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Abstract The efficiency of the Hall-Héroult process is

influenced by the formation of solid or solid–liquid

deposits on the cathode block surface. These deposits have

a high electrical and thermal resistivity. Hence, they disturb

the electrical current path at the aluminum and cathode

block interface. The phase diagrams of deposits with a

typical composition were calculated by thermodynamic

equilibrium, and the results were confirmed by differential

scanning calorimetry measurements. The ledge toe is

mainly composed by Na3AlF6(ss), Al2O3(s), and liquid bath

in industrial cells. The liquid fraction in the deposits at

temperature lower than 933 �C is due to the presence of

Na5Al3F14, Na2Ca3Al2F14, and NaCaAlF6 and depends on

[Al2O3], [CaF2] and the cryolite ratio (CR). The side ledge

in industrial cell contains liquid phase when the CR is

lower than 2.8. The sludge contains Al2O3(s) and liquid

bath. The ledge toe grows when the local temperature is

lower than the solidification temperature of Na3AlF6.

Keywords Aluminum electrolysis � Thermodynamic �
Ledge toe � Sludge � Side ledge � DSC

Introduction

The Hall-Héroult process requires a lot of energy to pro-

duce aluminum. The electrical resistivity of various cell

components and the heat losses to the surroundings are

responsible for the high energy consumption. The heat

losses are necessary to maintain the heat balance of the cell

and to sustain the protective layer of frozen electrolyte on

the sidewall. The formation and behavior of the deposits

under the aluminum pad were investigated in order to

optimize the efficiency of this process. These deposits

cause a restriction on the cathode block surface, thus

altering the flow of current, deteriorating the stability of the

cells and increasing the cathodic voltage drop [1]. The

thermodynamic models of the molten electrolyte used in

this process have been significantly improved in the last

decade, allowing a better comprehension of the behavior of

the deposits [2].

In recent decades, the NaF–AlF3–CaF2–Al2O3 system

with LiF, MgF2, and KF additives has been studied by

thermal analysis (TA) and differential thermal analysis

(DTA) in order to find the liquidus temperature of the

electrolytic bath when undersaturated in alumina [3–7].

The solubility of alumina in molten salts was determined

by measuring the mass losses of an alumina disk in a

cryolitic bath [8]. These studies determined the liquidus

temperature of various melt compositions and described

the behavior of the bath at high temperatures. However,

according to thermal modeling results [1], the temperature

inside the ledge toe and bottom freeze can be lower than

the temperature of crystallization of the cryolite. Recently,

a thermodynamic study was applied to describe the molten

cryolite system in a typical industrial electrolysis cell in

order to optimize the composition of the electrolytic

bath [9].
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The chemical composition of the deposits on the cathode

surface varies depending on the location where the sample

is collected. According to Allard et al. [10], the ledge toe

area close to the sidewall has a chemical composition close

to the bath above the metal. The ledge toe area farther from

the sidewall is supersaturated in alumina and has a higher

cryolite ratio (CR). The CR is the molar ratio of NaF/AlF3

calculated from the phases detected by XRD (X-ray dif-

fraction). Moreover, the ledge toe can have a composition

similar to the bottom crust (up to 85 % of Al2O3). Typi-

cally, the bottom crust has a mass fraction of alumina

between 65 and 85 % and a much lower concentration of

AlF3 and CaF2 than the electrolytic bath [11]. Sludge

located under the aluminum pad has a typical alumina

concentration between 20 and 50 %, a CaF2 concentration

of 3 % (diluted by the high concentration of alumina), and

a higher CR than the bath [10–13]. Thick samples of sludge

can be located between the ledge toe and the center of the

electrolysis cell. A thin film of bath supersaturated in

alumina can cover a large part of the cathode surface and it

has a similar composition when compared to the sludge.

Freezing of bath can occur if the CR is high (low superheat

of the bath) or if there are excessive heat losses from the

bottom of the cell. The bottom freeze is a deposit which

contains a low concentration of alumina. It can be located

at the same position than the sludge. Figure 1 shows the

locations of the deposits in industrial electrolysis cell.

The side ledge is formed on the sidewall by the primary

crystallization of the cryolite (Na3AlF6) [14]. The side

ledge formed at equilibrium conditions has a composition

close to pure Na3AlF6. The liquid phase surrounding the

Na3AlF6 will be more concentrated in AlF3, CaF2, and

Al2O3 and will diffuse toward the bath [15]. However, the

rate of cooling may be sufficiently high to favor dendritic

crystal growth. Depending on the cooling rate, the liquid

phase can be ‘‘trapped’’ into the dendrites during the for-

mation of the side ledge, especially if there is supercooling

[15, 16]. Thus, the side ledge has a heterogeneous

composition which depends on the bath chemistry and rate

of cooling.

In this article, a thermodynamic study will be used to

determine the temperature of transition of the different

phases in the deposits that form on the cathode surface. The

phase diagrams were validated by differential scanning

calorimetry (DSC) in order to ensure the relevance of the

results obtained by the thermodynamic calculations.

Thermogravimetry and differential thermal analysis (TG/

DTA) were conducted in order to verify the mass losses

and energies involved during the experiments. The ther-

modynamic study will help in understanding the behavior

of the deposits at operating conditions based on their typ-

ical chemical composition.

Experimental methods

Sample preparation

The thermal analyses were completed in order to assess the

reactions occurring in the deposits during the operation of

an electrolysis cell and to validate the thermodynamic data.

