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Abstract: The experimental solubility of transition metals in liquid alkali metal was compared to
the modeled solubility calculated using various equations for solubility. These equations were
modeled using the enthalpy calculations of the semi-empirical Miedema model and various entropy
calculations. The accuracy of the predicted solubility compared to the experimental data is more
dependent on which liquid alkali metal is being examined rather than the transition metal solute
examined. For liquid lithium the calculated solubility by the model was generally larger than
experimental values, while for liquid cesium the modeling solubility was significantly smaller than
the experimental values. For liquid sodium, potassium, and rubidium the experimental solubilities
were within the range calculated by this study. Few data approached the predicted temperature
dependence of solubility and instead most data exhibited a less pronounced temperature dependence.
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1. Introduction

Liquid alkali metals such as liquid sodium have been previously proposed as primary coolant
in advanced nuclear reactors, with one of the Generation IV designs being a sodium-cooled fast
reactor. Alkali metals are advantageous as coolants for they are liquids in the intermediate temperature
range of nuclear reactors and provide excellent heat transfer properties as a coolant. For this reason
the majority of the alkali metals have been considered in the past as coolants and thus have been
extensively studied [1]. Furthermore, liquid sodium is applied as the liquid that fills the gap between
stainless steel cladding and the metallic nuclear fuels such as U-Zr fuels in a sodium-cooled nuclear
reactor system. One of the major concerns of liquid metal-cooled reactors is the material transport in
liquid metal, including the corrosion products (such as transition metals) and fission products (such as
rare earth metals) [2]. An integral part of this transport is the solubility limit of the transition metals
and fission products in the liquid metal. This solubility is thus of interest for coolant radioactivity
and material degradation, such as fuel-cladding chemical interaction [3]. Several models have been
developed for the prediction of the solubility within the liquid alkali metals. The enthalpy and entropy
of various transition metals in liquid alkali metals were modeled and the corresponding solubility of
these transition metals was calculated using various solubility equations. These calculations were then
compared to experimental data to show the accuracy of these various models.

2. Solubility Equations

The solubility of a metal, A, in a solution of liquid alkali metal, B, can be expressed as:
—AGK*
XAinB = €xp ( RTA ) 1)
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where R is the ideal gas constant and T is the temperature in Kelvin. The molar excess Gibbs energy
(AGE?) can also be expressed in terms of the molar entropy (ASE¥) and enthalpy (AHEY) of mixing for
infinitely dilute solution of A in liquid alkali metal B.

AGE* = AHEY — TASEY )

The solubility equation of a metal, A, in the solution can be described in an expanded solubility

equation of:
ASE* —AHE~
XAinB = €xp ( R ) exp ( RT 3)

Several approximations of Equation (3) have been proposed to model the solubility of metals
in liquid alkali metal. The simplest of these formulas was suggested by de Boer et al. [4] shown in

Equation (4).
—AHE?
XAinB = exp ( RTA > 4

Lyublinski et al. [5] suggested the inclusion of the latent heat term of the solid to liquid phase
of the pure metal A, AH*™!, and the associated molar entropy term, AS*~! as shown in Equation (5).
For this work the latent heat and associated entropy term were derived from the work of Gale and
Totemeier [6].

AS™1+ ASEX — (AH! + AHEY
+ A ) exp ( ( A ) (5)

XAinB = exp ( R RT

To model these various solubility equations, the entropy and enthalpy terms for the various
systems must be calculated.

2.1. Enthalpy Calculation

The enthalpy term of the solubility equations were modeled with the Miedema model [4].
This semi-empirical model, created to predict values of enthalpy for arbitrary combinations of metals,
has been suggested previously for use of calculating excess enthalpy in liquid alkali metals [4,5].
This “macroscopic-atom” model derives the enthalpy effect of the interaction at the interface between
two various elements. Three major parameters are used for the calculation of enthalpy: V4, ¢, and #ys.
The molar volume of the solute, V4, is considered to account for the surface area of the solute in the
interaction. The work function, ¢, is a parameter that is a potential that is felt by the outer electrons
of the atom and is similar to electronegativity. The third parameter ns, relates to the Wigner-Seitz
cell and the electron density at the boundary of the cell. All three parameters have been previously
tabulated for most elements [4].

The excess enthalpy due to the interfacial enthalpy of solids is calculated by [4]:

2/3

pifr = A (< a0+ Gl ©
-1/3 -1/3 P
(nwsA> + (nwsB)

where Q/P =9.4 and P is a constant that depends on the valence of both the atoms considered. This

excess enthalpy due to the interfacial enthalpy of solids is the partial enthalpy of the solution of solid
species A in liquid B.

For the application of the model an additional enthalpy term, R*, is included to account for the

interaction of a transition metal and a non-transition metal [4].

2/3 L2

MHJ = ( _2173)‘/ " (X_Pl/a) < (- 0or+ Qandy +r7) )

ws A

)

ws B



Metals 2016, 6, 144 30f17

2.2. Entropy Calculation

The entropy was modeled in two ways. The initial model of entropy was to neglect the entropy
as shown in Equation (4). This modeling of the entropy is described in detail by Bakker [7]. Bakker
argues that the entropy is mainly vibrational entropy, which is on the order of magnitude of the ideal
gas constant, R. Based on this assumption the entropy term will not significantly affect the order of
magnitude of the solubility.

