
NASA Technical Memorandum 87320 

NA'SA -T/vt - '613;0 

I 
I 

I NASA-TM-87320 19860022510 
I 

\~--------------_/ 

Estimated Heats of Fusion of Fluoride 
Salt Mixtures Suitable for Thermal 
Energy Storage Applications 

Ajay K. Misra and John D. Whittenberger 
Lewis Research Center 
Cleveland, Ohio 

May 1986 

. NI\SI\ 

.LANGLEY RESEARCH CENTER 
LIBRARY, NASA 

H.~~tPTONJ VIRGINIA 

1111111111111 1111 1111111111111111111111111111 , 
NF01523 

https://ntrs.nasa.gov/search.jsp?R=19860022510 2020-03-20T13:05:12+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/42839727?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


,..... 
I.(') 

o 
M 

I 
LLI 

ESTIMATED HEATS OF FUSION OF FLUORIDE SALT MIXTURES SUITABLE 

FOR THERMAL ENERGY STORAGE APPLICATIONS 

Ajay K. M1sra* and John O. Wh1ttenberger 
National Aeronautics and Space Administration 

Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

The heats of fusion of several fluoride salt mixtures with melting points 
greater than 973 K have been estimated from a coupled analysis of the availa­
ble thermodynamic data and phase diagrams. Simple binary eutectic systems 
with and without terminal solid solutions, binary eutectics with congruent 
melting intermediate phases, and ternary eutectic systems were considered. 
Several combinations of salts have been identified, most notably the eutectics 
LiF-22CaF2 and NaF-60MgF2 which melt at 1039 and 1273 K respectively which 
possess relat1vely h1gh heats of fus1on/gm (>0.7 kJ/g). Such systems would 
seemingly be ideal candidates for the light weight, high energy storage media 
required by the thermal ~nergy storage unit in advanced solar dynamic power 
systems envisioned for the future space missions. 

INTRODUCTION 

Thermal energy storage (TES) subsystems will be required for advanced 
solar dynamic power systems to provide electric power for future space mis­
sions during periods of low or nonexistent solar insolation. While batteries 
or fuel cells can supply the necessary energy, they impose a large weight 
penalty. Less heavy alternatives have been suggested, and these generally 
involve the use of a material to store heat for an engine turning a genera­
tor. For example, solar radiation can be utilized to melt a solid while the 
solar dynam1c power system 1s 1n sun l1ght, and then th1s energy can be 
extracted from the solidifying melt when the power system is in eclipse 
(refs. 1 and 2). 

One of the prime criteria for selection of a solid to liquid phase change 
TES material is a high heat of fusion. Fluoride salts of Na, Li, Mg, K, and 
Ca have the highest enthalpies of fusion among all the molten salts; however 
they can only be used if the operating temperature of the heat engine is com­
patible with their melting points. This limitation can be removed if eutectic 
mixtures of two or more fluoride salts are considered. Unfortunately, data 
are lacking on the heats of fusion for most eutectics; therefore, as a first 
point for the selection of potential salt systems, the heats of fusion must be 
estimated. 

This report describes the estimation of latent heat of fusion of several 
mult1component fluor1de eutect1cs as determ1ned by a coupled analys1s of the 
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available thermodynamic data and the phase diagrams. All systems chosen have 
melting points above 973 K to be consistent with the potential operating tem­
peratures of Brayton and Sterling cycle engines proposed for the advanced 
solar dynamic power systems. 
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SYMBOL LIST 

constants in the expression (eqs. (4), (5), and (7» 

activity of compound i in the solution 

heat capacity of a solid compound i, JK-l mol-1 

heat capacity of a compound i in the liquid state, JK-l 
mol-1 

eutectic 

excess partial molar Gibbls free energy for compound i in 
the solution, kJ/mol 

charge of the cation 

excess entropy of mixing in the solution, JK-l mol-1 

solid 

dry temperature, K 

melting point, K 

mole fraction of a compound i in a solution 

equivalent ionic fraction of a compound i in a solution 

mole fraction of compound i in the a solid solution that 
is in equilibrium with the eutectic 

mole fraction of compound i in the B solid solution that 
is in equilibrium with the eutectic 

activity coefficient of compound i in the solution 

activity coefficient of compound i-in the eutectic melt 

activity coefficient of compound i in the a and B solid 
solution, respectively 

Gibbls free energy of fusion of a compound i at any 
temperature other than the melting point, kJ/mol 
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l1Hef 

l1HeM 

6HA-B 
em ' 

TM 
l1Hf ,1 

l1Hi 

T 
, l1Hf , 1 

l1HM 

I 

l1HM 

l1Ha 
M 

l1HB 
M 

l1Hf 
E: 

l1Se f 

id(ll.) 
l1SeM 

l1Sf,i 

l1SM 

id 
l1SM 

l1Sid 
aM 

l1S id 
13M 

E: 

II. 