Chemical products with high purity were used as reactants.

The following chemical products: Na3AlF6 (99.9 %), NaF

(99 %), and a-Al2O3 (99.95 %) were sourced from Alfa

Aesar; AlF3 (99.9 %) and CaF2 (99.9 %) were obtained

from Sigma-Aldrich. The melting point of the Na3AlF6 was

found to be at 1,010 �C based on a DSC analysis. More-

over, its composition was validated by XRD analysis.

The chemical compositions of typical deposits were

reproduced in the samples. Each reactant was ground into a

fine powder of similar particle size and mixed together

prior to the thermal analysis. The variables in this study

were the CR and the equivalent quantity of CaF2 in the bath

without considering the alumina concentration. The total

quantity of AlF3 and CaF2 was diluted with alumina for

samples with high alumina concentrations. Equation 1 was

used to calculate the concentration of CaF2 in the samples

analyzed by the DSC and by the thermodynamic

equilibrium:

wCaF2eq
¼ wCaF2

1� wAl2O3

: ð1Þ

Methods

Differential scanning calorimetry (DSC)

Most of the reactions were conducted in a Netzsch DSC

404 F3 Pegasus in order to evaluate the temperature of

phase transition. The DSC equipped with a platinum

measuring head can reach a temperature of 1,500 �C. The

samples analyzed in this study were heated from 20 toFig. 1 Diagram of the deposits in industrial electrolysis cell
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1,050 �C, cooled from 1,050 to 400 �C and heated a second

time to 1,050 �C at a rate of 10 �C min-1. The controlled

atmosphere of each test was assured by a continuous flow

of nitrogen. The reactants were put in a graphite crucible of

85 lL (Netzsch), and a graphite cover was installed on the

crucible before measurements. The graphite cover has a

small vent hole in the center. Therefore, pressure build-up

cannot occur inside the crucible. The cover helps in

obtaining a better base line, to lower the evaporation and to

achieve a better repeatability. Typically, 35 mg of fresh

reactant was added before each DSC analysis.

Thermogravimetry and differential thermal analysis (TG/

DTA)

Some reactions were repeated to evaluate the mass losses

during the analysis. These tests were performed by using a

Setaram Setsys 2400. The measuring head installed in this

instrument is able to reach a temperature of 1,600 �C. The

heating rates were controlled to 10 �C min-1. The reaction

chamber was filled with argon as to reduce oxidation. A

crucible (platinum/rhodium 10 %) without a cover was

used. Typically, 20 mg of reactant was put in the crucible

before each test.

X-ray diffraction (XRD)

Some samples were analyzed by XRD in order to obtain

their chemical composition. The samples were ground prior

to the analysis. XRD characterization was completed with a

PANalytical X’Pert PRO MPD diffractometer. The data

were collected with a PIXcel1D detector. The rotation speed

of the sample holder was set to 1 s-1. The diffraction

pattern was gathered from 10 to 74� at a 2h angle with the

Cu Ka radiation. The chemical compositions of the sam-

ples discussed in this article were obtained with a Rietveld

method performed on XRD results. XRD analyses of

deposits lead to the detection of the following compounds:

Na3AlF6, Na5Al3F14, NaAlF4, Na2Ca3Al2F14, NaCaAlF6,

Na4Ca4Al7F33, CaF2, NaF, AlF3, a-Al2O3, c-Al2O3, d-

Al2O3, h-Al2O3, b-Al2O3, Al4C3, Al, and C. The Rietveld

refinements were obtained with the software PANalytical

HighScore Plus. Figure 2 provides an example of the Ri-

etveld refinement processed on XRD data from a sample of

ledge toe. Only the main phases were selected in this

example. The Rietveld refinement (blue line) was added

over the XRD pattern (black line).

Theoretical calculations

Thermodynamic equilibrium

The formation of deposits at the cathode surface was

investigated by a thermodynamic equilibrium analysis in

order to assess the behavior of deposits in industrial

operating conditions. Thermodynamic equilibrium calcu-

lations were achieved by using the FactSage software

version 6.4. This software calculates the thermodynamic

equilibrium based on the Gibbs free energy minimization

[2]. The FTHall database was selected to model the NaF–

AlF3–CaF2–Al2O3 system. The calculations were all car-

ried out at atmospheric pressure. All concentrations pre-

sented in this article are expressed in mass fraction (%) and

20

Na3AlF6 (cryolite)
Na5Al3F14 (chiolite)
Na2Ca3Al2F14 (Ca-cryolite)
CaF2 (fluorite)
Al2O3 (alpha-corundum)

53.9 %
11.1 %
1.7 %
1.9 %
31.4 %

500

1000

1500

Counts

30 40 50
2θ/°

60 70

Fig. 2 Rietveld refinement processed on XRD data of a ledge toe sample
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they are expressed with brackets. The following solutions

were selected in the FTHall database: bath (NaF, CaF2,

AlF3, Al2F6, Na2O, CaO, and Al2O3), low temperature

cryolite (Na3AlF6, AlF6, Ca3AlF6), high temperature

cryolite (Na3AlF6, Na3AlF4, AlF4, AlF6, Ca3AlF6, Ca3-

AlF4), and metal (Al, Na, Ca). These solid species were

selected: Na, Na2O, NaF, Al, Al2O3, AlF3, NaAlO2,

NaAl9O14, Na2Al12O19, Na3AlF6, Na5Al3F14, Ca, CaO,

CaF2, CaAl2O4, CaAl4O7, CaAl12O19, Ca3Al2O6, CaAlF5,

Ca2AlF7, Ca12Al14F2O32 NaCaAlF6, NaCaAl2F9, Na2Ca3-

Al2F14, and Na4Ca4Al7F33. The gas species which came

from the FTHall and FactPS database were also selected.

