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Abstract 

The liquidus temperature for primary crystallization of cryolite in 
the system N~AIF6-AlF3-LiF-CaF2-MgF2 was determined by 
thermal analysis . The data were fitted to an empirical equation, 
valid from 1011 °C to approximately 800 °C. The alumina 
solubility was determined from the weight loss of a rotating 
sintercorundum disc. The investigated temperature range wa~ 850-
1050 °C, and the data were fitted to an empirical expression. The 
data are also presented in the form of qua~i-binary phase diagrams. 

Introduction 

The main component of the electrolyte (bath} in commercial 
aluminium electrolysis cells is cryolite, which ha~ a melting point 
of 1011 ± 1 °Cf1·2l. In addition to cryolite, conventional 
electrolytes contain 5-13 wt% AJF3, 3 -7 wt% CaF2, and l-5 wt% 
Al20 3. Some companies have also introduced other additives such 
as LiF and MgF2. An industrial cell with conventional electrolyte 
usually operates in the temperature range 950 - 980 °C, depending 
on bath composition, which is about 5- I 5 °C above the 
corresponding liquidus temperature for primary cryolite 
crystallization. Addition of LiF to this melt increases the electrical 
conductivityl3•41 and lowers the liquidus temperature. However, the 
main purpose of using additives such as LiF and MgF2 is the 
potential of increasing the current efficiency with respect to 
aluminiuml5·61. 

Sodium cryolite (Na3AIF6} is the main bath constituent due to its 
high alumina solubility . Previously, alumina was added batchwise 
to the electrolyte, and a high S<?lubility was regarded as a 
prerequisite in order to minimize the accumulation of alumina 
sludge underneath the metal pad. In the last decades, more 
sophisticated methods with nearly continuous feeding of alumina 
has been developed, and the restrictions concerning solubility have 
been somewhat lifted. In this situation some interest in alternative 
electrolyte compositions, i.e., low melting baths, ha~ emerged. By 
the introduction of low melting baths one may achieve higher 
current efficiency, lower carbon consumption, and, possibly, 
prolonged cell life and easier adapt1on of inert electrode 
materials[?,&]. However, the rate of solution of alumina and the 
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solubility limit are still critical factors. Reliable data for the 
liquidus temperature and alumina solubility are therefore key 
parameters in the operation of commercial aluminium electrolysis 
cells and for the development of low melting electrolytes. 

Several research groups have developed model equations 
describing liquidus surfaces for compositions roughly 
corresponding to the conventional electrolytesl9- 13l. Therefore, it 
should be emphasized that most of the equations are valid for a 
limited range of compositions. Phase equilibria in cryolite based 
melts have been studied by thermal analysis (T A}, by differential 
thermal analysis (DTA}, by visual observations, and by quenching 
techniques(9-15l. In the region of primary cryolite crystallization, 
T A has proven to give accurate freezing point depression 
datall,2,13, l4J . 

The alumina solubility is also relatively well established in the 
normal range of electrolyte compositionsl10·15·16·19l. Alumina 
liquidus equations were derived by Dewing191 and by Skybakmoen 
et az.l 191. The data are more scarce at high contents of additives 
and lower temperatures, although a number of Na3AJF6-AlF3" 
Al203"MaXb ternary and quarternary liquidus diagrams have been 
partly investigatedl 171. In most cases, the alumina liquidus was 
established by visual methods[!Sl or by quenching tech­
niquesl10·16l. However, the nucleation of alumina crystals is very 
sluggishl 15•18l, and due to the steep alumina liquidus surface a 
considerable supercooling and oversaturation will easily occur. The 
solubility limit as found by these methods would therefore tend to 
be too high, which is retlected in some of the work with alumina­
saturated cryolitic meltsl 17] 

The purpose of the present work was to establish I) the liquidus 
temperature for primary cryolite crystallization and 2} the alumina 
solubility for a wide range of temperatures and compositions in the 
system Na3AIF6-AlFrCaF2-MgF2-LiF, and, furthermore, to derive 
practical equations describing I} the liquidus temperature and 2) 
the alumina solubility as functions of temperature and composition 
based on the experimental data. The equations presented here do 
not deviate much from our earlier workl 13·19l which in fact was 
based on much of the same experimental data. The composition 
range has been somewhat extended, however. 
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Experimental 

Chemicals 

Hand-picked natural Greenland cryolite with a melting point of 
1011 ± I °C was used. AlF3 was purified in our own laboratory by 
sublimation, while CaF2, MgF2, LiF, KF and calcined alumina 
were high quality chemicals containing very small amounts of 
impurities. 