A-B-C 6Hem 

heat of fusion of the eutectic, kJ/mol 

heat of mixing in the melt at the eutect1c, kJ/mol 

heat of mixing in the binary A-B and ternary A-B-C melt 
at the eutectic composition, kJ/ mol 

heat of fusion of a compound i at the melting point, kJ/mol 

partial molar enthalpy of mixing for the compound i in the 
solution, kJ/mol 

heat of fusion of a compound i at any temperature other than 
the melt1ng point, kJ/mol • 

heat of mixing in a mole of solution, kJ/mol 

heat of mixing per equivalent of solution, kJ/equ1valent. 

heat of mixing in the a solid solution, kJ/mol 

heat of mixing in the B solid solution, kJ/mol 

heat of formation of the intermediate phase E: in the binary 
system A-B from pure compounds A and B, kJ/mol 

entropy of fusion of the eutectic, JK-l mol-1 

ideal entropy of m1xing for the eutectic liquid, JK-l 
mol-1 

entropy of fusion of compound i, JK-l mol-1 

total entropy of mixing, JK-l mol-1 

ideal entropy of mix1ng 1n a solut1on, JK-l mol- l 

1deal entropy of mix1ng for a so11d solution that 1s 1n 
equ1l1br1um w1th the eutect1c, JK-l mol- l 

ideal entropy of m1xing for 13 solid solut1on that 1s in 
equilibrium w1th the eutectic, JK-l mol-1 

1ntermediate compound 

liquid 
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THERMODYNAMIC CONSIDERATIONS 

General Approach 

The heat of fusion of any eutectic, 6Hef, can be directly calculated via 

Heat of 
fusion of 
the eutectic 

~eat of fusion of 
the individual 
compounds at the 
eutectic temperature 

Heat of 
+ mixing 

in the 
liquid 

Heat of 
- mixing 

in the 
sol1d 
solutions 

or if the entropy of fusion, 6Sef, can be estimated for the eutectic, where 

and 

Entropy of 
fusion of 
the eutectic 

Entropy of 
= fusion of 

the individual 
compounds 

Entropy of 
+ mixing in 

the liquid 

Entropy of 
- mixing of 

the sol1d 
solutions 

(1) 

(2 ) 

(2a) 

where Te is the eutectic temperature. Unfortunately, most of the terms on 
the right hand side of these equations have not been experimentally measured; 
hence they must be estimated through standard thermodynamic models and expres­
sions. In this study 6Hef is computed by both equations (1) and (2a), 'and 
a comparison made; close agreement of the two values would indicate a reliable 
estimate. 

Calculation of Terms for Equations (1) and (2) 

Heats of fusion of pure materials are only known at their melting pOints, 
but they can also be calculated for other temperatures T from 

(3) 

T TM 
where 6Hf ,i and 6Hf ,i are the heats of fusion of component i at tempera-

!l. S ture 1 and the melting point 1m respectively; and Cp,i and Cp,1 are 

the heat capacities of the liquid and solid phases. While C~,1 generally 
.varies little with temperature, C~,i is a strong function of temperature 

(ref. 3) 
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(4 ) 

where AI. BI. and CI are constants ava11able from standard tables (ref. 4). 

The heat of m1x1ng ~HH of many b1nary fluoride melts have been deter­
mined by Kleppa and co-workers (refs. 5 to 8) and f1tted to a polynom1al 
express10n of the type 

where XA and XB are the mole fract10ns of substances A and B. respec­
t1ve1y 1n the m1xture and AI. BI. CI. and 0 1 are the constants. 

The entropy of m1x1ng ~SM for a b1nary melt 1s the sum of the 1dea1 
entropy of m1x1ng ~S~d plus the excess entropy of m1x1ng S~ where 

AS
H
1 d __ R [X n X X n X ] 

U - A ~n A + B ~n B 

and as suggested 1n reference 9 

( 5) 

( 6) 

(7) 

w1th R be1ng the un1versal gas constant. In general the excess entropy of 
mix1ng 1n the melt w111 only be 1mportant 1f the enthalpy of m1x1ng 1s large; 

otherw1se S~ can be assumed to be zero. 

Equat10ns (5) to (7) can also be used to descr1be the thermodynam1c prop­
ert1es of the so11d solut1ons 1n wh1ch all the cat10ns have the same valence. 
However. 1n charge asymetr1c 1on1c so11d solut1ons. the equ1valent ion1c frac­
t10n 1nstead of the simple mole fraction is used to calculate the enthalpy and 
entropy of m1x1ng (ref. 10). The equ1va1ent 10n1c fract10n X1 of a cat10n 
1 1s 

( 8) 

where q, 1s the absolute charge of the cat10n 1 and the summat10n 1s con­
ducted over all the cat10ns 1n the solut10n. Subst1tut10n of the equ1va1ent 
10n1c fract10ns for A and B 1n equat10ns (5) to (7) g1ves the enthalpy and 
entropy of mlx1ng per equ1valent of the b1nary solut1on. 