The phase diagrams calculated with FactSage were con-

firmed by DSC analysis with the heating and cooling

curves.

Reactants used to reproduce the industrial deposits

The chemical composition of the products synthetized by

the reactions between Na3AlF6, CaF2, and AlF3 were val-

idated by XRD analysis. First of all, the reactants were

mixed together and placed in a graphite crucible. The

crucible was placed in a furnace in order to perform the

reaction under nitrogen atmosphere. A thermocouple was

placed in the crucible in order to confirm the temperature.

After the heating and cooling steps, the reactants produced

the following compounds: Na5Al3F14, Na2Ca3Al2F14,

NaCaAlF6, and Na4Ca4Al7F33; in addition Na3AlF6, AlF3,

and CaF2 remained unreacted. Furthermore, a thermody-

namic equilibrium analysis with the Na3AlF6, CaF2, AlF3,

and Al2O3 system confirmed the production of the previous

compounds. Thus, the industrial deposits will be repre-

sented using Na3AlF6, CaF2, AlF3, and Al2O3 as reactants

in the thermochemical investigation.

Chemical composition of industrial deposits

Table 1 shows the typical concentration of the different

deposits that form on the cathode surface of an aluminum

electrolysis cell. The main compounds found by XRD and

Rietveld analysis in the deposits were Na3AlF6, Na5Al3F14,

Na2Ca3Al2F14, and a-Al2O3 according to previous work

[17]. The chemical composition indicated in Table 1 is

limited to Na3AlF6, AlF3, CaF2, and Al2O3 in order to

simplify the presentation. It is also important to note that

some industrial electrolysis cells may have an AlF3 and

CaF2 content higher or lower than these data, depending on

the operating conditions. The composition of the reactant

used in the thermodynamic equilibrium analysis and the

DSC tests will be based on the results of Table 1.

The general composition of the deposits varies a lot as a

result of the local parameters (surrounding composition,

temperature, and rate of cooling) in the cell which impact

the formation mechanisms. The side ledge formed at equi-

librium has a composition close to pure Na3AlF6(ss). How-

ever, previous observations showed a side ledge with a

composition near to the bath (CR between 2.2 and 2.5)

[10, 17]. Generally, the side ledge is more neutral and had a

lower [CaF2], [AlF3], and [Al2O3] than the bulk bath [14].

Results and discussion

Reactions in the NaF–AlF3–CaF2–Al2O3 system

The composition of the deposits on the cathode surface can

be described by the NaF–AlF3–CaF2–Al2O3 system. Al2O3

interacts with the NaF–AlF3–CaF2 system principally by

modifying the liquidus temperature. The Al2O3 content

decreases the solidification temperature of the cryolite

solution in alumina undersaturated bath, while this tem-

perature remains constant in supersaturated bath. As it is

locally added, Al2O3 is in supersaturation condition. Part of

the Al2O3 remains undissolved and sinks into the bath to

form sludge. A very high temperature is required in order

to completely melt the sludge at the bottom of the cell

because of its high liquidus temperature. There is an

important temperature gradient inside the side ledge and

the ledge toe, due to important heat losses by the sidewall

and by the bottom of the electrolysis cell. Thus, the reac-

tions occurring in the deposits are complex and evolve at a

wide range of temperatures. Table 2 shows the main

reactions that occur in the deposits during the operation of

an industrial electrolysis cells. The temperatures of the

reactions were obtained by thermodynamic calculations.

The letter L represents the liquid electrolytic bath in the

system. The liquid solution is mainly composed of NaF,

AlF3, Na2O, Al2O3, CaF2, and CaO according to thermo-

dynamic calculations. The composition of the main crys-

talline phases is based on previous work [17]. Accordingly,

the main phases in the deposits taken in industrial cells are

Na3AlF6, Na5Al3F14, Na2Ca3Al2F14, and a-Al2O3. These

Table 1 General mass composition of the various deposits in the

Hall-Héroult process [10–14]

Type of deposits AlF3/

%

CaF2/

%

Al2O3/

%

Na3AlF6/%

Side ledge 1–13 1–6 1–5

Ledge toe with low

[Al2O3]

5–13 4–6 2–10

Ledge toe with high

[Al2O3]

2–13 2–5 10–85 100�wAlF3

Bottom freeze 2–13 4–6 2–10 �wCaF2
�wAl2O3

Sludge 2–10 2–5 20–50

Bottom crust 2–5 2 65–85
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compounds were detected by XRD. The reactions will be

described with the phase diagrams (Figs. 5, 6, 7).