Liguidus Temperature 

The liquidus temperature for primary cryolite crystallization was 
determined by thermal analysis, performed in a vertical alumina 
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Figure 1. Experimental arrangements for determination of the 
liquidus temperature (a) and the alumina solubility (b). 
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tube furnace under argon atmospere. The experimental 
arrangement is shown in Figure I a) . The crucible was usually 
made of nickel (61 mm inner dia.), while the lid and the 
thermocouple protection tube were made of high quality graphite. 
Supercooling of the melt was prevented or reduced by using a 
slow cooling rate (0.5 or 0.7 °C/min) and vigorous stirring. The 
stirrer was made of either nickel or high quality graphite. In some 
cases, frequent seeding of small cryolite crystals to the melt was 
applied through a separate sintercorundum tube (not shown in the 
figure). Further details on the experimental set-up and procedures 
can be found elsewherel2•20] . 

Alumina Solubility 

The alumina solubility was determined by mea~uring the weight . 
loss of a rotating sintercorundum disc. The disc wa~ 40 mm in 
diameter and 6 mm thick, and it contained minimum 99.7 % 
AI20 3. The disc was submerged into the melt and fastened to a 
rotating stainless steel shaft, as shown in Figure 1 b). 
Approximately 200 g of melt was kept in a graphite crucible 
provided with a graphite lid. The temperature was recorded by a 
calibrated Pt-Pt10Rh thermocouple located inside a stainless steel 
protection tube. 

The experiment started by lowering the disc assembly into the 
melt. The contact time between the disc and the melt was 6 
(occasionally 4) hours and the disc was usually rotated at 340 rpm. 
At the end of the experiment the disc was lifted above the melt 
which was allowed to cool down to room temperature. The frozen 
melt which adhered to the disc was removed mechanically, and 
weighed together with the melt from the crucible. The disc wa~ 
further cleaned by dissolving the remaining salt in a hot aquous 
solution of A1Cl3. The alumina saturation concentration was then 
calculated from the weight change of the disc, referred to the total 
amount of melt at the end of the experiment. 

Blind tests performed in alumina-saturated melts showed a slight 
increase in the weight of the disc, equivalent to 0.05 - 0.15 wt % 
of the total bath weight, probably depending on the porosity of 
sintered disc. Consequently, all the calculated alumina solubilities 
were adjusted upwards by 0.1 wt%. Duplicated runs agreed to 
±0.2 wt% Al20 3, which is well within our estimated total 
uncertainty of ±0.3 wt%. rurther discussion concerning the method 
can be found elsewhere[ 19•21l. 

Results and Discussion 

Liguidu!'> Temperature for Primary Cryolite Crystallization 

For the equilibrium reaction, 

(1) 

the N~AlF6 crystallization surface can be described by the 
relation, 



RT In(~) = - t'l.Hr(1 - ~] 
a(s) T f 

(2) 

where a(l) and a(s) represent activities of Na3A!F6 in the liquid 
and the solid state, respectively, and AHf is the heat of fusion of 
pure N~A!F6 (106745 J/moJf22l) at the melting point Tr = 1284 
K (1011 °C). If there is no solid solubility in the system then, by 
definition, a(s) = I. With small additions of solute B, Raoult's law 
is valid for the solvent A (cryolite) and the following equation can 
be derived in the absence of solid solubility, 

dt 
d[B] 

2 
RTf n MA 
------
t'l.Hf IOOM8 

(°C/wt%] (3) 

where t is the liquidus temperature, the square brackets denote 
concentration of solute in wt%, n is the number of new species 
being formed per molecule of B, and M is the molar weight. It is 
easily predicted that a mathematical description of all the binary 
cryolite liquidus curves will be a good starting position for 
deriving an equation for the primary crystallization of Na3AJF6 in 
the multicomponent system. 