When thermodynam1c data for the solut10ns are not ava11ab1e. frequently 
est1mates based on the phase diagrams (refs. 9 and 11) are made by f1rst cal­
culat1ng the G1bbs free energy of fus10n of a component at a g1ven temperature 

·a1ong the 11qu1dus and then relat1ng th1s to the excess G1bbs energy of the 
component 1n solut10n v1a 
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(9) 

where G~(1) is the excess partial molar G1bb ' s free energy for 1, 6G~~~) is 
the free energy of fusion 1 at the temperature corresponding to the liquidus 
p01nt. 6G~ can be determ1ned from 

"Go(T) _ "HT 
uf,1 -uf,1 

The part1al molar excess G1bb ' s free energy is given by 

(10) 

( 11) 

where 6H1 and s~ are the part1al molar enthalpy of mixing and excess par­
tial molar entropy of mixing, respectively, for component 1. 

Each term 1n equat10n (11) can be related to simpler thermodynamic con­
cepts via 

(12 ) 

and 

E 
G1 = RT 1n Y1 ( 12a) 

where a1 and Y1 are the activity and activity coefficient of 1, respec­
tively; and for binaries the application of G1bbs-Duhem equation gives 

(13 ) 

(14 ) 

For ternary systems the heat of mixing can be estimated from the equation 
derived by Olson and Toop (ref. 12) which relates the ternary heat of mixing 

A-B-C for a liquid solution consisting of A, B, and C, tJ.HM ' as a function of 
the binary values of 6HM along composition paths with constant XA/XB, XB/Xc' 
and XA/Xc ratios: 
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where the meanings of the terms shown in equation (15) are graphically shown 
in figure 1. 

APPLICATION OF THERMODYNAMIC PRINCIPLES TO THE ESTIMATION OF HEAT OF FUSION 

In the following determinations the entropy of fusion of a component and 
the constants in the equations for enthalpies and entropies of mlxing will be 
assumed to be temperature independent. For simplicity four categories of 
eutectics are considered: binary systems (1) with and (2) without terminal 
solid solutions or (3) with congruently melting intermediate compounds, and 
(4) ternary systems having no solid solutions. 

Binary Eutectic Systems Without Terminal Solid Solutions 

Heat of mixing known for the liquid. - The heat of fusion for the eutectic 

( A-B) AF -BF ~H f can be directly calculated from the enthalpies of fusion for 
qA qB e (T T) 

each salt at the eutectic temperature ~Hf~A' ~Hf~B and the heat of mix1.ng of 

the 11quid at the eutectic composition (~H!M) via 

A-B e Te e Te t 
~Hef = XA ~Hf,A + XB ~Hf,B + ~HeM (16 ) 

Heat of fusion from entropy considerations. - The change in entropy during 
the melting of a eutectic can be expressed by 

~SA-B _ Xe ~S + Xe ~S + ~Sid(t) + SECt) 
ef - A f,A B f,B eM eM (11 ) 

Available heat of mixing data for the fluoride melt systems that do not exhibit 
an intermediate compound, indicate that only small deviations from ideality 
occur; hence the excess entropy of mixing will be assumed to be negligible. 
With ideal entropy of mixing calculated from equation (6), the heat of fusion 
follows directly from equation (2a). 

Heat of m1x1ng from phase d1agram analys1s. - Assum1ng excess entropy of 
mlxlng to be zero, the enthalpy of mixing of the salts at the eutectic can be 
calculated from the following equations: 

(18 ) 
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and 

and Bfq • respect1vely at the 
B 

are the G1bb ' s free energy of fus10n of Af 
qA 

eutect1c temperature; y: and y: are the 

act1v1ty coeff1c1ent of Af and 

(19) 

(20) 

qA 
eutect1c compos1t1on. Subst1tut1on 

Bf • respect1vely 1n the l1qu1d at the 
qB 

of AH:~ 1n equat10n (16) g1ves the heat 
of fus10n of the eutect1c. 

Example calculat1ons. - Kleppa and co-workers have measured the heats of 
m1x1ng for three systems (refs. 5 and 6) that exh1b1t a s1mple eutect1c: 
Kf-Naf. L1f-Caf2 and Naf-Caf2 where 

AH~F-NaF = -334 XRf • XNaf J/mol ( 21) 

( 22) 

( 23) 

Est1mated heats of fus10n ut1l1z1ng each of the above strateg1es for the s1m­
ple binary eutectic systems are given in table II; the close agreement among 
the values 1s taken to s1gn1fy a va11d result. 

B1nary Eutectic Systems W1th Terminal So11d Solut1ons 

Theory. - B1rchenall and R1echman (ref. 13) have descr1bed a techn1que to 
est1mate the enthalpy of fus10n of the eutect1c 1n b1nary systems with termi­
nal so11d solut1ons such as that shown 1n f1gure 2. At the eutect1c tempera­
ture, where equ1l1br1um 1s ma1nta1ned among liquid of compos1t1on Xe and 
so11d solut1ons of compos1t1on X~ and XB. the heat of fus10n per mole of 
eutect1c is 

where AH~~ 1s the heat of m1x1ng of the 

and AH~~ 1s the heat of mix1ng of the B 

8 
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Similarly, assuming the excess entropy of mixing to be negligible, the entropy 
of fusion per mole of the eutectic can be written as 

~SAB = (1 _ Xe) ~Sf,A + Xe ~Sf,B + ~Sid(l) (Xa - Xe) ~Sid . (~Xe~-~X~a) ~Sid 
ef eM - Xa - Xa aM - Xa Xa aM 

where ~S!~ is the ideal entropy of mixing of the a solid solution at 
composition Xa' and ~sci~ is the ideal entropy of mixing of the a solid 
solution at composition Xa. 