DSC investigation in the formation of deposits

Analysis of synthetic bath

The reactions that occur during the process were investi-

gated with a DSC method. The reactants (Na3AlF6, AlF3,

CaF2, and a-Al2O3) were placed in a graphite crucible with

a cover. The peak temperatures of each reaction observed

in the DSC measurements were used to determine the

phase transitions. Such an approach usually overestimates

the temperature of phase transition because of the constant

heating rate (10 �C min-1) delivered by the furnace and

the time needed for the reaction [18, 19]. As expected, a

similar analysis done during the cooling step will under-

estimate the temperature for the same reason. The heat

transfer between the source and the sample is not instan-

taneous and depends on the conduction, convection, and

radiation inside the apparatus [19, 20]. These phenomena

introduce a ‘‘thermal lag’’ which delays the peak in the

DSC or DTA curve [20]. A higher heating rate increases

the ‘‘thermal lag’’ [19]. The heating rate and cooling rate of

10 �C min-1 are a compromise between duration of data

acquisition and proper results. The temperature calculated

by thermodynamic equilibrium will therefore be between

the temperatures determined during the heating and cooling

steps. Each sample was heated a second time in order to

evaluate the effect of the irreversible reactions on the peak

temperatures found by DSC. Figure 3 illustrates the dif-

ference between the first heating and second heating steps

on the transition of a-Na3AlF6 to b-Na3AlF6 for a sample

with a CR of 2.2, [CaF2eq] of 5 % and [Al2O3] of 10 %.

The temperatures of 564 and 528 �C were determined

from DSC measurements in the first and second heating

steps, respectively. The first heating of the synthetic bath

shows a similar conversion of a-Na3AlF6 to b-Na3AlF6

than pure Na3AlF6 (563 �C according to thermodynamic

calculations). This temperature of conversion decreased

when NaCaAlF6 is dissolved in the Na3AlF6(ss). The tran-

sition a-Na3AlF6 to b-Na3AlF6 occurs at 526 �C according

to thermodynamic calculations made with the same bath

chemistry. The second heating showed the conversion of a-

Na3AlF6 to b-Na3AlF6 when NaCaAlF6 is partially dis-

solved (528 �C). The second heating of the sample helped

to accurately determine the temperature of transition of a-

Na3AlF6 to b-Na3AlF6 in the NaF–AlF3–CaF2–Al2O3

system compared to thermodynamic equilibrium.

A DSC measurement was completed with pure cryolite.

It showed a peak temperature at 567 �C corresponding to

the a-Na3AlF6 to b-Na3AlF6 transition. Thermodynamic

calculation shows this reaction at 563 �C with pure cryo-

lite. Thus, CaF2 content decreased the temperature of

transition of a-Na3AlF6 to b-Na3AlF6.

The bath began to melt at a temperature close to the

second endothermic peak. This temperature was 735 �C for

the first heating step and 727 �C for the second. The Na3-

AlF6 solid solution melted completely at 954 and 963 �C in

the first and second heating steps, respectively. The melting

temperature varied depending on the chemical composi-

tion, as indicated by the results of the additional DSC

investigations found in Figs. 5–7. They were integrated

into the phase diagrams calculated by thermodynamic

equilibrium.

DSC analysis of industrial bath

A sample of industrial bath, with increased [Al2O3], was

also analyzed by DSC (Fig. 4). The chemical composition

of this typical industrial bath was 11 % AlF3, 5 % CaF2eq,

and 10 % Al2O3 (CR of 2.2) as determined by XRD. The

transition of a-Na3AlF6 to b-Na3AlF6 occurred at 524 �C

according to the first heating of the sample and at 521 �C
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lo

w
/m

W
 m

g–1

800 900 1000

954 °C

963 °C

Fig. 3 Typical DSC curves of synthetic bath (CR = 2.2,

CaF2eq = 5 % and Al2O3 = 10 %)

Table 2 Main reactions in the NaF–AlF3–CaF2 system according to

thermodynamic calculations

a� Na3AlF6ðsÞ ! b� Na3AlF6ðsÞ 563 �C

b� Na3AlF6ðsÞ ! L 1,009 �C

Na5Al3F14ðsÞ ! Lþ Na3AlF6ðsÞ 726 �C

Na5Al3F14ðsÞ ! L 873 �C

Na5Al3F14ðsÞ þ AlF3ðsÞ ! Lþ Na5Al3F14ðsÞ 685 �C

Na2Ca3Al2F14ðsÞ ! Lþ CaF2ðsÞ 754 �C

Na2Ca3Al2F14ðsÞ ! L 1,031 �C

b� NaCaAlF6ðsÞ ! a� NaCaAlF6ðsÞ 654 �C

a� NaCaAlF6ðsÞ ! Lþ Na2Ca3Al2F14ðsÞ 710 �C

a� NaCaAlF6ðsÞ ! L 931 �C
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within the second heating. These transition temperatures

found by the first and second heating occurred at closer

temperatures with the industrial bath than synthetic bath.

The difference between the results of industrial bath and

synthetic bath occurred because the industrial bath had

already been heated. Moreover, the industrial bath showed

also endothermic peak at 720 and 938 �C according to the

first heating.

Thermodynamic phase diagrams of the deposits

in the Hall-Héroult process

The thermodynamic investigation aims to describe the

behavior of the deposits in real industrial operating

conditions. Figures 5–7 show the reactions that occur in the

deposits based on the composition described in Table 1.

The phase diagrams were calculated at thermodynamic

equilibrium with FactSage V. 6.4. The peak temperatures

found by DSC are indicated by data points in each phase

diagram (Figs. 5–7). The endothermic reactions are pre-

sented by black shapes (heating step). The exothermic

reactions are expressed by empty shapes (cooling step).

