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Abstract. The solubility of Fe, Cr, Ni, V, Mn and Mo in sodh-potassium melt has been
calculated using the mathematical framework of geewegular solution model. The
calculation results are compared with availableliphbd experimental data on mass transfer
of components of austenitic stainless steel inwsuebotassium loop under non-isothermal
conditions. It is shown that the parameters of pa@raction of oxygen with transition metal
can be used to predict the corrosion behaviorratsiral materials in sodium-potassium melt
in the presence of oxygen impurity. The resultsatulation of threshold concentration of
oxygen of ternary oxide formation of sodium withrisitional metals (Fe, Cr, Ni, V, Mn, Mo)
are given in conditions when pure solid metal coma®ntact with sodium-potassium melt.

1. Introduction

Liquid sodium-potassium alloy, because of favordbkrmal properties, is attractive as heat transfer
media for a nuclear reactor of space power sysf@hrend for next generation ground—based power
plants [2]. On the other hand, sodium-potassiulmydtlas remarkable potential as working fluid for
heat pipes of higher thermal performances [3]. Taén advantages of the Na-K coolant are its low
melting point (-12.6 ° C for the composition of 82 % Na and 68 at. % K), and its relatively high
thermal conductivity.

The lack of reliable data on the solubility of meta the NaK melt hinders the authors’ ability to
predict corrosion behavior of structural materialghis coolant.

The purpose of this paper is to examine metal ismiuhodels for numerical determination of the
solubility of Fe, Cr, Ni, V, Mn and Mo in sodium-@assium alloy. Also, an attempt is made here to
evaluate the liquid metal coolants: sodium and Naldy in terms of the influence of oxygen
impurity on the compatibility of these coolantstwihe structural materials.

Simple solution of the solid metal into the liquidetal is the basis of most of the corrosion
mechanisms. The initial data for theoretical deteation of solubility of transition metals in NaK
melt can be divided into two groups. The first graancludes the enthalpy of mixing and excess
entropy for solutions of transition metals éme-component metallic solvefliquid sodium and
liquid potassium). Thermodynamic parameters ofiichinary solutions of the Na-K system belong
to the second group.
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2. Thermodynamics of dissolved metal solutesin two-component metallic solvent
A theoretical determination of solubility of tratish metal in sodium-potassium alloy has been
carried out using equations of the pseudo-regulation model.
The initial data for these calculations were thdigimolar enthalpy of mixing and partial molar
excess entropy of metals dissolved in the pureuso@ind potassium, given in the previous section.
The method of calculating the thermodynamic agtieivefficient of components of the ternary
system based on the pseudo-regular solution appadiin is described in detail in the monograph
[4].
Using the mathematical formalism of the pseudod@gwsolution model, the coefficient of
thermodynamic activity of metal M in the ternans®m Na-K-M can be described by:

INY e =] % Bra + 0% ) Brant =% @ % )Bra * Byt ~ B )]/RT, (1)
where yynax-m) IS the activity coefficient of M in a ternary sgat; Xy, Xk and Xy, are the
mole fractions of the components in the ternaryitigmetal solutionNa-K-M; Ey.x, Enawm:

Exn are exchange energies, and it should be notedit@atalue of each of them is determined by

the thermodynamic properties of the correspondingrlp systemT is the absolute temperature and
Ris the universal gas constant.

It should be taken into account that for each eftthelve examined binary systems of type A-M,
the solution of metal M imne-component metallic solveAitcan be considered as diluted. For dilute

solutions the exchange energies are described éyotlowing equationsEE,,,, =a,;+a,;,[T and
E.y =b, +b, T, wherea,, @, b,s, b, are constant coefficients.
As for the above-mentioned binary systems Na-M KrAd Xy <1 and X0 <« 1, parameters

Enam @and E,,, can be found from the following expressions:

RTIny RTIny
Ena-m = satM(Na)Z = ny » Bem = satM(K)Z = i ’
(L= XwNa)) M2 =Xk ) Mt
where Xy, and X are the solubility of metal M in pure Na and Kspectively;y .~ and

Vg &€ the thermodynamic activity coefficients of atédl in liquid Na and K, respectively. In the

andy have been calculated from the data on the sdiylufi metal

present work, valuesg
M(K)

M(Na)
M in pure Na and K.
Based on literature data the exchange energy afaaybsolution Na-K of the eutectic composition

was written as follows:
Enax (3/mol)= RT [0~0.1436+ 457.87 .

