

where z is the mean average vaence; &q) = exp[-0.03(0/2k:)*/16]; ke the free eectron Fermi wave
index; Ry, and A are the parameters having the sense of the ion radius and the well depth of the
effective ion-dectron interaction for the ion of the i-th component. They are cdled the model radius
and well depth, respectively.

Usually, the vad ues of parameters mentioned above are independent on the kind of dloy but
they are taken as in the case of pure metas or adjust to some experimenta data for an aloy under
interest. Blow we represent the dependency of A, on alloy composition introduced in ref. [7].

The well depth of the effective ion-dectron interaction depends on dectron energy, &, within
the AH approximation in a general case[8]:

A (&) = Alee) + (e £ )(0A () 0¢) )

where& isthe Fermi energy.
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Supposing that A (€) for the pure metal is equal to A (€) for any aloy at the same ¢, eq.(5)
can be rewritten for both the cases as follows:

A(€)=A(e2)+(e-£2)(@A (£)/0¢) ©)
A(€)= A () +(e—£:)(@A () 0¢) @

Here 5% , £'F arethe Fermi energies for pure metal of thei-th kind and aloy, respectivey.

Subtracting eq.(7) from eq.(6) and taking into account that A = A(&:) within the local
pseudopotential approach we obtain the final MLAHMP expression for calculation of the well depth
parameter of thei-th component in an alloy, A' , from the some onein a pure metal, AO :

A=A’ +(er — €2 )(0A (€)1 0¢) ®
If we usethe expression A = A° instead of eqg. (8), MLAHMP becomes LAHMP.
Vaues of AO and RMi for each component are taken from ref.[13] where they have been fitted

for pure solid metals at T=0K. Fermi energies 5,2 and e'F are calculated in accordance with ref.[8].

The values of 0A (£)/0& obtained by Cowly [14] are used.

We use the HS characteristics in andytical form: the Ashcroft-Langreth partial structure
factors [15] generalized by Hoshino [16] and the entropy [9] obtained from the compressibility
eguation closdy related to them.

In order to satisfy inequality (1), the minimization of its right hand side with respect to
0,1,0,,,04; and p is fulfilled. Due to this operation, our calculations are free from input

experimental data for aloy under consideration. The combination of eq.(8) together with the
minimization leads to the sdf-consistent computing procedure.

3. Results and discussion

The internal energies of mixing for liquid X-Y-Cs (X,Y = NaK,Rb) dloys at different
concentrations of components at T=373K are cd culated in the present work. Since the minimization
of the right hand side of inequdlity (1) with respect to o leads to condition p=0, theinterna energy of

mixing becomes identical to the heat of mixing.

The results obtained are summarized in Table 1. Our previous results [7] on heats of mixing
for equiatomic binary alloys (the latter ones are boundary cases of ternary aloys under consideration)
arelisted in Table 2.

The theoretical results given in Tables 1 and 2 show that the heat of mixing for any of the ternary
dloys under consideration is far from additivity with respect to the boundary binary aloys.

Table 1. Heats of mixing of ternary liquid alloys calculated a T =373 K.

Alloy Composition of Alloy Heat of Mixing, eV
05Na—-0.25K -0.25Cs 0.0092
NaK-Cs 0.25Na-05K -0.25Cs 0.0041
0.25Na-0.25K-0.5Cs 0.0075
05Na—-0.25Rb-0.25Cs 0.0085
Na-Rb-Cs 0.25Na-0.5Rb-0.25Cs - 0.0031
0.25Na-0.25Rb-0.5Cs 0.0091
05K -025Rb-0.25Cs 0.0001
K-Rb-Cs 025K -05Rb-0.25Cs 0.0019
025K -0.25Rb—-0.5Cs 0.0013
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Table 2. Heats of mixing (eV) of binary equiatomic liquid alloysat T = 373 K in comparison
with experiments[17].

Alloy Theory Experi ment
Na- Cs 0.0093 0.0095
K- Cs 0.0005 0.0012
Rb- Cs 0.0004 -0.0014
Na- K 0.0023 0.0076
Na- Rb 0.0050 0.0126
K- Rb 0.0002 0.0013

4. Conclusion

Since experimenta data for the ternary aloys are absent our results could be considered as
pioneering ones for the quantitive description of the systems under question. Some improvements in
accuracy of results may be achieved if the temperature dependency of the well depth parameter will
be introduced.
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