The black triangles show the transition temperatures of a-

Na3AlF6 to b-Na3AlF6 and these temperatures come from

the second heating step. All other black-filled shapes dis-

play the data determined with the first heating step. The

temperatures when the melting process begun are indicated

by diamonds, or circles in highly acidic bath, and the

melting temperatures of Na3AlF6(ss) are indicated by

squares.

Phase diagram of Al2O3

The first phase diagram is related to the alumina mass

fraction in electrolytic bath (Fig. 5). It shows the reactions

in an acid bath (CR of 2.2) with a typical [CaF2eq] of 5 %.

The ledge toe typically contains a [CaF2eq] around 5 % and

is undersaturated in Al2O3 at a location close to the side-

wall and supersaturated further from the sidewall [17]. The

sludge is highly supersaturated in Al2O3 ([Al2O3] of 20 to

80 %) [12, 13]. The melting temperature of the Na3AlF6(ss)

impacts the formation and melting of the ledge toe and side

ledge. The Na3AlF6(ss) is a solid solution with dissolved

CaF2 and AlF3. This solid solution is stable from 525 to
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Fig. 4 DSC curves of industrial bath (CR = 2.2, CaF2eq = 5 % and

Al2O3 = 10 %)
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Fig. 5 Phase diagram of the Al2O3 mass fraction in a bath of CR = 2.2 and CaF2eq = 5 %
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933 �C (melting temperature of Na3AlF6(ss)) according to

thermodynamic equilibrium calculations.

According to the thermodynamic equilibrium, the reac-

tion of a-Na3AlF6 to b-Na3AlF6 occurs at 526 �C. The

DSC results showed an average transition temperature of

529 ± 1 �C. When the bath is undersaturated

([Al2O3] \ 8 % at 960 �C), the melting temperature of

Na3AlF6(ss) is highly influenced by the Al2O3 concentra-

tion. This transition occurs at a constant temperature of

933 �C in supersaturated bath. The DSC curves showed an

endothermic peak around this transition temperature, and

the average temperature was 947 ± 7 �C according to the

peak detected during the first heating step. The heating and

the cooling steps were located over and under the
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Fig. 6 Phase diagram of the CaF2eq content in a bath of CR = 2.2 and Al2O3 = 10 %
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temperature determined by thermodynamic equilibrium.

Na5Al3F14 is the first compound that melts in this system.

The melting of this compound begins at 698 �C and it ends

at 711 �C according to thermodynamic calculations. The

melting temperature of Na5Al3F14 is depressed by the

alumina concentration up to saturation ([Al2O3] \ 0.4 % at

711 �C). The melting of Na5Al3F14 occurs at 716 �C

without Al2O3, and with 5 % CaF2eq. The melting of the

solid solution mostly composed by Na3AlF6 proceeds

continuously between 711 and 933 �C in supersaturated

bath. The liquidus temperature of the bath increased

quickly when the [Al2O3] is higher than 7 %.

Phase diagram of CaF2eq

The deposits typically have a [CaF2eq] between 4 and 7 %

according to previous study [17]. The concentration may

fluctuate depending on the specific operating condition and

Ca concentration in the feed. According to thermodynamic

analysis, b-NaCaAlF6 is stable at room temperature.

However, only a small quantity of this compound was

detected in the deposits analyzed by XRD [17]. Most of the

calcium detected came from the compound Na2Ca3Al2F14.

NaCaAlF6 has a low crystallinity and cannot be entirely

determined by XRD [21]. A Pot Flux Channel detector

must be used to analyze the total content of calcium [22].

The residual calcium can be attributed to NaCaAlF6.

NaCaAlF6 forms a solution with a-Na3AlF6 and b-Na3AlF6

in solid phase. A low [NaCaAlF6] is dissolved in a-Na3-

AlF6. The fraction of NaCaAlF6 dissolved in a or b-Na3-

AlF6 increased with temperature [23]. The maximum

solubility of the NaCaAlF6 is reached at 700 �C according

to equilibrium calculations of the phases reported in the

diagram presented previously (Fig. 5). This temperature

corresponds to the beginning of the liquid bath formation.

A fraction of the calcium will be found in the liquid bath at

higher temperature. Figure 6 depicts the reactions in the

bath when the [CaF2eq] varies.

The calcium content decreased the temperature of the

first endothermic peak in the second heating step. The first

endothermic peak corresponds to the transformation of a-

Na3AlF6 to b-Na3AlF6. This peak was detected at 567 �C

without CaF2 and it occurred at an average of 528 ± 1 �C

when the [CaF2eq] was higher than 4 %. The CaF2eq was

used in order to neglect the dilution of the alumina and to

offer a better representation of the behavior in the deposits

supersaturated in alumina. The reaction of b-NaCaAlF6 to

a-NaCaAlF6 occurs at 654 �C according to thermodynamic

equilibrium. The bath begins to melt at 720 �C without

CaF2 and this temperature decreases with increasing

[CaF2]. Furthermore, the temperature of the second endo-

thermic peak decreased with [CaF2eq] between 0 and 8 %.

The bath begins to melt at 698 �C with a [CaF2eq] of 5 %.

Na3AlF6(ss) finishes to melt at 950 �C without CaF2 and at

925 �C with 11 % of CaF2eq in the bath. The dissolution of

Al2O3 in the bath decreases when the [CaF2] increases.