Alkali metal A (A = Na or K) does not form solidlstion with transition metal M (M = Fe, Cr,
Ni, V, Mn, Mo) and thus, the thermodynamic activityM in the binary solution A-M in equilibrium

with solid M is unity relative to pure metal M. Aalingly, there is:
sat

XpNa-k-M) =1/ Ymna-k-m) - (2
Egs. (1) and (2) were used to calculate the satyloif transition metals ifNa, 5,K ; ¢ Solvent.

Fig. 1 allows one to compare the calculated tentperalependence of solubility of Ni in liquid
Nag 5,K 565 With the experimental solubility of this element pure Na and K. Additionally, the

nickel solubility in Na,3,K,4s Was calculated assuming that a binary Na-K satuttan be
considered as ideal solution. In this case, thkehigolubility was determined as follows:
IN XX nak) = 0-3200NXGi + 0.680INK G, | (3)
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where XS and X are thesolubility of Ni in pure Na and K, respectively. Allows from

the results of the calculations (F 1), the difference between the values calculatedceordanc
with Egs. (1), (2 on the one hand and | (3) does not exceed 7-% in the temperatureange of
673-1373K. This result can be considered quite expectddngainto account small positive valu
Ena.x Which are typical for binary system -K. As an example of the systems having signifiga
different properties compardad the Ni-K system, anyone can look at theRb system, in which
calculations based on pseudmular solution model and on the ideal solutiondeloleads tc
significantly different results. The reason forsths that parameteE ,, accepts only negati

values andE,;pp|>|Ena| in the same temperature rar

—_—— K

...... NaK (calculation by Eq.(3)) ~

NaK (calculation by Eq.(1))

— Na ~
107 | I I I
0.8 1.0 1.2 1.4 1.6 1077, K’

Figure 1. Solubility of nickel in Na, K and NaK allo

It should be noted that all six selected transitioetals are of interest from the point of view
their use as components of structural materialidaid-metal heat transfesystems The knowledge
of solubility parameters is essential for predictof the mass transfeand processes of select
dissolution of components liquid metal loopsystems. If these aboweentione: six metals are
arranged imscending order of their solubilitlet usobtain the following sequence: Mo, V, (Fe,
Mn, Ni (Table 1).

Table 1. Parameters of temperature depende Xy, (molefraction)= expp—B T pf the
solubility of elements ifNa, 5,K, 55 at 673-1173 K.

solute Mo \Y Cr Fe Mn Ni
A 11.91 10.21 9.69 8.96 8.92 6.62
B-10° K 39.6: 30.63 28.49 24.75 21.3% 14.51

Results of the calculatio(Table ?) show that there is the same sequence of six soéthl
arrangement with regard to their solub in Na, 5,K ¢s Which was observed in the binary syste

based on oneemponent metallisolvent. Also the solubilitiesf all six of the considered metals |
= Fe, Cr, Ni, Mo, V, Mn) in A satisfy thfollowing inequality:
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sat sat

EEL) < X\/I(Na—K) < X\/I(Na) .

Polley and Skyrme [5] have offered a detailed tbgoal treatment, which allows one to
determine the concentration driving force using &xperimental data on mass transfer in non-
isothermal liquid sodium loop systein the case where there are no reliable experimhelata on
the solubility of solid metal in the liquid coolarithe analysis of corrosion data has enabled the
authors of [5] to draw a conclusion that the cdmosate depends critically on the magnitude of the
solubility of the corroding species.