(25 ) 

LiF-MgF2. - The LiF-MgF2 phase diagram (fig. 2) demonstrates extensive 
solid solubility for both terminal solid solutions; however the exact limits 
are not clear at the eutectic temperature. For our calculations the following 
values were used: the LiF rich solid solution has 77 percent LiF,l and the 
MgF2 rich solution has 61 percent LiF. The heat of mixing for the LiF-MgF2 
melt has been determined by Hong and Kleppa (ref. 8) at 1354 K, and it only 
showed a slight variation with composition: 

(26) 
No data exists as to the heat of mixing in the solid solutions; however they 
can be estimated by combination of phase diagram information with the heat of 
mixing data for the liquid and the Gibb's free energy of fusion of the compo­
nents at the eutectic temperature. Assuming ideal entropies of mixing for 
both the solid and liquid solutions, equation (9) becomes 

l l as o(Te) 
RT In Xi + RT In Yi - RT In i = -~Gf,i (27) 

where the activity coefficients of LiF and MgF 2 in the melt can be derived from 
equations (11) to (13) and (26) as 

( 28) 

(29) 

1A11 compositions are given in mole percent. 
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Based on the equ1va1ent 10nic fract10n approach the activ1ties of LiF and MgF 2 in the so11d solut10n are 

(30) 

S (I(S»)2 (S) a = X • Y MgF 2 MgF 2 M9F 2 
(31) 

w1th X~~~) and X~~~~ being the equ1va1ent ionic fract10ns of L1F and M9F 2, 

respect1ve1y 1n the so11d solution, i.e. 

I (S) 
X MgF 2 

S 2 XMgF 
2 

= ---S-
1 + X

M9F2 

( 32) 

( 33) 

The act1v1ty coeffic1ent of L1F 1n the so11d solut10n in the LiF s1de of the 
phase d1agram can be computed from equations (27), (28), and (30), and the 
activity coefficient of M9f2 in the solid solut1on 1n the MgF2 side of the 
phase d1agram can be calculated from equat10ns (27), (29), and (31). Knowl­
edge of the activ1ty coeff1cient of one component then can be used to deter­
m1ne the heat of m1xing 1n the so11d solutions with the assumpt10n of a regular 
solut10n model (ref. 11). In th1s case the higher order terms 1n equation (5) 
are neglected and the heat of mixing per equivalent of the solution is 

( 34) 

For the regular solut1on approximat10n the activity coefficient is 

(S) ( 1)2 
RT !l.n Y i = 1 - Xi • AI ( 35) 

and the heat of mixing/mole of solid solution is 

( 30) 

From a knowledge of the activity coefficient of a component in a solution the 
constant "AI" can be calculated; then the heat of mixing in the solid solution 
can- be obtained from equations (34) and (30). With values for the heat of 
-mixing in the liqu1d and the solid solutions, equat10n (24) can be utilized, 
and for LiF-MgF2 eutectic at 1013 K the heat of fusion v1a th1s approach is 
20.878 kJ/mole. 
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W1th the assumpt10n of random m1x1ng 1n both the l1qu1d and so11d phases 
and us1ng the equ1valent 10n1c fract10ns for the so11d solut10ns, the entropy 
of fus10n of the 'L1F-MgF2 eutect1c was calculated to be 26.5 J K-l mol- l wh1ch 
leads to a heat of fus10n of 26.8 kJ/mole. Compar1son of th1s est1mate to 
that calculated from the heat of m1x1ng cons1derat10ns shows a large d1screp­
ancy (-25 percent) between the two methods wh1ch ar1ses from the many assump­
t10ns necessary to compute the terms 1n equat10ns (1) and (2). 