Thus, a high content of CaF2 in the liquid is detrimental to

the dissolution of the sludge. On the other hand, a high

[CaF2] can help in reducing the formation of freeze and

ledge toe on the cathode surface due to a lower melting

temperature. However, a bath highly concentrated in CaF2

will also affect the formation of the side ledge close to the

bath because of its lower melting temperature. Na2Ca3-

Al2F14 appears in the phase diagram at [CaF2eq] higher

than 10 %. Na4Ca4Al7F33 forms with high acidity content

but it was not detected by XRD in previous work.

Phase diagram of NaF/AlF3

The chemistry of the bath changes during the operation of

an electrolysis cell due to various operating conditions and

events (bath evaporation, anode crust losses, siphoning of

bath, chemical composition adjustments, etc.). Previous

work showed that highly supersaturated deposits had a

higher CR than the bath above the metal [10]. Furthermore,

migration of sodium ions toward the cathode is responsible

for a higher concentration of sodium near the surface of the

cathode block. Thus, the CR of the ledge toe and the sludge

are higher than the CR of electrolysis bath and it varies

between 2.4 and 2.8 [12, 13, 17]. The extremity of the

ledge toe, far from the sidewall, and the sludge are

supersaturated in Al2O3. Their behavior can be described

by a phase diagram with [Al2O3] higher than the saturation

point. The phase diagram in Fig. 7 shows the impact of the

CR on the reactions that occur in the electrolytic bath.

As confirmed by DSC and thermodynamic equilibrium

calculations, the CR had a major impact on the transfor-

mation temperature of Na3AlF6(ss) into liquid bath. The

melting of this solution occurs at higher temperature with a

neutral CR and it decreases with increasing or decreasing

CR. At CR = 3.0 the melting of Na3AlF6(ss) occurs at

951 �C. It becomes 910 �C at CR = 2.0 and 937 �C at

CR = 4.0. The formation of the liquid solution begins at

lower temperature with an acid bath (698 �C with

CR \ 2.3 and 711 �C with CR around 2.7) than with basic

bath (786 �C). The concentration of acid compounds,

Na5Al3F14 and Na2Ca3Al2F14, is low at CR = 2.8 and it is

zero at CR = 3.0. Thus, the DSC analysis did not detect an

endothermic peak at temperature around 700 �C for CR of

2.8 and 3.0.

The bath begins to melt at 918 �C with a CR of 2.8

according to thermodynamic calculations. The DSC ana-

lysis showed a small peak at 939 �C, thus confirming the

result of the thermodynamic calculations at CR = 2.8. The

sample of CR = 3.0 showed a small endothermic peak at

911 �C despite a less acidic CR. The thermodynamic
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equilibrium also showed a similar transition at 894 �C.

According to thermodynamic calculations, the melting of

bath with CR = 3.0 begins at 814 �C due to the CaF2

content. The Na3AlF6–CaF2 system was studied by Holm

in 1968 [24]. He reported a solidus for this system at

around 785 �C within the cooling curve (0.5–1 �C min-1).

However, a small evaporation may have displaced the NaF/

AlF3 ratio by the loss of NaAlF4 during the experiments

made by Holm. Also, the addition of CaF2 can modify the

acidity of the bath and depress the eutectic temperature of

this binary system [24]. The DSC experiment of the sample

with CR = 3.0 only showed peaks at 544, 886, and 895 �C

with the cooling step and no peak was detected around

785 �C. The cover used in the DSC experiments and faster

heating and cooling step (10 �C min-1) should have lim-

ited the evaporation.

The risk of formation of excessive ledge toe is higher if

its chemistry comes closer to the neutral point. The

expansion of the ledge toe considerably reduces the contact

surface between the aluminum and the cathode block.

Furthermore a neutral bath leads to the formation of CaF2(s)

which will sink toward the cathode block. There is for-

mation of NaF(s), CaF2(s), and b-Al2O3(s) when the NaF/

AlF3 ratio is higher than 3.0.

Liquid fraction in the deposits

The liquid fraction in the deposits was determined by

thermodynamic calculations. The melting of an acid bath

begins around 700 �C depending on the CaF2, AlF3, and

Al2O3 content. This mixture completely melts at approxi-

mately 940 �C, without considering the Al2O3 dissolution

in supersaturated bath (exact temperatures of reaction were

described in the previous section). The DSC analysis

showed an endothermic peak close to the transition of solid

to liquid phase confirming the data obtained from ther-

modynamic calculations. Figures 8–10 demonstrate the

evolution of the liquid fraction in function of the temper-

ature. Figure 8 shows the effect of Al2O3 content on the

liquid fraction of the deposits.

Typically, the side ledge at the bottom of the cell is

undersaturated and its melting temperature is extremely

sensitive to the [Al2O3]. In undersaturated bath, the alu-

mina decreases the melting temperature of Na3AlF6(ss).

According to thermodynamic calculations, complete melt-

ing occurs at 970 �C when [Al2O3] = 1 % while it occurs

at 944 �C when [Al2O3] = 5 %. The side ledge and ledge

toe are formed when the local temperature is lower than the

temperature of the solidification of Na3AlF6(ss) (933 �C

with CR = 2.2, CaF2eq = 5 % and Al2O3 = 10 %). The

side ledge behaves like solid deposits during the operation

of the electrolysis cell, as it is attached on the sidewall

during the operation. However, liquid bath exists at
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temperatures higher than 698 �C in acid bath and a fraction

of the side ledge is composed by liquid. The liquid bath

may be ‘‘trapped’’ between the Na3AlF6(ss) crystals. Similar

observations were made by Fallah-Mehrjardi et al. with the

NaF–CaF2–AlF3 system [16]. There is a temperature gra-

dient due to the heat losses at the sidewall and the liquid

fraction varies depending on the local temperature.