Based on the experimental points shown in Figures 2-7 and in 
Table I, the following empirical equation was derived, 

3.45[CaF2] 

I + 0.0173[CaF2] 

+ 0.124[CaF2][AJF3] - 0.00542 ( [CaF2][AJF3] )"
5 

7.93[Alp3] 

8.90[LiF] 

~ 0.0047 [LiF] I 0.0010 [AlF3f 

- 3.95[MgF2 ] - 3.95[KF] (4) 

where t is the temperature in °C and the square brackets denote 
wt% of components in the system Na3AJF6-AIFrCaF2-Al20 3-LiF­
MgF2-KF. The composition limitations are proposed to be: fAIF3] 

"" [CaF2] "" [LiF] < 20 wt'!'o, LMgF2] "" [KF] < 5 wt%, and [Alp3] 

up to the saturation concentration for primary crystallization of 
Al20 3. The standard deviation is 1.45 °C when all the 184 
experimental points arc included. 

Na3AIF6-AIF3. Figure 2 shows the cryolite liquidus curve in the 
system N~A!F6-AtF3 . The results clearly indicate that the primary 
freezing temperature increases slightly by small additions of A!F3. 
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Figure 2. The liquidus temperature for the system Na3AIF6-AlF3. 
The curve represents Eq. (4). Pis the peritectic point. 
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open squares - this work. The curves represent Eq. (4). 
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Figure 5. Freezing point depression in the system Na3AJF6-
NaCaAIF6. Full line- Eq. (4), broken line - Eq. (4) without cross­
terms between CaF2 and AIF3. 
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The maximum is located at about 1.5 wt% excess of AIF3 
(2.89NaF-AIF3). From the shape of the liquidus curves in the 
systems NaF-Na3Air6 and Na3AlF6-AlF3, Dewing[25l arrived at 
the conclusion that cryolite crystallizes a~ a non-stoichiometric 
compound from such meiL~. From electric conductivity 
measurements and model calculations Dewingl26l found that the 
maximum was located at the composition 2.846NaFAIF3, in fair 
agreement with the present work. Although there are some 
uncertainties in the data, it is reasonable to conclude that cryolite 
melts as a non-stoichiometric compound, and that Dewing's 
suggestion about premelting and some high temperature solid 
solution of AIF3 in cryolite is correct. 

Na3AIF6-CaF2. Freezing point depression data from Holm[23l for 
the binary system Na3AJF6-CaF2 is replotted and shown in Figure 
3. According to Holm, the eutectic point is located at 27.1 wt% 
CaF2 and 946 °C. With small additions of CaF2, Eqs. (3) and (4) 
both give dt/d[CaF2] = -3.45 °C/wt%. 

Na3AIF6-LiF. The cryolite liquidus line in the system Na3AJF6-LiF 
is shown in Figure 3 as well. The data from Holm1241 are in 
reasonable agreement with data from the present work. From the 
cryoscopy equation (3) we obtain dt/d[LiF] = -10.40 °C/wt%, 
wherea~ Eq. (4) gives -8.90 °C/wt% with small additions. 

Na~zQ3 and Na3A!F6-AIF~zQ3 . The primary crystal­
lization temperature of cryolite in the binary system Na3AJF6-

Al203 is shown in Figure 4. The two sets of data from Holm and 
the present work agree well. 

It has been proposed[2?J that the main species containing oxygen 
atoms are AI20F6

2- and AI20 2F/-. The former dominates at low 
alumina concentrations, and gives rize to a freezing point 
depression corresponding to n = 3 new species for each molecule 
of Al20 3. This gives dt/d[Al20 3] = -7.93 °C/wt% according to Eq. 
(3), which is consistence with Eq. (4). The species Al20 2Fl-gives 
a freezing point depression corresponding to n = 3/2, and since it 
dominates at high alumina concentration, the liquidus curve takes 
a concave shape. 

