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The ternary reciprocal system LiF-NaF-Na,AlF,-L’,AIF6 has been investi- 
gated by thermal analysis, differential thermal analysis, qucnchinr, X-ray diffraction, 
microscopy, and calorimetry_ The phase diagrams of the following systems are given: 

LiF-NaF (revised), LiF-AIFs, Na,AlF,-LiF, and LiF-NaF-%,AlF,-Li3AIF,. 
Some values of heat of mixing and heat content in the system have been measured_ 

It is shown that molten mixtures in this system can be treated as consisting of 
the following species: Li’, Nai, AIF:-, AIF,, and F-. At high contents of alkali 
fluoride the dissociation of the AIF:- ion to AIF, and F- will, however, be negligible_ 

On the basis of the calorimetric data, heats of mixing and dissociation, together 
with the degree of dissociation of AIF:-, in the systems LiF-AlF3 and LiF-NajAlF6 
have been calculated. The partial Gibbs free energy, enthalpy and entropy of Na,AlF6 
in the system LiF-Na,AlF, have also been calculated_ Finally the activity of Na,AlF, 
in the latter system has been calculated by treating it as a part of the ternary reciprocal 
system 

3LiF f Na3AlF6-, Li,AlF, i- 3NaF 

A satisfactory agreement between the Flood, Forland and Gjotheim theory and the 
experimental values is obtained at small Na,AlF, concentrations. 

INTRODUCTlON 

In this paper the thermodynamic properties of melts within the system NaF- 
LiF-Li3AlF6Na,AlF, will be considered. This system, besides being a part of the 
ternary ariairioe system LiF-NaF-AIF, , can also be treated as a ternary reciprocal 

system according to 

3LiF+Na3AlF6+LiXAlF,+3NaF. 

As shown by several authors, however. the cryolite anion is partly dissociated. Helm’ 
concluded from enthalpy of mixin, 0 data in the system NaF-AIF, that in sodium 

fluoride-rich melts cryolite is dissociated according to 

Na,AlF,(l) = 3NaF( I) t u AIF, “(1) 
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where “AIF, n denotes solvated AIF,, AIF:- = (AlF,)3F-, and not as often thought 

Na,AlF&l) = 2NaF(I) + NaAlF,(I) 

This is shown by the fact that the equilibrium 

Na,AlF,(l)t 2AIF,(l) = 3” NaAlF,“(l) 

is shifted to the left, AH,,,, = -i I_ 7 kcal. This has now been verified by some new 

calorimetric data’.” in the system NaF-AIF, _ 

MoIten mixtures within the system LiF-Na,AlF, wouId therefore consist of the 

foliowing ions or species: Li’, Na’, AIF:-, GAIF3”, and F-. 

This makes the theoretical treatment more complicated_ However, as shown by cal- 

culations in the NaF-NajAIF, system’V3, the degree of dissociation of AIF:- is small 

at high contents of alkali fluoride. For instance, at temperatures of about 1OOO’C and 

concentrations smaller than IO mol% Na,AlF,, the dissociation reaction 

AIF;- = ‘-AlF,“f3F- 

will be shifted strongly to the left (z = O-06 at No = 0.10). Thus it may be justified to 

treat molten mixtures at these concentrations as ternary reciprocal mixtures consisting 

of Li’, Na+, F-, and AIF;- ions. In the theoretical treatment of the cryolite-rich 

mixtures, however, one also has to consider the dissociation of the AIF:- complex. 
In the first part of this paper a description of equipment, methods and tech- 

niques, which have been used by the present authors in studies of the complicated 
phase equilibria in the ternary reciprocal system will be given. 

EXPERIMESTAL 

Na,AlF, , sodium cryolite, was hand-picked, natural cryoiite from Ivigtut, Green- 

land, of the type described previously l*‘. LiF, lithium ff uoride, reagent grade (Fisher 
Scientific Co., U.S.A.) and NaF, sodium fluoride, reagent _-de (Merck, Germany) 

were dried in a vacuum furnace at 4OO’C before use. Lithium fluoride for calorimetric 

work was melted, and cIear cry-stals were se&ted from the sampIes_ AIF,, aIuminium 

fuoride, anhydrous (Ma&a); U.S.A.) was sublimated twice in a vacuum furnace at 
9IOT_ The method used has been described by Henry and Dreisbach;. For the 

preparation of Li,AlF,, stoichiometric amounts of LiF and AIF, were meited 

together in a platinum crucible in a purified nitrogen atmosphere_ 

A graphite crucible, 55 mm in diameter and 120 mm high, containing 40-100 g 
mdt, was pIaced inside a u thermal _md.ient free V standard type furna&_ The temper- 
ature was recorded by a Pt$‘tIO%Rh thermocouple calibrated at the meiting points of 

silver, 960_5”C, and NaCl, 800.5 ‘C. 
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The e.m.f. of the thermocouple was determined with a precision potentiometer 
(Tinsley and Co., Ltd.) in connection with a mirror galvanometer (MultiSex Galvano- 
meter, Dr_ B. Lange, Berlin, Germany). Supercooling of the melt was prevented by 
stirring and by seeding with small cryolite or alkali fluoride crystals. The uncertainty 
in determining temperature by this method is +O.Z”C. However, due to supercooling 
effects the uncertainty in some experiments could be as large as ~OS’C. The equip- 

ment has been described in more detail in a previous paper6. 