The ledge toe near the sidewall has a similar composition

to the side ledge facing the metal and its [Al2O3] increases

farther from the sidewall. Thus, the extremity of the ledge toe

can be described as a bath supersaturated in Al2O3. The

alumina content decreases the liquid fraction according to

the low solubility of alumina. The ledge toe

([Al2O3] = 10–40 %) and the sludge ([Al2O3] = 40 %) on

the cathode block surface are all in contact with liquid alu-

minum. The sludge behaves like a mixture of solid alumina

in liquid electrolytic bath if its temperature is higher than

933 �C. It will behave like solid crust if the heat loss from the

bottom of the cell is sufficient to decrease its temperature

under 933 �C (with CR = 2.2 and CaF2eq = 5 %).

As it can be seen in Fig. 9, [CaF2] in deposits also has an

impact on the solidification of the deposits. High [CaF2]

decreases the solubility of Al2O3 in bath and it decreases

the liquid bath fraction at temperatures higher than 720 �C.

The melting of the bath begins at lower temperature with

higher [CaF2]. The CaF2 affects the formation of side ledge

and ledge toe according to its impact on the melting tem-

perature of Na3AlF6(ss).

Figure 10 shows the impact of the CR on the liquid frac-

tion. The NaF/AlF3 content in the bath has a major impact on

the formation of side ledge and ledge toe. The solidification of

Na3AlF6(ss) begins at 905 �C (CR = 1.9), 933 �C

(CR = 2.2), 946 �C (CR = 2.5), and 951 �C (CR = 2.8).

The risk of the formation of solid deposits on the cathode is

higher with lower acidity. Furthermore, the melting of Na3-

AlF6(ss) occurs within a short temperature interval at CR

between 2.8 and 3.0. The bath of CR = 3.0 began to melt at a

lower temperature than the bath of CR = 2.8 as explained in

the description of the CR phase diagram (Fig. 7).

According to this analysis, the ledge toe contains a major

fraction of liquid phase. The local temperature of this deposit

can be lower than 933 �C [25]. This deposit has a CR

between 2.2 and 2.8 and has a [CaF2eq] *5 % (Table 1).

Thus, the liquid phase in the ledge toe is due to the content in

Na5Al3F14, Na2Ca3Al2F14, and NaCaAlF6. The ledge toe

interacts with the bath film found between the ledge and the

aluminum pad. The liquid bath into the ledge toe and the side

ledge facing the metal may diffuse toward the bath film.

Thermogravimetry and differential thermal analysis

Thermogravimetric analyses were completed in order to

evaluate the mass losses of samples during the

measurement of the endothermic peaks. They were con-

ducted with open crucible and under argon atmosphere.

Figure 11 shows the temperature difference between the

sample and the reference material (DTA) and the mass

losses as a function of the furnace temperature.

This test was performed with a bath of CR = 2.2,

CaF2eq = 5 % and Al2O3 = 10 %.The rate of mass losses

increased above 718 �C according to thermogravimetric

analysis. At 1,000 �C there was a mass loss of 3.7 % with

the bath of CR = 2.2. The same test was conducted with a

bath of CR = 1.9 with similar results. The evaporation of

the volatile phase in the sample affects the results of the

DSC experiments. According to the literature, the meta-

stable phase NaAlF4 can be found from quenched vapor

and is the dominant gaseous species in Na3AlF6 melt [26,

27]. Consequently, the CR will increase during the DSC or

DTA experiments due to the evaporation of acidic phase

(NaAlF4). The cover used in the DSC experiments helped

to reduce the mass loss.

The peak at 718 �C was not detected in the TG/DTA

analysis of Na3AlF6 (Fig. 12). In this case, thermogravi-

metric analysis demonstrated an increasing rate of mass

loss near from 880 �C. This rate increased significantly

after the melting of the Na3AlF6 at 1,005 �C. The mass

losses in the sample of Na3AlF6 were 1.1 % at 1,000 �C.

The mass losses increased quickly at temperature higher

than 1,000 �C and it reached 5 % at 1,100 �C.

Industrial implications of the results

An excessive formation of ledge toe or an important sludge

accumulation under the aluminum pad reduces the contact

surface between the aluminum and the cathode block, a

situation leading to an increased voltage drop and higher

400
0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36

0.38

0.4 Endo DTA

Mass loss

549 °C
718 °C

950 °C

500 600

Temperature/°C

D
TA

/°
C

 m
g–1

M
as

s 
lo

ss
/%

700 800 900 1000
0

0.5

1

1.5

2

2.5

3

3.5

4

Fig. 11 TG/DTA analysis of a bath with CR = 2.2, CaF2eq = 5 %

and Al2O3 = 10 %

1312 F. Allard et al.

123



energy consumption. The formation of deposits on the

cathode surface should be controlled in order to minimize

the electric current restriction. An excessive expansion of

the ledge toe on the cathode surface also modifies the

current path and generates horizontal current which dis-

turbs the process by increasing the motion of the metal.