It can be shown that fo r a given activity of alumina in the melt, 
the ratio Al20F6

2-/Al20 2Fl- will increase with increasing content 
of AIF}27l. This implies that the freezing point depression due to 
AJ20 3 should increase slightly with increasing amounts of AIF3 in 
the melt. This agrees well with the crossterm between Al20 3 and 
AIF3 (denominator, line 4 of Eq. (4)), which was derived from 
statistic analysis of data in the multicomponent system Na3AIF6-

AIF3-AI203-CaFz-LiF. Crossterms between Al20 3 and other 
components were not justified within the experimental uncertainty . 

Na3AIF6-MgF2 and Na3/\1F6-KF. For these systems, the data were 
fitted to a common single line as shown in Figure 4. The slope of 
this line (-3.95 °C/wt%) is somewhat smaller than the theoretical 
freezing point depressions calculated from Equation (3) (-4.33 
°C/wt% MgF2 and -4.64 °C/wt% KF). 



Na3AlF6-AlFrCaF2. The freezing point depression exerted by 
CaF2 depends on the composition of the system, which can be 
explained by some combined solid solubility of CaF2 and AIF3 in 
cryolite. This is demonstrated in Figure 5, showing liquidus data 
for the system Na3Alr6-NaCaAlF~. The dashed line, calculated 
from Eq. ( 4) omitting the crossterms between CaF2 and AIF3, does 
not well fit the experimental data. 

Na3AIF6-AlF3-LiF. LiF and AlF3 were added at fixed ratios, 

corresponding to hypothetical compounds of the type Li,AIF3+x" 
Some liquidus data are shown in Figure 6. The results indicate a 
mutual solid solubility effect of LiF and AlF3 in Na3AIF6. 

The results for the system Na3AIF6-Li,AlF3+x-CaF2 with different 
values of x are shown in Figure 7, whereas other data obtained in 
systems with more than three components are given in Table 1 
below. The data did not justify the adding of other cross-terms 
between different components than those already mentioned. 

Comparison with other liquidus equations. A comparison with 
liquidus equati~ns published by Dewingl9l and by Peterson and 
Tabereaux[lZJ is provided in Figure 8. For normal concentrations 
of AIF3, CaF2, and Al20 3 (about 10 wt%, 5 wt%, and 3 wt%, 
respectively) there is reasonable agreement between the three 
equations. The predicted influence of CaP2 and of Al20 3 is 
somewhat different in the three equations, however. The equation 
presented by Peterson and Tabereaux 12 contains numerous cross­
terms between CaF2, Al 20 3 and AIF3, which tends to give 
erronous results outside conventional bath compositions. The 
equation derived by Dewingf91 docs not contain any cross terms, 
which implies that the influence of the variable solid solubility has 
not been accounted for. 

Table I. Experimental liquidus temperatures and liquidus 
temperatures calculated from Eq. (4) for different melt 

compositions (wt%) not included in the figures. 

Liquidus temp. [0 C] 
[AJF3] [CaF2] lLiFJ [Al20 3] Exp. Eq. (4) 

5.36 4.78 4.96 4.00 929.5 929.3 
5.47 4.88 5.07 2.00 939.7 938.8 
5.76 5.17 1.78 2.00 965.1 965.2 
5.80 5.18 1.79 4.00 953.3 954.3 
11.92 5.32 3.68 4.00 920.6 921.1 
12.17 5.42 1.88 4.00 934.6 933.4 
12.17 5.43 3.76 2.00 931.8 930.7 
12.42 5.53 1.92 2.00 945.2 943.2 
21.00 3.50 9.00 1.00 848.0 848.8 
21.00 3.50 9.00 2.00 840.5 841.8 
21.00 3.50 9.00 3.00 834.5 835.2 
23 .00 3.50 7.10 1.00 843.7 840.4 
23.00 3.50 7.10 2.00 835.7 833.2 
23.00 3.50 7.10 3.00 827.4 826.5 
25.00 3.50 3.50 1.00 834.5 837.2 
25.00 3.50 3.50 2.00 826.0 830.0 
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Alumina Solubility 

The initial melt compositions (before adding alumina) in the 
system Na3AJF6-AlF3-LiF-CaF2-MgF2 were selected as shown in 
Figure 9. The alumina solubility was usually determined at three 
different temperatures for each composition. The results presented 
graphically in Figures I 0-18 may he of some interest when 
selecting low temperature baths for aluminium electrolysis. 