Differentid thermal analysis (D TA) 

The arrangement for DTA has been described in detail elsewhere’. The sampie 
and reference material are in platinum crucibles mounted symmetrically in a nickel 
block. The block is covered by a nickel lid with two bores for the differential thermo- 
couple. Both the block and the lid are grounded. The differential temperature was 

measured with a Pt/PtlO%Rh/Pt thermocouple. The two junctions were immersed 
directly into the sample and the reference to obtain the highest sensitivity and no time 
delay in the reaction_ The actual temperature was measured with a Pt/PtlO%Rh ther- 
mocouple placed in a bore in the nickel block, symmetrically with respect to the 
crucibles. The thermocouples were protected from contact with the block and lid by 
alumina tubes. 

The nickel block is mounted in a vertical Kanthal-wired laboratory furnace. 
The inner tube of the furnace has a diameter of 50 mm, and is 45 cm long. 

The DTA curves were recorded either by an XY recorder (Speedomax G, 

Leeds & Northrup, US-A_) or by a Varian G 2022 Dual Channel Recorder. In both 
cases the differential signal was amplified by use of a d-c. Microvolt Amplifier, range 
50-2000 pV (Leeds & Northrup, U.S.A.). When the XY recorder was used, the exact 

reaction temperatures were measured with a potentiometer, with an accuracy of 5 1 
degree. With the dual channel recorder the reaction temperatures were read directly 
from the curves with the same accuracy, + I degree. 

The sample size was IS-2 g_ The reference material used was fired Al,O,. The 

heating rate was 7-8”C/min and the cooling rate 3.5-5_4’C/min. Highly purified 
nitrogen (99.99% Nz, Norsk Hydro, Norway) was passed through the furnace during 

experiments. 

Quenching 

Samples for quenching were powdered and placed in platinum capsules. After 
equilibration under inert atmosphere in a laboratory furnace, the samples were 
quenched by dropping into kerosene oil. The quenched samples were examined by 
X-ray powder diffraction and by microscopy. 

X-ray equipment 

The X-ray diffraction experiments were carried out in a metal ribbon furnace, 
similar to thz type described by Smith ‘_ The combined sample holder and heating 

element was a fiat strip made from platinum-10 o/ rhodium. The temperature was 
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recorded with a Pt,/PtIO%Rh therrnocoupie welded to the strip, and was constant 

within & I ‘C with time. Calibration at the transition point of Na,AIF, (.%+/I) at 

56O’C showed the recorded temperature to be correct to within i 5 “C. The radiation 

used was nickel-fihered Cu &, and the X-ray diagrams were recorded by a Philips 

diffractometer (basic unit, PW I353@0)_ 

Enrhaipy of mixing and enr!za/p_t- of solution 

This part of the investigations was carried out at the James Franck Institute. 

The University of Chicago. The calorimetric experiments were performed in a singIe- 

unit micro-calorimeter_ This has been described in detai1 eIsewhere’-‘-9_ The temper- 

ature-sensing element of the unit is a therrnopile which consists of 54 Pt/Ptl3%Rh 

thermocouples connected in series_ The temperature of the czdorimeter is measured 

with reference to the inside wall of a heavy cylindrical Nichrome jacket which com- 

pletely surrcunds the calorimeter assembly, except for a I-in-diameter entrance 

--port’_ The output of this thermopile is amplified by means of a Leeds and Northrup 

amplifier and recorded by means of a Leeds and Northrup Recorder, type H-Azar. 

The furnace assembly which surrounds the caiorimeter consists of a cylindrical main 

heater in the middle and two separately wired heaters, one at the top and one at the 

bottom. The experimental arrangements inside the calorimeter were the same as 

described previously * -2-9_ The temperature durin_g the experiments was I2S7+ 1 K. 

The caiorimeter was calibrated by the “platinum drop method“, i.e., by means 

of the heat effect associated with dropping pieces of Z-mm-diameter platinum wire 

into the caforimeter from room temperature. This heat effect was caiculated from the 

heat-content equation given by KeIIey I’_ During its faI1 into the calorimeter, the 

platinum wire picks up some heat, IarSeIy by radiative heat transfer. The magnitude of 
this efGct was determined in separate experiments by carrying out calibrations with 
platinum wires of different diameters_ Estrapolation to zero area showed that this 

pickup for 2 mm wires represents 1.3% of the heat content at SOO’C, and 3_9% at 
IOOO’C. A correction of 4% was used in the present work at 1014’C. 

This part of the investigations was carried out at the Institute of Chemistry, 

The University of Oslo. Two sampies of each of the compounds were loaded into 
platinum containers of known mass_ The containers were evacuated carefuIIy inside a 
giove box to Set rid of the air. The SIove box was filled with purified nitrogen. After 

evacuation. the containers were filled with purified argon. They were then sealed by 

arc-w-eIding a cup-shaped platinum lid to the rim of the container_ 

The sampIe was equilibrated in a vertica1 Iaboratory furnace and lifted into the 

siIver calorimeter, which was placed above the furnace. The caIorimeter was sur- 

rounded by siIver shields, eIectricaIIy heated to maintain quasi-adiabatic conditions. 

The furnace temperature was measured by a Pt/PtlO%Rh thermocouple and the 

wlorimeter temperature by a quartz thermometer- 
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The caiorimeter proper, the calibration of the caiorimeter and the method of 
calcuIatin_g the enthalpy increments H, - Hz,,_ I 5 have been described in detai1 by 
Gronvold ’ I _ Steady state conditions were usually obtained after IO-20 minutes, 
depending on the furnace temperature. The calorimeter temperature during the period 
of experiments ranged from 295 to 330 K with a mean of 3 I5 K. The heat capacity 
values at 315 K, which were used for adjusting the enthalpies to 298 K, are listed in 
Table I. 