In view of this observation, it is of interest tongpare the results of experiments on the massférans
in Nag 5,K, ¢ 100p With the theoretically defined levels of dality of metals in this coolant.

The experimental data on the mass transfer studigeoEomponents of Type 316 stainless steel
(16-18 % Cr, 10-14 % Nk 2 % Mn,< 1 % Si,< 0,08 % C) in the sodium-potassium loop at pretest
oxygen level <100 ppm are reported in Ref. [6]. @loal analysis of cold-leg deposits showed that
the chemical elements are distributed in the etdthcorrosive product as follows: 4.91 % Fe;
32.5 % Ni; 47.2 % Cr and 15.39 % are other elemént¢tuding oxygen and carbon. The results of
theoretical determination of solubility iNa, 5,K ¢g Can explain the experimental data on the study
of cold-leg deposits in the loop. Indeed, highenaamtration of nickel and simultaneously with low
iron content observed in the deposits confirm awgthieoretical estimates of a higher level of Ni
solubility in Na, 5,K  ¢s @5 compared to the solubility of iron in the sdamaperature range.

Excess chromium content compared with a nickelerdnh deposits observed in this experiment [6],
can be explained by increased oxygen concentr&tib@0 ppm) inNa, 5,K 4 ge. AS is well known
oxygen impurity in liquid sodium intensifies the ssatransfer of chromium due to the formation of
sodium chromite.

3. Effect of oxygen on the solubility of solid metalsin liquid sodium and Nag 3,K s

It has been noted in Refs. [7, 8] that there afficdities in establishing the detailed mechanism,
which was to be responsible for specific processtiag on the mass transfer rate in sodium loops in
the presence of oxygen impurity.

Coordination-cluster model [9] has been selectedHe preliminary assessment of the effect of
oxygen on the solubility of the six transition mistavhich are considered in present study.
Additionally, a simplified thermodynamic descrigtiof the influence of dissolved oxygen on the
solubility can be achieved if to use the interattiarameter formalism, which was proposed by
Wagner.

As it was shown earlier, in the case of dilutedutohs (xo <1, Xsna) <<1) the solubility
dependence on the oxygen level can be describ#teldpllowing approximate equation:
o
IN Xyrna.0) = 1N X¥iina ~ € Ko (4)

wheregy, = (aln Ymano /axo)xo is the interaction parameter between oxygen andlrivkin

—

Na-M-O liquid metal solution (or first order int@téon parameter)Xya): Xuna.o) are the solubility

of M in Na solvent andNa, ;,K , 55 SOIVenNt, respectivelyx, is mole fraction of oxygen in the three-

component solution.
If oxygen and metal M are contained as two solutesdilute solution of system
Na, 5,K 6~ M — O, the following approximate relationship is applits

t - t fe)
In Xf%/la(Na-K-O) =In Xl\?I?Na-K) —Oy X, (5)

where oy, —(aln Y ko /axo)xo is the specific interaction parameter between erygnd

—

metal M in a four-component metallic solution of-KaM-O system atxy, : X, =32:68; x,f,la(tNa_K) is
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the solubility of metal M inNag 3,K o 651 Xyrna-k-0) IS the solubility of metal M inNag 5K g gz

containingxo mole fractions of oxygen.

Specific interaction parameters defined by the gons of coordination-cluster model [9] for Na-
K-M-O systems (M = Fe, Cr, Ni, V, Mn, Mo) are sunmmizad in the Table 2. The calculation results
show that the pronounced effect of oxygen on théahsolubility should be observed in systems
containing vanadium, iron, chromium, manganesenagigbdenum.

Table 2. Calculated interaction parameters and specificracteon parameters of metals with
oxygen at 873 K.