The data were fitted to the equation 

A(w:m) or 

where 

A 11.9 - 0.062 [AIF3] - 0.0031 [AIFi - 0.50 [LiF] 

B 
2.2 [LiF] 15 

4.8 - 0.048 [AJF3] I 
10 + [LiP] + 0.001 [AIF3] 

(5) 

where the square brackets denote wt% of components in the 
system Na3A1F6-AI20 3(sat)-AIF3-CaF2-MgF2-LiF and t is the 
temperature in °C. The standard deviation between the equation 
and the experimental points in the temperature range 850 °C-1050 
°C was found to be 0.29 wt% Al20 3 for the 120 points. 
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The system Na3AlF6-AIF3. Figure 10 shows the liquidus 
temperature lines for primary crystallization of both Na3AlF6 and 
AI20 3. It is well established that the Na3AIF6-Ai20 3 system is a 
simple eutectic system1 17•28l The alumina saturation 
concentrations found in the present work are in good agreement 
with the work of Chin and Hollingshead1141 and Henry and 
Lafky1291 based on saturation measurements. Other data1 15•28l show 
somewhat higher solubilities, but they may be in agreement when 
considering the experimental uncertainties. 

Data from different sources describing the eutectic point in the 
N~AJF6-AI203 system are given in Table II. At least 50 
experimental determinations of the melting point of natural sodium 
cryolite have revealed that it is I 011 ± 1 °C, when selecting the 
purest crystals. The melting point of the cryolite used in most of 
the investigations shown in Table II is lower, which may indicate 
that some impurities must be present. If this assumption is correct, 
it may mean that the eutectic temperature should be raised 
accordingly, bringing most of the data to be consistent with 
965±1°C and 10.0±0.3 wt % AI20 3 as the eutectic point. 

Table II. Eutectic temperature (tcut) and eutectic alumina 
concentration ([AI20 3Jcut) in the system Na3AIF6-AI20 3 from 

different sources, compared with the corresponding melting 

point of the cryolite used (tcry). 

Author/ref. tcry teul [Aiz03lcut 
(OCJ [OC] fwt%] 

Fenerty and Hollingshead1151 1009 961 10.2 
Phillips et al. [301 1009 962 10.0 
Foster1311 1004 961 10.5 
RoJinl32J 1009 960 11.5 
Brynestad et az.l33l 1011 963 10.6 
Chin et al. 1141 1009 962 \0.0 
Holmi341 1011 963 11.2 

This work 1011 965.9*) 10.07*) 

*) From Equations (4) and (5) 

The system N!!jAIF6-AlF3-LiF-AI&3-CaF2-MgF2. Provided a 
constant sum [LiF] + [AJF3] , the crossterm between AJF3 and LiF 
in term A of Eq. (5) has its maximum close to the Li3AIF6 
composition. It should he noted, however, that the alumina 
solubility is more dependent on the temperature in melts with high 
contents of LiF than in melts high in AIF3 (see Figures 11-14). 
This indicates that \ow-melting baths should be based on large 
additions of AIF3 rather than LiF. This is also evident from Figure 
19, which gives corresponding values for the alumina 
concentration and the temperature along the cryolite/alumina 
invariant line. 