TABLE I 

VALUES OF THE HEAT CAPACITY AT 315 K tJASAFx2) t.1 c& = &IS-l J) 

Campoumi C, !cailb A’- ’ mol- I ) 

LiF IC.19 

AIFj 18.43 

Li,AlF, 49.05 

RESULTS 

The q-stern LiF-XaF 

The phase diagram of this system, which is given in Fig. I, was determined by 
therma analysis. The observed eutectic point in the system is at 39 mol?/o NaF and 
649’C, which is in _good areement with the data reported by Bergman and Der_gu- 
nov ’ 3_ In an earlier study of the system by Helm ’ 4 a solid solution of about 5 moI% 
LiF in NaF at the eutectic temperature -was estabiishcd. New examinations confirm 
this, but the soIid solubility seems to be somewhat larger, namely somewhere between 
7 and 9 mol% LiF. Theoretical calcuIations confirm this new Iimit of crystaIIine 
soiubility. These new results are also in better agreement with the results obtained by 
Short and Roy’ ‘, who found that 8 + 1 moI% LiF was present in soiid NaF at 625 ‘C. 

The sysrcm I iF-AIF 

The phasediagram ofthesystem LiF-AIF, has been determined by DTA and TA. 
The obtained Iiquidus and sohdus temperatures in the system are given in Table 2 
and the phase diazgam of the system is presented in Fig. 2. The compcund LisAIF, 
meits at 785°C and the two eutectics are at 14.5 mol% AIF,, 71O.C and 35.5 mol’% 

AIFS, 709%. This is in good agreement with other works, as can be seen from 
TabIe 3. There was no indication that LiAIF, is stable in the sohd phase, atthough 
this compound is known to exist in the gas phase ’ 5--z8 . There was no sign of solid so- 
Iubility in the system. In most of the runs on the LiF side of the system, the tempera- 
ture curve was not recorded below the eutectic temperature_ 



Fip I_ The phase diagram of the system NaF-LiF, from Helm Id, and revised. 

TABLE 2 
mIE SYSfEM LiF-AIFj 

Temperatures (in OC) obtained by Differential Thermal Analysis: T, = meking temperature, 
T, = eutectic temperature, TX = phase transition ~-Li,AJF~+&LiI.41F6 (cf. HoIm and Jenssen *% 
T1 = phase transition &Lili_LUF~+~-LijAIF6 (cf_ Helm and Jenssen16), T, = phase transition 
z-:-AIF~+~AI F, , and T- = maximum temperature during experiment. 

0.00 
0_0373 

0.053’ 

O.l28; 
0.1700 
0.1981 
0 9’82 .- 
0.2500 
0.2770 
0.3244 
0.3657 
O-4309 
0.4660 
0.5000 
05057 

s-K3 
s32 

79s 

i39 
730 
763 
75 
78s 
773* 
724= 
718’ 

(815) 
(900) 
(975) 
(975) 

711 

TIO 

711 
709 
709 
710 

706 

iOS 
709 
709 

711 
710 
710 

597 505 

597 510 
597 511 
597 512 
600 514 
604 517 4.52 980 
608 513 454 1030 
598 511 45: 1035 
607 450 1065 

l Temperatures taken from heating curvtz- 
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Fig. 2. The phase diagram of the system LiF-AIFs, from this work. 0. points obtained by thermal 
analysis; A, points obtained by DTA. 

TABLE 3 

SURVEY OF STUDIES ON INVARIANT POINTS AND MELTING POI?XS 
OF THE COMPOUND LixAIFs IN THE SYSTEM LiF-AIFs 

Congruent melring Eufcctic Congruenr melring Eureclic 
Ref. 

:Vol% AlF, TC’C) MoiSb AIF, T (‘Ci MoI% AIF, T (‘C) MoI% AIF, T 0 

0 870 14.5 705 25.0 800 37 
0 560 I5 715 25.0 790 3G 
0 845 16.5 106 25.0 792 

25.0 783 35.5 
0 848 14.5 711 25.0 785 36.0 
0 847 15 711 25.0 782 35 
0 847 15.5 711 25.0 782 
0 848 13.5 710 25.0 785 35.5 

690 = 
710 b 

c 

711 d 

710 = 
708 f 

z 
709 h 

a Puschin and Basskow”. b Fcdotieff and Timofceff”. c Dergunovx9. d Rolin and MuhlethalerzO. 
e Thoma et aLzl_ z Malino\sky et al.‘*. * Rolin, Latreille and Pham23-24. h this work. 



The sysrem iVa3 A/F,-Li, A/F, 
The rest&s of the phase examinations in this system have been published 

recentIy’9. The phase diaBa_m was established from very extensive phase examinations 
using DTA, Iow- and high-temperature X-ray examinations, microscopy, and equi- 
Iibmtion and quenching techniques_ 

Iwo intermediate compounds. correspondin to Na,LiAlF, and Na3Li,A12F, 2 
were found? the latter identical with the cubic minerai cryolithionite. Na,Li_41F6 was 

found to be monoclinic at room temperature. On heating, the monocIinic r-Na,LiAlF, 
modification changes to cubic j?-Na,LiAIF, _ 

TABLE 4 

THE SYSTEM Na3.AIF6-LiF 

Temperatures !‘C) obtained by YA and DTX: T2 = melting temperatwc. T2 = second thcrmai 
arrest. TX = third thermal arrest, T4 = fourth thermal arrest, and T5 = fifth thermal arrest. 