Fe Cr Ni \Y Mn Mo
Parametelsf\),I for system Na-M-O -57 -3880 -0.90 -13390 -334  -9840

Parameteoy, for systemNa, 5,K,gsM-O -45 -3180 -0.84 -12750 -270 -16380

4. Ternary oxides coexisting with the metal in liquid sodium and Na, 3,K g

For each ternary oxide there is only one valuehodéshold concentration at a given temperature.
The basic equations required to calculate the hiotdsoxygen levels inNag;,K ¢ for the

formation of ternary compound leeG; can be described by the following equation:

I3 =%[—;AG? (Na,FeO, } 4G} (Na O} I, (6)
inxyek = 1| 1age(Na,FeO, } 4GP (Ng O]+ Ik + 2 na(MNooseKosd (7)
Jtr RT| 3 f 4 f O, sat 3 Na )
where ng;r is the threshold oxygen level in liquid sodium foe formation of NgeQ; on the
surface of solid iron;xg'i‘f is the threshold oxygen level in liquiNa, 5,K , ¢ fOr the formation of
Na,;FeQ; on the surface of solid irorAG? (Na, O) and AG? (Na, FeQ ) are the free energies of
formation of Na,O and Na,FeQ,, respectively; af\?f“ZKO-GS) is the thermodynamic activity of

sodium in theNa, 5,K ; ¢¢ alloy.

Table 3. Approximate threshold oxygen concentration of threrfation of ternary oxides in Na and
Na, 3,K ge Calculated by equatior, ,(mole fraction)= expA+B T

Ternary Na Na 3K o6 alloy

oxide -A B, K 500K 100K -A B, K 500K 100K
Na,FeO 1.82 -3807 Es 3.5910° 4.978 -552 2.2910° 3.97110°
NaCrQ, 534 -5502 7.9810° 1.9610° 9.593 -1006 9.1310° 2.4910°
Na,MoOs 556 -807 Es 1.7210° 9.355 2560 Es 1.1210°
NaMnGO; 6.05 -1882 Es 3.5910* 10.203 1548 8.1910* 1.7410°
NaVvVO, 459 -4671 8.910°7 9.5110° 8.743 -1240 1.3310° 4.6210°
Saturation

solubility -2.59 -6470 3.1910° 0.021 -0.69 -3266 2.910° 0.076
of oxygen

Es - Exceeds saturation solubility of oxygen inisod
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Using the values of standard Gibbs energy of foomaof ternary oxides [10] approximate
threshold concentrations for formation of these goumds in the liquid sodium anbag 5,K g

were calculated (Table 3).
Unfortunately, it cannot be asserted that the tiolesoxygen levels are determined in present
study so precisely that it is possible to makelialske comparison between sodium aNd, ;,K  4g

in this parameter.

Taking into account everything that was said alibet sources of computational errors, final
conclusion has to be given to the following:

the compounds NaCs@nd NaVQ can be formed on the surface solid metal at v@mylévels of
oxygen in both coolants.

for the existence of the ternary oxides of ironhganese and molybdenum in the temperature
range 573-1073 K, it is necessary that oxygen criteeach of these two coolants is at least 0.1 of
the saturation concentration.

5. Concluding remarks
Due to the near-complete lack of reliable datahengolubility of metals in NaK melt application of
thermodynamic models for the determination of medalubility allows one to improve one’'s
understanding of the corrosion problems encounterede of this coolant.

The use of the equations of the pseudo-regulattisnlunodel makes it possible to carry out a
preliminary assessment of the solubility levelsrahsition metals ifNa, 3,K ; g¢.

Theoretical predictions by using the pair interattparameters to estimate the effect of oxygen
impurity on the solubility of metals have provedeetive in explaining the results of mass transgfer
systems where conditions exist for selective diggm of the components of the structural material.

It has been shown that a reliable determinatiothefthreshold oxygen levels iNa; 5,K , gsthat

is required for the formation of ternary oxidedraisition metals is impossible due to the scatber
discrepancy of the data on oxygen solubility in Nad6lant.
For practical application oNa, ;,K, 55 @s heat transfer media, further studies of varaspects

of corrosion phenomena are necessary. It is ed|yecigortant to propose an approach that would
not contain contradictions between the conventianaks transfer theory and the recommended
solubility values of metals and honmetallic impigstin the NaK coolant.
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