KMgF3-KCaF3. - Th1s system exh1b1ts an eutect1c equ1l1br1um among l1qu1d 
conta1n1ng -60 percent KCaF3 and so11d phases w1th 20 and 90 percent KCaF3 at 
1258 K (fig. 4). Since the heat capacity of the liqu1d and the constants 1n 
equation (4) for heat capacit1es of the solids are not known, the heat of 
fusion for KMgG3 and KCaF3 w1ll be assumed to be 1ndependent of temperature. 
S1m\larly there exists no data for the heats of m1x1ng for e1ther the l1qu1d 
or so11d solut10ns; however they can be est1mated from the phase d1agram 
accord1ng to equat10ns (9) to (12) and the assumpt10ns that: (a) random mix-
1ng ex1sts 1n all solut10ns, (b) the regular solut1on approx1mat1on holds for 
the melt, and (c) 1n the so11d solut10ns Raoult's law 1s followed by the sol­
vent and Henry's law 1s app11cab1e to the solute; For the equ111br1um between 
the eutect1c melt and the KCaF3 r1ch so11d solut10n (6) equat10n (9) becomes 

RT tn X:~~~3 + (X:~~~3)2 • A' - RT tn X~caF3 = -dG:~:~~F3 (37) 

The solut1on of equat10n (37) yields AI to be -556 J/mo1. Thus the heat of 
mixing for the melt becomes 

(38) 

From Raoult's law the act1vity of KMgF 3 1n the KM9F 3 r1ch so11d solut1on (a) 

1s X~M9F; hence the thermodynamic equi11brium between the solid solut1ons 
3 

a and 6 requ1res 

(39) 

Solut10n of equat10n (39) g1ves the act1vity coeff1c1ent of KMgF3 in the KCaF3 
r1ch solid solut1on (6). L1kew1se the activ1ty coeffic1ent of KCaF3 1n the 
a so11d solut10n can be determined. With a random d1str1but1on of cations, 
the heat of mix1ng/mo1e of each so11d solution can be expressed as 

(40) 

( 41 ) 

which when evaluated give 3.14 and 2.17 kJ/mo1 for a and 6 solid solutions, 
respectively. Subst1tut1on of the appropr1ate terms into equation (24) yields 
a heat of fusion for the KCaF3-KMgF3 eutectic of 58.6 kJ/mol. lh1s can be 
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contrasted w1th a value of 65.7 kJ/mol wh1ch was determined from equat10n (25) 
assuming random m1x1ng 1n all solut10ns. 

NaMgF3-K119f.3. - Whlle NaMgF3 and KMgF3 are completely soluble 1n one 
another (f1g. 4) for both 11qu1d and so11d phases, the two phase equ111br1um 
between 11qu1d and solid possesses a m1n1mum at 30 percent KMgF3 and 1288 K 
where congruent melt1ng takes place. Although no data ex1st for the heats 
of m1x1ng in e1ther the 11qu1d or so11d solut10ns, it 1s expected that 

S 1 6HM > 6HM > 0 (ref. 17). An est1mate of the heat of m1x1ng for the so11d 
solut10n can be obta1ned from the phase d1agram and the assumpt10n of 1deal 

m1xing for the melt: i.e., 6H~ = O. With the further assumpt10n that (a) the 
heat of fus10n is 1ndependent of temperature, due to the lack of information on 
heat capac1ties, and (b) random m1x1ng ex1sts 1n the solid solut10n, 
equat10n (9) becomes 

6GO(1288 K) = 
f,NaMgF 3 

S 
1288 R • 1n YNaMgF 

3 

, 6GO(1288 K) = 1288 R • 1n ySKM9F 
f, KMgF 3 3 

Thus the heat of mix1ng of the solid solution at XKM9F3 

(42) 

(43) 

= 0.3 is 

(44) 

Comb1nat10ns of equat10ns (42) to (44) g1ves the heat of m1x1ng for the so11d 
solution at 30 mol percent KMgF~ to be 1.4 kJ/mol, and this value can be sub­
stituted into the expression for the enthalpy of fusion 

0.3 KM9F 3 1288 K + 0 3 AH1288 K _ S(0.3 KMgF 3) 
6Hf = 0.7 6Hf ,NaMgF

3 
. U f,KM9F

3 
6HM (45) 

which y1elds a heat of fus10n at the congruent melting p01nt to be 70 kJ/mol. 

Because the solid and liquid phases are of the same composition at the 
congruent melt1ng point, the entropy of mixing would be the same for both 
11qu1d and so11d solut10ns 1f random mix1ng 1s assumed. Therefore the entropy 
of fusion at the congruent melting p01nt is given by 

( 46) 

Evaluation of this equation yields 54.3 J K-1 mol- l which converts to a heat 
.of fusion of 70 kJ/mol from equation (2a). 
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B1nary Eutect1c Systems W1th Congruent Intermed1ate Compounds 

Theory. - F1gure 6 111ustrates a b1nary system w1th one congruent melt1ng 
compound at compos1t10n Xc and two eutect1cs at Xe1 and Xe2' B1rchenal1 
and R1echman (ref. 13) have out11ned a method to est1mate the heat of fus10n 
for th1s type of system where there 1s neg11g1ble so11d solub1l1ty of one com­
ponent 1n the other. For the A-r1ch eutect1c at Xel, 1 mol of l1quid upon 
freez1ng 1s converted to Xe1 mol of compound c and (1 - Xe1/Xc) moles of 
pure A. Sim1larly for the B-r1ch eutectic at Xe2, 1 mol of l1qu1d upon 
freez1ng 1s converted to (1 - Xe2) moles of the 1ntermed1ate compound c and 
1 - {(1 - Xe2)/Xc} moles of pure B. The heat of fus10n/mole of the eutectic 
is g1ven by 

T T 
= (1 - X

e1
) 6H e1 + X

e1 
6H e1 + 6He1 (t) - X 6Hf 

f,A f,B M e1 c (47) 

where 6H e1 (i.) 
M 

at compos1tions 

and 6H~2(i.) are the heat of mixing of the eutectic liquid 

e1 and e2, respectively; 6Hf is the heat of formation for 
c 

1 mole of the intermediate compound c from the components A and B. 