The chemical compositions of the electrolytic bath could

be controlled in order to minimize the formation of

deposits. Table 3 summarizes the temperature of the main

phase transitions in the side ledge, ledge toe, and sludge of

typical chemical composition. The [CaF2eq] was kept at

5 % for the thermodynamic calculations.

Tsolidus is the temperature when the bath completely

freezes. TNa3AlF6 is the melting temperature of Na3AlF6(ss).

TAl2O3 is the temperature corresponding to the saturation of

Al2O3 in bath. The solidus at 814 �C (CR = 3.0,

[Al2O3] = 40 %) was not detected in the DSC analysis.

The chemical compositions were selected in order to

globally reproduce the data from the previous studies of the

deposits in industrial cells [10–13, 17]. The temperature

range in the side ledge is between the process temperature

(*960 �C) and below 700 �C according to simulation

results [1]. The temperature of the ledge toe is close to the

process temperature, but lower than the melting tempera-

ture of Na3AlF6(ss) [25]. The temperature of the sludge is

similar to the process temperature. The temperature range

in the deposits depends on the heat loss by the sidewall and

the bottom of the cell.

The melting temperature of Na3AlF6(ss) in ledge toe

decreases when the [CaF2] and [AlF3] increase, which is a

favorable situation if one wants to reduce the amount of

ledge toe and bottom freeze. However, higher [CaF2] and

[AlF3] in the bath may also lead to the melting of the side

ledge boundary facing the bulk bath. The [CaF2] also

slightly decreases the melting temperature of Na5Al3F14.

Other additives like LiF, MgF2, or KF will also decrease

the melting temperature of compounds inside the deposits

[4]. The ledge toe near the sidewall has a chemical com-

position similar to the side ledge facing the metal. More-

over, the chemistry of the side ledge at the bottom of the

cell may be similar to the chemistry of the bath [17].

However, the side ledge facing the bath is generally more

neutral. A side ledge formed at equilibrium conditions has

a composition close to pure Na3AlF6 [15]. The extremity of

the ledge toe farther from the sidewall and the sludge are

more supersaturated in alumina and less acidic than the

bath above the metal. For such compounds, one finds a

higher melting temperature of Na3AlF6(ss) based on ther-

modynamic calculations and DSC analysis (Table 3). The

liquidus of such deposits is also higher due to the high

content of Al2O3. An acidic side ledge (CR between 2.2

and 2.5) freezes completely at a temperature around

700 �C depending on [AlF3] and [CaF2]. The liquid frac-

tion in the ledge toe close to the sidewall varies from 95 to

25 % at a temperature range from 933 to 710 �C

(CR = 2.2, CaF2eq = 5 % and Al2O3 = 10 %). Deposits

with such chemical composition completely freeze at

698 �C and completely melt at 1,009 �C (933 �C without

considering the Al2O3 dissolution). The temperature of the

sludge and the extremity of the ledge toe is very close to

the temperature of solidification of Na3AlF6(ss). These

deposits will be composed by solid Al2O3 in liquid bath at

higher temperature than TNa3AlF6. At lower temperature,

they will be mostly solid with acidic liquid species ‘‘trap-

ped’’ into the Na3AlF6 dendrites and a-Al2O3 platelets.

Conclusions

The DSC experiments confirmed the temperature of a-

Na3AlF6 to b-Na3AlF6 transition, the melting of Na5Al3F14

and the melting of Na3AlF6(ss) as calculated by the ther-

modynamic equilibrium. The first heating of the synthetic

bath shows a similar conversion of a-Na3AlF6 to b-Na3-

AlF6 than pure Na3AlF6 (at 563 �C according to thermo-

dynamic calculations). This temperature of conversion
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Table 3 Summary of the main phase transitions in the deposits

Type of deposits CR Al2O3/

%

Tsolidus/

�C

TNa3AlF6/

�C

TAl2O3/

�C

Side ledge or

undersaturated

ledge toe

2.2 4 698 950 915

2.5 4 708 965 938

2.8 4 918 971 947

Sludge or

supersaturated

ledge toe

2.2 40 698 933 [1,100

2.5 40 708 946 [1,100

2.8 40 918 951 [1,100

3.0 40 814* 951 [1,100
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decreased to 526 �C when NaCaAlF6 is dissolved in the

Na3AlF6(ss). The use of closed graphite crucibles helped to

obtain a better base line and to achieve an improved

repeatability of results. The thermodynamic equilibrium

calculations were used to produce phase diagrams at vari-

ous [Al2O3], [CaF2], and CR. The solidification and melt-

ing of the bath in the side ledge, ledge toe, and sludge are

highly influenced by the [AlF3] and [CaF2]. The CR of the

bath and the [CaF2] will affect the behavior of these

materials during the process of aluminum production. The

first liquid phase in the deposits appears around 700 �C

depending on the [AlF3] and [CaF2]. The liquid fraction in

the deposits is due to the presence of Na5Al3F14, Na2Ca3-

Al2F14, and NaCaAlF6. Modeling studies of the freeze

formation in an electrolysis cell may have to be adjusted by

considering the liquid fraction as a function of the chemical

composition. The sludge close to the aluminum mainly

consists of solid alumina in liquid electrolytic bath with a

low acidity. The temperature at the bottom of the elec-

trolysis cell must be kept at temperature higher than 951 �C

in order to avoid the risk of freezing of low acidity sludge

or to reduce the expansion of the ledge toe (CR of 2.8).
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