.\fof fraction TX T: T3 T* 7-5 Jfetirod 

_VC+_-iiF, 

o.oooo 
0.0264 
0.0450 
0.065 I 

O_OYSJ 

0_1071 

0.1100 

0.1400 

0.1600 
CLISOI 
0.19s0 

02993 

0.3993 

0.4728 
0.5000 
0.6026 
0.6135 
0.6993 
O-7500 
0.7959 
OS059 
0.5159 
o.s500 
0.8500 
cBoo@ 
0.9160 
0.9100 
49542 
cc9550 
0_97to 
01.9sso 
0.99 I I 
i.OOoO 
1.0000 

MS_0 
SlI.5 
790.4 
i6S.6 
737-s’ 
731.0 
7iS 
70’ 
695 
719 
73’ 
827 
SSI 
91 I-7 
919 
943 
951.1 
964 
975.6 
97s 
953.7 
9ss 
9932 
999 
995.2 

IOcO.3 
1000 
1005.5 
IO05 

1009.0 
IO09.6 
1010.8 
1010 

693.7 
693.2 
693.8 
693.6 
691.0 556 

690 

691 
692 
6S9 
682 
6SO.2 

664 
666 
ii-II 

635 

660 

ii3 

777 
SO7 

6’5 
678 
628 
629 
629 
639 

629 
61S 

617 

629 

630 
630 

590 

559 

561 
5&l 

553 
554 
553 
553 
555 
55’ 
556 
553 

556 
55-l 
555 
555 

556 
553 
555 
55-I 
556.5 
557.6 
557 

55-s 
554 

560.2 

565 

DTA 
-I-A 
-l-A 
TA 
TA 
l-A 
DTX 
DTA 
DTA 
DTA 
DTA 
DTA 
DTA 
TA 
DTA 
DTA 
TA 
DTA 
I-A 

DTA 
-rA 
DTA 
TA 
DTA 
TA 
T-L\ 
DTA 
TA 
DTA 
DT_4 
TA 
TA 
TA 
DTA 
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No sohd solution was found at room temperature, while ,xtensive formation of 
solid solutions was observed at higher temperatures. 

The liquidus curve has its minimum at 71OC and 64 mol% Li,AIF, _ One new 
phase, of tetragonal structure, was found in the region between 560 and 663’C, 90 and 
99 mol% Li,AIF,. 

The phase diagram of this system has been determined by TA, DTA and 
quenching experiments. The quenched samples were examined by microscopy and 
X-ray diffraction. The obtained Iiquidus and solidus temperatures in the system are 
_given in Table 4, and the results from the quenching experiments are summarized in 
Table 5. The phase diagram is presented in Fig. 3. Two microphotographs of quenched 
samples of composition 60 mol?‘o Na,AlF, are shown in Figs_ 4a and 4b. 

TABLE 5 

RESULTS OF QUENCHING EXPERIMENTS IS THE SYSTEM LiF-Ih3A1F6 

.%I01 fracrion Temperarure ( ‘C) 

A*a3AIF6 quenched from 

Phases present _i/erhod’ 

60 705 
60 650 
S5 TO5 

90 705 
90 650 

z-Na3AIF6 + melt 
I-Na3AIFG f LiFfmelt 
r-Na3AtFe -t melt 
z-Na- AIF, + melt 
I-Sa,AIF, + LiF 

m 
m-l-X 
m 

x” 

f Abbreviations: m = microscopy. X = X-ray investi_ration_ 

As the er”.-‘--: changes associated with the formation of solid solutions are 
small. they are often hard to detect_ The DTA equipment and techniques developed 
by the present authors have proved we11 suited for this purpose_ In addition to the 
present system. the technique has been used with success in the systems NaCI-KCIz9, 
M&Iz-CaC1,30, and Li3AIF6-NaJA1F629. The heating and cooling curves for the 
composition 2.8 mo1 ?G LiF are shown in Fig. 5. 

In the subsoIidus region below 55O’C the system is a pseudobinary one, since 
LiF and r-Na,AIF, are the only phases present_ In the solid-Iiquid region the system 

becomes a part of the ternary reciprocal system 

3 LiF+Na,AIF,+Li,AIF,+3 NaF 

due to formation of soIid soIutions between LisAIF, and Na,AIF,. The observed 

depression in the second thermal arrest T2 is due to this soIid soIubiIity. The crystalli- 
zation does not end in the pseudobinary eutectic point at 694’C, but rather at 628 ‘C, 

in the ternary eutectic point in the system NaF-LiF-Na,AIF,. To check on this 

assumption, thermal analysis was made of some samples in this ternary system. The 

results of these experiments i--re given in Table 6, and confirm the explanation of the 

observed temperature depression and the third therma arrest. 
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Fig. 3. The phase diagram of the sys-stem Na3AIF6-LiF, from this work. 0. points obtained by 
thermal anarj-sis; G, points obtained by DTA; 0. from qucnchin_o experiments; 8, one solid 
phase+liquid present; 2. two solid phascsfliquid present. 

The ternary system LiF-NaF-Na, AIF,-Li, A IF, 
The phase diagram of this system is presented in Fis. 6. The isotherms have been 

drawn on the basis of the four binary systems discussed above and some examinations 
of compositions in the ternary system. As can be seen, the system has two ternary 
eutectic points, one in the system LiF-NaF-Na,AIF, at 628’C and one in the system 
LiF-Li,AlF,-Na,AlF, at 6S4cC. The temperature of the Iatter was estabhshed by 

DTA of a sample containing 66 mol% LiF, 27 mol% Na,AIF,, and 7 mol% Li,AlF, _ 

Because of the formation of solid sohrtions in the system, crystallization of composi- 
tions within the triangIe (NaF),-Na3AIF,-P will not end in the ternary eutectic 
point_ Instead the crystallization will end somewhere along the phase boundary curve 
elEl, with the phases NaF(ss) and Na,AIF&s). 