Disregarding the entropy of m1xing for the intermed1ate compound c, the 
entropy of fus10n/mole of the eutect1c can be calculated in the same manner as 
binary eutect1cs w1thout term1nal solid solut10ns (eq. (17». In general s1g­
n1ficant negat1ve deviat10n would be expected in the liquid state for systems 
wh1ch form 1ntermed1ate compound so11d phases; thus the actual entropy of m1x­
ing should be lower than that calculated for an 1deal solution. Because of 
this, the excess entropy of m1xing must be taken 1nto account; fortunately for 
systems where the heat of mix1ng is known, the excess entropy of mixing can be 
estimated from phase d1agrams via equations (9) to (14). 

NaF-MgF2' - The compound NaMgF3 is formed in the NaF-MgF2 system (ref. 18) 
with eutect1cs form1ng on the NaF s1de of the phase diagram at 23 percent MgF2 
and 1103 K and on the MgF2 s1de at 60 percent MgF2 and 1273 K. Hong and Kleppa 
(ref. 8) have measured the heat of mixing of the NaF-MgF melt at 1345 K for 

2 

(49) 

. They a1~0 estimated the enthalpy of formation of NaMgF3 to be -12.13 kJ/mol 
at 1300 K. Assuming that this value 1s unchanged by temperature, the heats of 

. fus10n of the two eutect1cs calculated from equat10ns (47) and (48) are 
29.8 kJ/mol of NaF-23MgF2 and 38 kJ/mol of NaF-60MgF2' 
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The experimental liquidus on the NaF side of the phase diagram and the 
eutectic point (60 percent MgF2' 1273 K) on the MgF2 side were used with 
the heat of mixing data (eq. (49» to calculate the excess entropy of mixing 
v1a equat10ns (9) to (14). from regression analysis 

SE(R.) X ( 2 ) -1 1-1 M = XNaF • MgF
2 

-18.99 - 47.23 XM9F2 + 43.59 XM9F2 JK mo 

(50) 

Combination of equation (50) with equation (17) to determine the entropies of 
fusion for the eutectic yields 28.4 JK-l mol- l and 31.15 JK-l mol- l for the 
NaF- and MgF2-rich eutect1cs, respectively. Substitution of these values into 
equation (2a) gives the heats of fusion of 31.3 artd 39.7 kJ/mol for the NaF­
and MgF2-r1ch eutect1cs, respectively. These values are in close agreement 
(-5 percent) with those calculated directly from the heat of mixing data. 

KF-MgF2' - The intermediate phase KMgF3 forms an eutectic with KF at 
1051 K at 14 percent MgF2 and an eutectic with MgF2 at 1281 K at 68.7 percent 
MgF2 (ref. 19). The heat of mixing for KF-MgF2 melt was found to be (ref. 8) 

X~ F ] kJ/mol 
9 2 

and the enthalpy of formation of KMgF3 from KF and MgF2 was estimated to, 
be -22.6 kJ/mol at 1130 K. Assuming that the heat of formation for this 
compound is independent of temperature, as no data for the heat capacity of 
KMgF3 exists; calculations based on equations (47) and (48) give 25.9 and 
35.1 kJ/mol for the heats of fusion for the KF- and MgF2-rich eutect1cs, 
respectively. 

( 51 ) 

Estimation of the excess entropy of mixing along the liquidus curves for 
the KF-rich side of the phase diagram gave positive values which seem unrea­
sonable in light of the strong interaction between KF and MgF2' as evidenced 
by the large negative values for the heat of mixing. Because Hongand Kleppa's 
measurements ceased at XMgF = 0.7, the required extrapolations to higher 
MgF2 concentrations could le&d to error in the entropy of mixing values; 
thus the excess entropy of mixing was calculated using only two points (50 and 
68.7 mol percent M9F2)' From the literature (ref. 8) the entropy of fusion 
for KMgF3 is 48.53 JK-l mol- l which is related by 

to the entropies for KF and MgF 2 (6S f ,KF and 6S f ,M9F
2

) plus the excess and 

,ideal entropies of mixing, 
0.5 M9F2(id) 

6SM and 
E(0.5 MgF2) 

SM , at the equimolar 

compos ition. After solving equation ( 52) for 
E(0.5 MgF2) 

SM and combining this 
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express10n w1th the excess entropy of mix1ng for 68.7 mol percent MgF 2 from 
equat10ns (9) to ~14), the excess entropy of m1x1ng for the melt 1s 

SE ( R.) _ X ( 5 ) -1 1-1 M - KF· XM9F2 -2 .85 - 5.52 XM9F2 JK mo (53) 

From th1s equat10n and the entrop1es of fus10n for KF and M9F2, equat10n (17) 
y1elds 23.6 and 27.5 JK-1 mol-1 for the entropies of fus10n of the KF- and 
MgF2-r1ch eutect1cs, respectively. In turn these values g1ve (eq. (2a» 
enthalpies of fusion of 24.8 and 35.2 kJ/mol for the respective eutect1cs 
which are in very good agreement with the values calculated directly from the 
heats of mixing. 