The second approach of the entropy term was in the use of an interaction parameter.
The interaction parameter relates the enthalpy and entropy as derived by Lupis [8].

AHEY = tASE? 8)

Lupis [8] reported that the value of the interaction parameter, T, to be between 1500 and 3000 K
and for most systems it is approximately 3000 K. Lyublinski et al. [5] previously used the interaction
parameter of 3000 K to calculate the entropy for the solubility of transition metals in liquid lithium.

3. Results

Within this section are several figures that compare the solubility equations to previous
experimental data [9-32] for transition metals in liquid alkali metals. Additional comparisons are
provided in the Appendix 5 for experimental data [33-55] of transition metals in liquid Lithium
(Figure A1), liquid Sodium (Figure A2), liquid Potassium (Figure A3), liquid Rubidium (Figure A4)
and liquid Cesium (Figure A5).

3.1. Lithium

The calculations of the solubility for metals in liquid lithium when including the entropy
were generally larger than actually experimentally measured. The solubility of tantalum in liquid
lithium in Figure 1 is a typical result for transition metals in liquid lithium. As can be seen in
Figure 1, the equations that calculated the entropy with an interaction term, Equations (3) and (5),
overestimate the solubility of the tantalum. The solubility equation that neglects entropy, Equation (4),
is approximately the correct order of magnitude but its temperature dependence appears to be too
strong for most of the data. Figure 2 of the solubility of titanium in liquid lithium shows the experiment
data is closer to the estimated solubility of the equations with an entropy parameter of 3000 K but is
still lower than predicted.

Solubility of Tantalum in Liquid Lithium
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Figure 1. Solubility of tantalum in liquid lithium.
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Figure 2. The solubility of titanium in liquid lithium.
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While the Figures 1 and 2 represent the typical results for the liquid lithium systems there are a
few cases for which the experimental data more closely resembles the solubility equations with the
entropy modeled. Shown in Figures 3 and 4 are the solubility of iron and of chromium in liquid lithium.
These systems have considerably more experimental data and the solubility equations that included
entropy results more accurately describe the experimental data than in Figures 1 and 2. Additionally
the temperature dependence of the estimated solubility for these systems agrees much more favorably

with the experimental data than do the other metal solutes’ solubilities in liquid lithium.

Solubility of Iron in Liquid Lithium
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Figure 3. Solubility of iron in liquid lithium.
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Figure 4. Solubility of chromium in liquid lithium.
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3.2. Sodium

Figures 5 and 6 show the solubility of iron and chromium in liquid sodium. These figures represent
the typical relation between experimental data and the solubility equations for the liquid sodium
systems. As seen in these figures, the majority of experimental data is within the solubility calculated
with the interaction parameter entropy. One exception is the lower temperature experimental data
which has a larger solubility than predicted by the model. The experimental data exhibits a mixture of
temperature dependence but the majority of the data shows a temperature dependence that is less
than predicted.

Solubility of Iron in Liquid Sodium
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Figure 5. Solubility of iron in liquid sodium.
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Figure 6. Solubility of chromium in liquid sodium.

3.3. Potassium

Figures 7 and 8 show the solubility of tantalum and iron in liquid potassium. Representing
the typical results for the solubilities in liquid potassium, the experimental data is within the limits
set by the estimations using the solubility equations with entropy determined by an interaction
parameter. The estimation using an entropy parameter of 3000 K covers the solubility range of the
lower temperatures and the entropy parameter of 1500 K covers the solubility range of the higher
temperature. The temperature dependence of the experimental data occasionally approaches the
dependence predicted by the model but the data’s dependence is typically less pronounced.
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3.4. Rubidium

Solubility of Tantalum in Liquid Potassium
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Figure 7. Solubility of tantalum in liquid potassium.
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The experimental data for rubidium is sparse compared to the previous alkali liquids.
The available data shows a relationship to the calculated solubility that is similar to that of the
liquid sodium and potassium systems. Figures 9 and 10 show the solubility of zirconium and iron
in liquid rubidium. The experimental data solubility for metals is between the calculations provided
when using an entropy interaction parameter of 1500 and 3000 K.

Solubility of Zirconium in Liquid Rubidium
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Figure 9. Solubility of zirconium in liquid rubidium.
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3.5. Cesium
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Figures 11 and 12 show of the solubility of iron and vanadium in liquid cesium. Both figures show
the experimentally measured solubility being considerably larger than predicted. Also the temperature
dependence of the experimental data is negligible compared to that of the model. This negligible

temperature dependence is common among the various solubilities in liquid cesium.

4. Discussion
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Figure 11. Solubility of iron in liquid cesium.
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Figure 12. Solubility of vanadium in liquid cesium.