Calorimetry 

EnthaIpies of mix@ of molten LiF and Na3AIF, were measured near the 5050 

composition at 1014X The results are summarized in Table 7. 

The enthalpy content of two mixtures, one of 74.3 moI% LiF and 25.7 mol% 
AlF, and another of 60.6 moI% Li,AIF, and 33-4 mol% AIF were measured by 
drop calorimetry. The resuk of the enthaIpy measurements are given in TabIes 8 and 9 



Fig. 1. Photomicrograph of the phases in a mixture of 60 moI% Na3AIF,+40 moI% LiF. Magni- 
ticarion. x ZOG. (a). qucnchcd from 702 ‘C. showing primary crystals of Na3AIFa and quenched liquid; 
(b). qutnchcd irorn 670 ‘C. showing co-existing crystals of Na,AIF, and LiF, and quenched Iiquid- 

and plotted in Figs. 7 and 8. Tte data were fitted by a least squares treatment to 

equations of the type 

HT-H298_,5 = afbT 

where b corresponds to the heat capacity of the solid or the Iiquid and is assumed 

constant over the Iimited temperature ranges in question (Table IO). 
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ial IDI 

Fig_ 5. DTA heating and cooling curxxs for a sample of composition 97.2 mol?G Na+UF, + 2.5 mol?.o 
LiF, showing the phase transition z~&Sa,AlF&s) at 555 ‘C and 56l’C. respectively. and the 
reac:ion NaF(ss) + Na,AIF,&) z? m&i Sa3AIF,(ss) at 806 ‘C_ 

TABLE 6 

THERMAL ANALYSIS OF SAMPLES IN THE TERNARY SYSTEM LiF-NaF-NasAIF, 

Composifion (moi frucriorz) Thermal uff csrs ( ’ C) 

0.5935 0.3815 0.0250 645 637 

0.5659 0.3635 0.0703 694.3 649 634 

0.5402 0.3472 0.11’6 698.7 651 634 

0.3566 0.3 12s 0.2006 64s 634 

TABLE 7 

EPXHALPIES OF MIXISG I?% THE STS-I-EhI LITHIUM FLUORIDE-CRYOLITE 
AT fO14’C 

Composi;ion (molfiacrion) AH”’ (Cal,,, mol-‘) 

hYLiF %A,AlFg 

0.5ooo 0.5000 i90.3 360 

~0.5005 0.4995 4 816 346 

0.4999 0.5001 f 99.0 396 
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(LiF), Li3 AIF, 

840 %710 785 

/ 

99s 

WaF)s 

1010 

NasAlF6 

Fig. 6. The phase diagram of the ternary reciprocal system 3LiF+-Na,AlF, = Li,AiF,t3NaF_ 

TABLE 8 

EXPERIMENTAL AND CALCULATED ENTHALPY INCREMENTS FOR THE SOLID 
AND UQUlD MIXTURE 0.743 LiF+0.257 LisAIF 

soiid 
864.9 
872-7 

882.7 
902.3 
918.2 
932.3 
952.2 

14595 14540 
I4727 14762 
I5075 15131 
15627 15602 
16090 16053 
16400 16453 
17040 17017 

Liquid 
1@34.9 
1056.9 
1013.6 
1085.5 
1098.3 
IIO7.5 
1122.1 
l144.2 
1163.7 

28265 23299 
29076 29095 
29696 29676 
30078 30089 
30544 30534 
30896 3i)ss4 
31430 31362 
33111 32130 
32752 32808 



-Fig_ 7_ EnthaIpy increments HT - ffzq6- I s and enthalpy of fusion of the eutectic mixture 74.34 mol% 
LiFt2S.66 mol% Li+UF6. 

TABLE 9 

EXPEFUMEhTAL AND CALCUL4TED EhIHALPY INCREMEhTS FOR THE SOLID 
AWD LIQUID MIXTURE 0.6056 LixAiF6 i-0.3944 AIFs 

Liquid 

EYpt. Calc_ Erpr. cart. 

925.1 3Oa43 30112 lOlL6 51973 52002 
925.9 30100 3015-s IO123 52074 52018 
926.0 30151 30159 1013.5 51952 52096 
926. I 3Oos4 30164 1013-9 51934 52104 
927.7 30359 30249 IOIS.3 5221 I 52213 
927.8 3oiw 30254 1015.9 521 I4 52260 
928.2 30165 30255 1016.5 52309 52306 
944.2 3 IOS9 31119 1034.6 53717 53718 
9443 31158 31 I24 1034-g 53666 53534 
944.7 31190 3114s 1034.9 53636 53741 
944-S 31I45 31 IS0 1035.3 53721 53773 
945.6 3129s 31 I93 1035.6 53652 53796 
946.2 31120 31224 1036.1 53757 53835 
955.5 31656 31715 1036.2 53789 53843 
955.8 31772 31730 1053.0 55299 55153 
964.3 32289 32179 lOS4.3 55396 55254 
965-O 32126 32268 1054.7 55463 55285 
966-I 32331 32274 1055.9 55543 55379 
966.6 32304 32300 1057.8 55554 55527 