KF-CaF2. - The KF-CaF2 system (ref. 20) has an intermediate compound at 
the equimo1ar composit10n which melts at 1343 K and possesses two eutect1cs: 
at 1055 K with 15 percent CaF2 and at 1333 K with 62 percent CaF2. Kleppa and 
Hong (ref. 6) have measured the heat of mixing for this system where 

Neither the heats of formation nor fusion are known for KCaF3; however these 
values can be estimated from the excess entropy of mixing. From the liquidus 
curves on both sides of the phase diagram, equations (9) to (14), and the heat 
of mixing expression (eq. (54», the excess entropy of mixing in the melt is 

SME(R.) = XKF • X ( 13 8 + 1 51 X ) JK-1 mol-1 
CaF

2 
-. . CaF

2 
(55 ) 

The entropy of fusion for KCaF3 can be obtained from an expression modeled 
after equation (52) and is computed to be 50.85 JK-1 mo1-1; thus the enthalpy 
of fusion for this intermediate compound is 68.3 kJ/mo1. The heat of forma-

tion of KCaF 3 from KF and CaF 2, ~H~caF ' at its melting p01nt can be calculated 
3 

from 

( 56) 

and gives -19.53 kJ/mo1. 

The estimated heats of fusion for the two KF-CaF2 eutectics were inde­
pendent of the method of ca1culat10n and were obtained to be 27.6 kJ/mol for 
KF-15Caf2 and 33.2 kJ/mol for KF-62CaF2. 

Mf-A1F3. - Three metal fluoride (M = Na, L1, or K) -A1F3 phase diagrams 
have an 1ntermediate compound M3A1F6 at 25 percent A1F3 (refs. 21 to 23) which 
forms an eutectic with pure MF. As these systems have not been extensively 

. studied beyond the M3A1F6 composition, only the MF-rich eutectics can be 
considered for energy storage applications. Because of 1ts volatility, the 
melting point and heat of fusion for A1F3 are not known; however Hong and 
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Kleppa (ref. 7) have estimated the heat of fusion to be 112 kJ/mol at 1298 K. 
Since the heat capacity data for liquid A1F3 are not available, the enthalpy 
of fusion for this compound will be assumed to be independent of temperature. 
Heats of mixing for all three MF-A1F3 systems have been measured by Hong and 
Kleppa (ref. 7) and their results are presented in figure 7. This data com­
bined with the enthalpies of formation of M3A1F6, as computed from the thermo­
dynamic data in Barin and Knack's text (ref. 4), leads to the following heats 
of fusion for the three eutectics: 25.8 kJ/mol for NaF-14A1F3 at 1161 K, 
28 kJ/mol for KF-6.8A1F3 at 1113 K, and 24.7 kJ/mol for LiF-14.5A1F3 at 983 K. 
Since the entropy of fusion of A1F3 is not known, no attempt was made to cal­
culate the heat of fusion via equations (17) and (2a). 

TERNARY EUTECTIC SYSTEMS 

The ternary system NaF-CaF2MgF2 exhibits two ternary eutectics (ref. 24) 
at NaF-27.2CaF2-36.5MgF2 and 1178 K and at NaF-22.7CaF2-12.8MgF2 and 1018 K 
which can be analyzed via equation (15). The heat of mixing for the NaF-CaF2 
and NaF-MgF2 can be calculated from equations (23) and (49), respectively. No 
known data exists for the heat of mixing for CaF2-MgF2; however with the 
assumption of the regular solution model, the heat of mixing can be calculated 
from the binary phase diagrams where 

(57) 

Substitution of the binary heat of mixing values along constant composit1on 
paths calculated from equations (23), (49), and (57) in equation (15) gives 

NaF-caF 2-M9F2(l) 
the heat of mixing ~HeM for the ternary eutectic melt. Use of 

NaF-CaF 2-MgF2(l) 
~HeM along with the heat of fusion of the individual components 
at the eutectic temperature in 

(58) 

yields the heat of fusion for the ternary eutectics to be 30.75 and 
26.94 kJ/mol for NaF-27.2CaF2-36.5MgF2 and NaF-22.7CaF2-12.8MgF2, respectively. 