The calculated phase diagram (Na3AJF6-5 wt% CaF2)-AIF3-AI20 3 
is given in Figure 20. 
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initial (i.e. , alumina-free) melt composition (mol % Li0_5AJF3_5) is 
given in the figure. The curves represent Eqs. (4) and (5). 
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Figure 13. The solubility of alumina in the system Na3AlF6-
LiA1F 4-Al20 3, . visualized as quasibinary phase diagrams. The 
initial (i.e., alumina-free) melt composition (mol% LiAlF4) is 
given in the figure. The curves represent Eqs. (4) and (5). 
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l<'igure 14. The solubility of alumina in the system Na3AIF6-
Li3AJF6-Al203, visualized as quasibinary phase diagrams. The 
initial (i.e., alumina-free) melt composition (mol% Li3AlF6) is 
given in the figure. The curves rcprc~<·at Eqs. (4) and (5). 
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Figure 15. The solubility of alumina in the system Na3AlF6-AlF3" 
LiF-12 mol% CaF2-Al20 3, visualized as quasibinary phase 
diagrams. The initial (i.e., alumina-free) melt composition is given 
in the figure. The curves represent Eqs . (4) and (5). 
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Figure 16. The solubility of alumina in the system Na3AlF6-AIF3-
LiF-3.5 wt% CaF2-Al20 3, visualized as quasibinary phase 
diagrams. The initial (i.e., alumina-free) melt composition (in 
wt%) is given in the figure. The curves represent Eqs. (4) and (5). 
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Figure 17. The solubility of alumina in the system Na3AIF6-AIF3-

LiF-12 mol% MgF2-Al20 3, visualized as quasibinary phase 
diagrams. The initial (i.e. , alumina-free) melt composition is given 
in the figure. The curves represent Eqs. (4) and (5). 
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Figure 18. The solubility of alumina at 1000 °C in the systems 
Na3AlF6-AIF3-AI20 3-12 mol% MgF2 and Na3AlF6-Li3AIF6-
AI20T12 mol% MgF2. The curves represent Equation (5). 
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Figure 19. Corresponding values for the alumina concentration 
and the temperature along the Al20iNa3AIF6 invariant line in the 
system N~AIF6-5 wt%CaFrA1FrLiF at different LiF/AIF3 ratios 
as given in the figure (calculated from Eqs. (4) and (5)). 

~ 
~ 
....... 
....... 
a 
-"' ::s 

10 r-

I'--
B 

-
6 ,..... 

-,...... 
4 

1---

I-
2 ----
0 

0 
Na 3 A!F6 -

Swt% CaF2 

:::::: :::::: 
.:::::: -

""' ......... 

" ~ ....... 

"-.. 

--.... 

~8rZ 

--r--
t--

5 

t=: t==: ::::::: t:t:: :ib r--- t::: ~ rf!i!o -...... 
r- ::::: ~ ::::-~ :;: ::::: :::: :::::: r- :-;; 

,..._ t- :- :-' _....;: 

\ ~ ~ :::: t::: f::: :;:;::::::: 1'\ 
....., 

~""; t::-' :::'""-.:; 

\ 1\ 
:---

\ 1\ \ 1\ " ~ \ 
\ 1\ \ \ '\ \ \ 1\ 1\ \ 

1"'- !\ 
!-\«>\ \ 1\ I~ \ \ '\ ~ 

~ '\ <SO \ 1\ \1\\ \\ 
""" 

1'\\ 
......... 

""' 
" \ 1\ \ \ 1\ 1\\ \ 

I" '\ \ \ \ \ 1\ l\ ....... "' ......_ 

t'-...... 
""" ~ ~ l\ "-.. 

t---- r\ \ \ 
10 

[AIF3 ] I wt% 

15 

8 §2 ~ s t:::: :::-:: 
~ g § §: 

::2 
§ 
~ 

-o: 
~ t:::: f_z~ ~ ~ 

1\\ l\ ~ ~ 
~~~ ,\'§, \ 
1\'S \\l\' 
l\ \\ l~ \\ 
\\ ~~ k\ ~ 
'~ ~ IY \~ 

20 

Figure 20. Part of the (Na3AIF6-5 wt% CaF2)-AIF3-Al20 3 phase 
diagram, as calculated from Eqs. (4) and (5). 
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