1057.9 55545 55535 
1057.9 55496 55535 
1058.4 55526 55574 
1074.2 56580 56806 
1074-s 56817 56830 
1078.8 57033 57165 
1079.4 57101 57212 
I152.3 62946 62897 
1187.5 65302 65642 
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Fig_ 8_ Enthalpy increments ff~-Xf=~~.~5 and enthaIpy of fusion of the cute&c mixture 60.56 mol% 
Li,AIF, + 39-a moI?‘o AIF, _ 

TAESLEIO 

El’iiHALPY INCREMEFZTS W, = Hzq8_1s = a IbT AS A FUNGI-ION 
OF TEMPERATURE. AND STANDARD DEVIATION G 

(O.i43LiFi0_257Li,AlF,) (s) -9999129.37r 50 
(0.743LiF+0.257LiaAIFg) (I) -7655f3477T 24 
(0.6056Li3AIFs t0.3994AIF1) (s) - 17852+51_POT 103 
(0.6056Li3A1F~+0.3994AlF~) (I) -26851 t77.SPT 171 

CALCULATIONS ASD DISCUSSION 

The system LiF-AIF, 

The enthaIpy of the reaction between molten LiF and m&en AIFx to Li,AIF6 
can be caIcuIated from a thermochemical cycle: 

Cycle I 

Li,AIF,(s) 
AHz ) 

3LiF(s) + AIF, 
1 AHc<Li~AIF6) 

w 

Li,AlF,(I) 
A“, 

1 3AHdLiF) 1 AHrWFd 

) 
3LiF(I) + AIF, 
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According to the cycle 

AH” = AN,(Li,AlF,)-3ANr(LiF)-AH,(AIF3)-AN1 (1) 

By inserting the different enthalpies given in Table 11, the enthalpy of mixing, AH”, 
has been caIcuIated at 850°C. The fohowing vaIue is obtained: AH: = - 13.35 1 
kcal mol- I_ This corresponds to an enthalpy of mixing 0.75 mol LiF+0.25 mol AIF, 
of AH’* = -3.3 kcal mol- ’ at S5O’C with an estimated uncertainty of +0.5 kcal 
mol- ‘. The change in the heat capacity for this reaction is 

ACP,cx = C,(Li,AlF,) - 3CJLiF) - CJAIF,) 

TABLE I I 

EXl-HALPIES OF FL‘SION A?QD REACTION, AND HEAT CAPACITIES, 
FOR MOLTEN COMPOUNDS IN THE AIF,-LiF SYSTEM 

AH (Cal* ml-‘) Reference 

AHI 6.9 
AHc(Li3AIF,) 23.7 
A&WF,) 10.6 
AHxLiF) 6.47 
Aff= 9.6 

8.1 
26.5 
11.3 
6.64 

Greene, Gross and Hayrnan3* 
Jensscn HoIm and Gronvold3’ 
Helm’ 
Douglas and Dever33 and KeIley lo 
this work 

By inserting the following values: C,(Li,AlF,) = 92.2 cal mol- r K- ’ (Jenssen Holm 

and Gronvold3’), C,(LiF) = 15.5 cal mol- ’ K- ’ (Kelley *“) and CJAIF,) = 29.1 
cal mol- r K- ’ (Helm’) one obtains AC,,, = 14 cal mol- r K-r_ Hence AH: at 
1273 K is 

ANl(l273) = -13300+2300 = - llt)oOcal mol-1 

Cycle 2 

0.743 LiF(s) -I- 0.257 Li,AlF,(s) I 

l 1 AIf2 

0.743 LiF(I) f 0.257 LLAlF,(l) 
Ml? 

- mixture 

‘&cording to cycle 2 

0.743 AHdLiF) i 0_257AEJ,(Li,AlF,) -I- AE?y = AHz. (2) 

By inserting the values given in Table 1 I one obtains AHY = - 1.0 kcal mol- ’ with 
an estimated uncertainty of 50.2 kcal mol- r _ This corresponds to an enthalpy of the 
reaction 

O-S55 LiF(1);O.l-E AIF, = mixture 

of AH;’ = -2.5&0_2 kcal mol-‘. 



The theoretical enthaIpy of mixing, AH:, of LiF and Li,AIF, has been 
Iated by using an equation sirniiar to the one used by HoIm’-3 for calculation 
enthaipies of mixing of NaF and Na,AlF, 

m&i = 
C 

_AHdiss 
~Vo@ro-~J 
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calcu- 
of the 

(4) 

The enthalpy curves are presented in Fig_ 9 for one value of AndiS, nameiy 14000 cal. 

The best curve seems to be the one calculated for a degree of dissociation for molten 
Li,AIF, of a0 = 0.30 and 850%. 

-700 

-6W 

7 
= 

f -wo 
z 

< 
‘I’ * -Loo 

-300 

0 
LiF 020 

Or0 0.w 0.60 1.00 

Mclfractmn Lt,AIF6 Li+lF6 

Fig. 9. Calculated AH,” tunes for liquid mixtures of LiF and LiaAIFs at 850°C assuming a dis- 
sociation LisAIF = 3LiFtAIF,, AHdh = 14000 cal for different degrees of dissociation. 

In Table 12 are given the changes in the heat capacity on mixing: 

AC,*, = C, (mixture) - C, (compound) (4) 

for three different mixtures in the system LiF-AIF, _ As can be seen, AC,,,, increases 
with increasing content of AIF, in the melt. This means that the enthaIpy of mixing, 
AN”, wilI become more and more temperature-dependent as the AIF, content in the 
melt increases. 
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TABLE 12 

CHANGES IN HEAT CAPACW ON MIXING IN MOLTEN MiXTWRES OF LiF 
AND AIF,: AC,, = C, (mixture) - C, (compound). 