CONCLUDING REMARKS 

In space power applications the heat of fusion per unit mass is probably 
more important than heat/mol since the energy storage media must be put into 
earth orbit. On the basis of literature data and thermodynamic calculations 
there appear to be a large number of fluoride systems (table III), including 
·pure compounds and eutectic mixtures, which have relatively high enthalpies of 
fusion and melting points between 980 and 1378 K. Unfortunately no suitable 
systems have been identified between 1378 and the 1536 K melting point of MgF2. 
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TABLE I. - THERMODYNAMIC DATA FOR PURE SALTS 

Compourid Melting Enthalpy of Entropy
1
of fu1ion, The constants for the heat 

point, fusion, JK- mol- capacity of Srlid (rq• (4», 
K kJ/mol JK- mol-

A B C 

aCaF2 1691 29.706 17.568 107.98 10.46 --------
(1424 to 1691 K) (1424 to 1691 K) 

20.92 59.83 30.459 1.966 
(<1424 K) (298 to 1424 K) 

KF 1130 28.242 24.99 45.98 14.42 --------

LiF 1121 27.196 24.254 42.689 17.417 -5.3 

LaF3 1766 50.245 28.45 77.73 19.953 --------

MgF2 1536 58.157 37.86 70.83 10.543 -9.2 

NaF 1269 33.137 26.112 46.588 9.899 -2.129 

bYF3 1428 27.97 19.585 -319.44 212.798 2817.92 
(1350 to 1428 K) (1350 to 1428 K) 

43.60 99.411 7.426 -5.69 
(<1350 K) (<1350 K) 

KMgF3 1343 65.178 48.53 -------- ------- --------

NaMgF3 1303 74.14 56.9 -------- ------- --------

cKCaF3 1343 68.299 50.85 -------- ------- --------

aphase change in solid at 1424 K, ~Htrans = 4.769 kJ/mol. 
bPhase change in solid at 1350 K, ~Htrans = 32.426 kJ/mol. 
CEnthalpy and entropy of fusion estimated from the present calculations. 

Heat capacity Reference 
of tre melt, 
JK- mol-

-------

99.997 4 

66.944 4 

64.18 4 

152.716 4 

94.43 4 

70.567 4 

133.662 4 

------- 8 

------- 8 

------- -



TABLE II. - ESTIMATED HEATS OF FUSION FOR THE SIMPLE BINARY EUTECTIC SYSTEMS 

[Compos1t10ns are 1n mole percent, e.g., A - mol percent B. NA - data 
on heat of m1x1ng not ava11ab1e.] 

Compos1t10n, Eutect1c Heat of fus10n Heat of fus10n Heat of fus10n 
mole percent temperature, est1mated from est1mated from est1mated from 

K equat10n (16), equat10n (17), equat10n (20), 
kJ/mo1 kJ/mo1 kJ/mo1 

KF-40NaF 994 2B.233 29.2 29.15 
LiF-22CaF2 1039 27.Bo 28.17 28.47 
NaF-32CaF2 1083 28.04 30.95 30.35 
MgF2- 7OYF 3 1238 NA 58.5 54.8 
CaF2-50MgF2 1253 NA 44 45.9 
MgF2-37LaF3 1378 NA 54.9 48.5 



TABLE III. - HEAT OF FUSION PER UNIT MASS FOR SEVERAL 
FLUORIDE SALTS 

ComposH1on, Temperature, 
mole percent K 

L iF-l4. 5Al F3 983 
NaF-60KF 994 
LH-33MgF2 1013 
NaF-22CaF2-13 MgF2 1018 
L1 F -22CaF 2 1039 
KF-l4MgF2 1043 
KF-15CaF2 1055 
L13AlF6 1059 
NaF-32CaF2 1083 
NaF-23MgF2 1103 
KF-6.8A1F3 1113 
L1F 1118 
KF 1129 
NaF-14A1F3 1161 
NaF-27CaF2-36 MgF2 1178 
MgF2- 7OYF 3 1238 
CaF2-50MgF2 1253 
KCaF3-40KMgF3 1258 
NaMgF3-30KMgF3 1259 
K3A1F6 1263 
NaF 1268 
NaF-60MgF2 1273 
KF-68.7MgF2 1281 
Na3A1F6 1283 
NaMgF3 1303 
KF-62CaF2 1333 
KMgF3 1343 
KCaF3 1343 
FeF2 1373 
MgF2-37LaF3 1378 
MgF2 1536 

aObta1ned from reference 4. 
bObta1ned from reference 8. 

Heat of fus1on, 
kJ/gm 

0.721 
.546 to 0.564 
.55 to 0.7 
.51 
.745 to 0.761 
.42 to 0.44 
.452 
.54 
.52 to 0.56 
.64 to 0.67 
.47 

a1.087 
a.486 
.539 
.52 
.45 to 0.48 
.61 to 0.65 
.45 to 0.5 
.641 
a.47 
a.789 
.7 to 0.732 
.57 to 0.58 
a.53 
b.711 
.47 
b.541 
.501 
a.553 
.43 to 0.49 
a.933 
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Figure l. - Definition of terms used to calculate the enthalpy of mixing for 
ternary liquid solutions from binary heat of mixing data. 
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Figure 2. - Schematic of a phase diagram having a single eutectic 
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