The relation between experimental data and the fit with the solubility equations exhibits a
stronger dependence on the liquid alkali metal studied rather than the solute. This relation is clear
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when considering the solubility of iron in the various liquid alkali metals. Iron is one of the most
common solutes experimentally tested for solubility for all the alkali systems considered in the present
study and thus allows the most comprehensive comparison between the model and the liquid alkali.
The majority of experimental data for the liquid sodium, potassium, and rubidium systems are
within the range predicted with the Miedema model for enthalpy and the interaction parameter for
entropy. The exceptions to all three cases are some of the lower temperature experimentally measured
solubilities which are larger than predicted. The measured solubility in liquid lithium is smaller than
predicted with an entropy term and for cesium the measured data is larger than the prediction. These
relations between each liquid alkali metal and the solubility equations hold true for the majority of
transition metals.

The solute or alkali metal examined has a negligible effect on the temperature dependence of
the solubility. The majority of the experimental solubility data exhibits a temperature dependence
that is smaller than predicted. Due to the large scatter of data, there is some experimental data that
approaches the temperature dependence of the model while other data shows no variation of solubility
with temperature. The calculated temperature dependence should be seen as the maximum limit
of the solubility dependence on temperature with the majority of experimental results having a less
pronounced affect.

The prediction of solubility based on the enthalpy from the Miedema model has several limitations
when compared to experimental data. One of the limitations is the elemental periodicity of the liquid
alkali metal which appears to have a significant influence on the enthalpy term and thus the accuracy
of the solubility. The intermediate sized liquid alkali metals (sodium, potassium, and rubidium)
have accurately predicted solubilities when using the interaction parameter for entropy with the
enthalpy calculation. However the models predicted solubility for liquid lithium is significantly
larger than the experimental data and for liquid cesium the prediction is significantly smaller than the
experimental data.

For several elements with multiple solubility studies performed there is a significant amount
of scatter of the experimental data. This complicates the analysis of the model compared to the
experimental data. This scatter has been previously attributed to solute interactions with the various
container materials used and for solute interactions with other impurities in the liquid sodium [56].
The largest contribution to the scattering has been attributed to the varying oxygen concentrations in
the liquid sodium for the different studies. Increased oxygen concentrations in liquid sodium have
been shown to result in increased solubility measurements for many of the elements and have a larger
effect at lower temperature measurements [56]. This effect is shown in many of the lower temperature
ranges of the studies examined, where the measured solubility has the most severe scattering.

Neglecting the contribution of entropy on solubility, Equation (4), severely underestimates the
solubility in all the liquid alkali metals except lithium. The use of the interaction parameter provides a
simple relationship to calculate the solubility while still enhancing the accuracy. The plausible range of
the interaction parameter of 1500 to 3000 K while helping to capture the scatter of experimental data,
allows too large of a range for the calculated solubility. Lyublinski et al. [5] suggested the use of only
the interaction parameter of 3000 K. This interaction parameter gives an excellent fit to some of the data
and allows a narrowing of the predicted solubility. However the scatter of most of the experimental
data can cause equal justification in the same system for the use of an interaction parameter of 1500 K.
The accuracy in the prediction of solubility in liquid alkali metal would be greatly increased if a more
definitive contribution from the entropy were determined.

The use of Equations (3) and (5) provided little difference in the models’ effectiveness to predict
solubility in liquid alkali metals. The enthalpy calculated by the Miedema model dominated both
equations causing the results to be similar. The major variation between the equations was that
Equation (5) resulted in a slightly larger temperature dependence for solubility than Equation (3).
The effectiveness of the solubility prediction was not drastically altered with the inclusion of the latent
heat term.
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5. Conclusions

The model presented using enthalpy prediction by de Boer et al. [4] and an interaction parameter
for entropy can be used for an initial estimate of the solubility of transition metals in liquid alkali
metals but considerations must be made. For liquid sodium, potassium, and rubidium the use of the
enthalpy from the Mideama model with an interaction parameter for entropy correctly predicted a
range for the solubility. However the results of the model were much larger than experimental data for
liquid lithium systems and much smaller than experimental data for liquid cesium systems. Thus the
prediction was influenced more by the Miedema model’s effect of periodicity on the calculation of
enthalpy for liquid alkali metal than experimental data suggests.

The model’s predicted temperature dependence of the solubility was larger than the
majority of experimental data. While several experimental results approached the temperature
dependence predicted, the majority of data suggested a less dramatic impact of temperature on
solubility. The predicted temperature dependence could be used as a maximum limit on the
temperature dependence on solubility with the majority of practical applications experiencing a
less pronounced dependence.

The increase of the model’s solubility prediction can be accomplished in several ways.
The parameters for cesium and lithium should be carefully examined in an attempt to reduce the
periodicity the model causes for the liquid alkalis. Another consideration is in how the entropy term
is represented. The use of an interaction parameter creates a large range of solubility but this range
effectively captures experimental data scatter.
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Figure A1. Solubility of additional transition metals in liquid lithium compared to the model.
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A.2. Sodium
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Figure A2. Solubility of additional transition metals in liquid sodium compared to the model.
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Figure A3. Solubility of additional transition metals in liquid potassium compared to the model.
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A.5. Cesium
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Solubility of Zirconium in Liquid Cesium
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Figure A5. Solubility of additional transitional metals in liquid cesium compared to the model.
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