MoZ fraction AIF, C, (caith K-I moP1) 

compoImd mi..?ure 

AC,., (c&, mol- * K-I) 

0 15.5 19.6 0 

0.15 17.7 +i.9 
O-25 19.0 -- ‘10 f4.0 

0.35 20-3 27.5 i-7.2 

a.0 29.5 0 

The system LiF-Na, AIF, 

Enthaipy of mixing 
The enthaIpy for the process 0.5 Na,AIF,(I)+OS LiF(I)+Mix was measured 

caIorimetricaIIy, and found to be AHM = +- 9029 cal mol- ’ (Table 7) This AH” 
value can be compared with the enthalpics of solution of NajAIF6 in moiten LiF at 

9OOT’_ By subtraction of the enthalpy of fusion for NaJAIF6, the enthalpies of 

mi.xing given in TabIe I3 are found. Here ATo and IV, are the weighed-in moI fractions 

TABLE 13 

CALCULATED EWfHALPIES OF MIXING OF LiF AND Na3AIF6 AT 9OO’C 

O-9694 -i-IO f337 

0.9$30 tis f 335 

0.9236 i-24 -f-340 

of Na,AIF, and LiF, respectively. The caIcuIated AH”/lV,,iV, values from these three 

experiments are in good agreement with the resuhs from the Iiquid-Iiquid experiments 

at 1014°C (Table 7) It is therefore assumed that the enthalpy of mixing in the system 

LiF-Na,AIF, follows the simple symmetrical expression 

AHH,” = +36ONoN, (5) 

As a first approximation it is assumed that the enthaIpy of mixing is due to a reaction 

of Na,AlF, to Li,AlF6, and that the enthalpy of mixing can be expressed by 

AE?g = (~~O(a-~)++N,(l -a)) ~iU--(+N,(l -a)) AH;‘” (6) 

The first *krm is the enthalpy loss due to *he dissociation of Na,AIF6, whiIe the second 

term is the cnthalpy gain due to formation of LisAlF6. Introducing AH:‘” = 22000 
caI, the enthzdpy of dissociation of Na,AIF&l) = 3NaF(l) + AIF, (HoIm’*“) 
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AH”‘” = 11000 cal 2s calculated from this work, and also z. = 0.31, the degree of 

diss&iation for pure moIten cryolite (HoI~‘*~), one obtains at No = 0.5, and by 
setting A@ = 90,2 degree of dissociation of AIF:- in the mixture of x = 0.19. Due 

to the interaction between NaF and LiF a third term should also be added in eqn (6), 
namely 

AH? = Nrirh-sSri.(Li*, Na+) F- 

The mot fractions are here given by 

(7) 

ftT,iF = NLi+NF- = N1 - 3Nox+N, 

3Nc+N, 1+3Ncz 

and 1, the interaction parameter, is - 19oo~cal mol- r as given by HoIm and KIeppa’. 

Thus one arrives at the following expression for the enthaIpy of mixing in the 
system LiF-Na,AlF, at 101O’C 

AH? = N&z--zr,) 22OOO+~N,(l-~) ilOOO-5700 
(32+:;1)z E:;;:;] 

(8) 

from which z can be caIcuIated if AH? is known_ For instance, by setting AH: = 90 

at N, = OS, eqn (8) gives z = 0.206, a vaiue which is only slightly higher than that 
calculated from eqn (6) The degree of dissociation of AIF:- at different compositions 
has been calculated from eqn f.8) by assuming that the enthaIpy AUP follows eqn (5)- 
The calculated values are given in TabIe 14. 

TABLE 14 

PARTIAL GIBBS FREE ENERGY, ENTHALPY _4ND ENTROPY OF N2+XlFa, 
AND DFGREE OF DISSOCIATION OF AIF:-. IN MIXTURES OF Na3AIF6 WITH LiF 

Xol fracfion z c R s Ceqn <zm 3 (eqn (Z4)) 
cryolife, X0 w&J (caLI (cdCh nml-’ K-‘) (cc& mol- * K- ‘) 

0.9wo 0.306 - 253 i-4 0.20 0.38 
0.8000 0.295 - 687 iI 0.55 0.63 
0.7000 0.276 -1009 +32 0.84 I.01 
0.6000 0.248 - I415 +86 I.21 I.46 
0.5000 0.206 -1900 f90 1.67 2-w 
O-4700 0.185 -2030 f 101 1.79 222 

1 

0.4000 0.120 -22581 +130 2.71 2.71 

Cakulations from phase diagram data 

The low enthalpy of mixing means that mixtures in the system can be considered 
to be cIose to ideal with a neariy random distribution of the cations, Nai and Li*, 

on the Alk+ sites. 
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The moI fraction of Na,AIF, in the system can be expressed by 

h’ti,.~ir~ = k&t-,, h&3- (9) 

IIn pure mohen cryolite &+,,r6 = l,&+ = I and 1V*,rz- = (l-aJl+3~~. By 
use of the dissociation degree for the best scheme AIF:- = “AIFX”+3F-, z0 = 0.31 
at 1011 %I-‘, one finds X- = 2.80 and therefore 

‘%~illAIFa = 2.80 _W& iv,,,:- 

The patial Gibbs free ener,oy of Na,AlF, has been caIculated from the phase 
diagram data, using 

GasAIFa = -AH, (10) 

Here it has been assumed that there is no solid solubility of LiF in Na3A1F6. As seen 
from the phase diagram of the system Na,AlF,-LiF there is, however, a limited solid 
solubihty on the Na,AlF, side. One should therefore use the expression 

&AIFsW = &Ma - &‘41Fs(ss) (11) 

where %+.,IT6~s?rj is the partial Gibbs free energy of Na3AlF6 in the solid phase. In 
the calculations this term has been neglected, not only because the solid solubihty is 
small, but aIso because the partial enthalpy term gN+,1F6(lSJ is not known. 

The partia1 entropy of Na,AlF, has been caIcu1ated from 
- - 

sti,ArF6 = Hx~,AIF~-%,AIF~ 

T 
(12) 

Hn this calculation it has been assumed that the partial enthalpy of cryolite will be 
given by the simple regular solution model, eqn (5) 

-5 h NZ43AIF6 = 36W (13) 

The partial entropy of cryolite wiIl according to this model (eqn (9)) be given by 

where N,-, and Ni again are the weighed-in mol fractions of Na3AIF6 and LiF. 
The experimental and caIculated data are summarized in Tabie 14. Here is also 

given the degree of dissociation of AIF:- in the mixture, which has been caicuIated by 
3 combination of eqns (5) and (8). 

The entropy obtained from the ex_perimental data, (eqn (12)), is somewhat lower 
than that caIcuIated from eqn (14). One of the reasons for this discrepancy is that the 
solid solubility has not been taken into consideration in the calculations. Somewhat 
better agreement between the caiculated and the experimental entropy would probably 
have been obtained ir’data for cxX,Arr6(u) had been available. 
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4. Ternary reciprocal mixtures 

ne theories of reciprocal molten salt systems were first discussed and put in a 
form which could be used in calculations by Flood, Forland and Gjotheim (FFG)“4, 

the so-called FFG theory. Later this first approximation theory was extended to a 
second approximation theory by Fsrland”’ and by Scrosati, FIood and FsrIand36_ 
Blander and Yosim3’ have shown that the conformal solution theory may also be 

applied to these types of ternary mixtures_ 
In the so-called first approximation of the FFG theory the activity coefficient 

of LiF in a mixture with Na,AlF, is given by 

Here the equivalent fractions have been introduced, since the mixture contains ions 
of different charge. These fractions are given by: 

N&- = 3 NAIW - 3N0 

3hTAIF6d-NF- = 3N,+N, 

In these expressions the degree of dissociation r has been set equal to zero. 
AG” is the standard Gibbs free energy for the exchange reaction 

LiF(1) +~Na,AlF&l) = +Li,AlF,(l) + NaF(l). 

The enthalpy change for this reaction can be calculated from the enthalpies of the 
two reactions as given before: 

Na,AlF,(l) = 3NaF(l)+AlF,(l), M,3O,, = +22OOOcal 
3LiF(l)+AlF#) = Li,AlF,(l), M,,.. = -llooOcal 

The standard enthalpy for the exchange reaction becomes 

AW = 3(22000- I 1000) = 3500 cal. 

The change in entropy, AS, is not known. It is reasonable to assume that As” N 0. 
Thus, by setting AG’ = 3500 Cal, one obtains the following expression for the activity 
coefficient of LiF: 

The activity of LiF in the mixture is given by 

(16) 

%iF = NLi+ NF- YLiF (17) 
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The activity of LiF has been calculated from the phase diagam data, using the equa- 
tiOIl 

in Fig_ IO the experimental activities are compared with those c&mated by use of 

eqns (16) and (17). 

0.50 
0 005 0.10 0.15 

LiF Motfraclicn Na3AlF5, NC 

020 

Eg_ IC. Experimental and cat-fated activities of LiF in Iiquid mixtures of LIF with NasAIF6. 
0, experimental points; dashed line. ideal curve; full line. I. approximation equation according to 
the Flood, F&and and Gjotheim theory, with AG’ = 3500 cal. 

As can be seen the first approximation formula gives a good fit with the experi- 
mental values up to about IO moi% NaSAlFee At higher cryoiite concentration the 

calculated activities are more positive than the experimenta ones. 
Better agreement between theoretical and experimental values couId probably 

be obtained by allowing for the additional binary terms which have not been taken 

into consideration in the first approximation formula. These additional terms are 

f N;, + N& - [NLr+(i.;- -2&a~-)+N;-(&+ -&+)I (1% 

where the 2’s are equivalent interaction parameters. Here I.& and X*,2- are related 
to deviations from ideahty in the (Li*-Na+)F- and (Li+-Na+)AlFz- systems, 

respectiveIy, and jL;-,AIr+ accounts for the same type of long-range interaction as 

;.& and R;Lr+, but in mixtures containing both F- and AIF:- ions. Similarly, 
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/-pi + and &+ are related to the deviations from ideality in the iii(F-AIF:-) and 
Na’(F--AIF;-) systems, respectively, while in mixtures containing both Lii and 

Na’, ir;+.Na + refers to the same type of interactions. 
Most of the parameters i.’ are of the order of - 1.3 to -4-O kcal mol- ‘. Some 

of the terms in eqn (19) will partly balance each other. The deviation between the 
caiculated and experimental curve at i5 mol% Na,AlF, corresponds to - 120 Cal. 
This is equivalent to a total interaction parameter of 

I. = - 12O/N;,2,+ = - 1000 cal 

Thus there seem to be good reasons to believe that one would obtain a better agree- 

ment between the two curves by taking into account the additional terms as given by 

the second approximation formula, eqn (19). 
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