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Abstract 

The lifetime of aluminium electrolysis cells is limited by cathode 
wear, which takes place mainly at the periphery of the cathode. In 
the present paper it is suggested that excessive wear is due to 
electrochemical formation and dissociation of aluminium carbide 
in bath-filled pores within a carbide layer present at the bottom of 
the cell. The relationship between current and voltage in the pore 
was established using the Stefan-Maxwell equations on a structure 
model of the bath, in combination with the calculated reversible 
voltage and the ohmic voltage drop. A general "wear equation" 
was derived, describing the relationship between voltage drop 
along the pore, the thickness and porosity of the carbide layer, and 
the cryolite ratio. The voltage drop across aluminium carbide 
layers with different properties is discussed. The model shows that 
the wear rate will be nearly proportional with the local current 
density, which is in agreement with practical observations. 

Introduction 

The service life for aluminium reduction cells is usually limited by 
excessive wear of the cathode carbon along the periphery of the 
cell, eventually leading to contact between the metal and the 
collector bars. The resulting "W" wear pattern in a cross-sectional 
view of the used cathode [1, 2] is typical for high amperage cells 
with highly conducting graphitized cathode blocks. Sometimes, 
even a "double W" pattern can be found [3], and when 
considering the surface of a used cathode, it seems obvious that 
more than one mechanism must have been involved. Typical wear 
rates are in the range from 2 to 6 cm/year [4]. 

A large number of experimental investigations have been carried 
out in order to reveal mechanisms and, ultimately, to enable an 
"accelerated test" for comparing and predicting the performance of 
different cathode materials [5-10]. However, the different 
laboratory tests have hitherto not been able to distinguish between 
different types of carbon. This has lead to the comprehension that 
the excessive wear associated with modern carbon qualities must 
be due to some kind of indirect effect, and not related to the 
cathode quality per se. Still, it is fair to say that the reason for the 
preferential wear along the periphery of the cell is not understood. 

One such indirect effect as mentioned above relates to the much 
higher electrical conductivity in modern carbon types, which leads 
to extremely non-uniform current density at the cathode surface. 
The current distribution is related to the ratio between the cross-
plane conductivity (perpendicular to the cell bottom) and the in-
plane conductivity (along the collector bars) in such a way that the 
current non-uniformity increases with increasing ratio. A voltage 
and current distribution in a cathode block made of highly 
conducting carbon (76000 Sm" ) is shown in Figure 1. 
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Figure 1. Calculated normalised potentials and normalised 
current density as a function of the distance along a 
cathode carbon block from its end to its centre. The 
potential curves are drawn for each 2 cm from 1 cm below 
the top of the carbon to 1 cm above the bottom of the 
collector bar. The sideledge was assumed to extend to x = 
0.2 m. 

Three different mechanisms for cathode wear were discussed by 
Solheim [11]; one of them was the possibility of electrochemical 
formation and dissolution of aluminium carbide within an 
aluminium carbide layer containing bath-filled pores (carbon 
pump). The purpose of the present work was to describe that 
hypothesis in more detail and to quantify some of the parameters 
involved. 

Basic Idea 

Electrode and Cell Reactions 

Consider a cathode with a layer of aluminium carbide as shown in 
Figure 2. The carbide layer contains pores filled with electrolyte. 

At the cathode (c, bottom of pore), carbide is being formed: 

| - C(c) + 3 Na+ (c) + 3 e" + A1F3 (c) -> -L AI4C3 (c) + 3 NaF(c) ( 1 ) 

At the anode (a, top of pore), carbide is being oxidized in the 
exactly opposite reaction, 

| A l 4 C 3 ( a ) + 3NaF(a)^- -|C(a) + 3Na+(a) + 3e~ + AlF3(a) (2) 
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The current in the electrolyte is assumed to be transported by 
sodium ions exclusively, 

3Na+ (a) -+ 3Na+(c) (3) 

The total (cell) reaction becomes the sum of Eqs. (l)-(3), 

| C ( c ) + 3Na+(c) + AlF3(c) + i -Al 4 C 3 (a ) +3NaF(a) -

| C(a) + 3Na+ (a) + AIE, (a) + ^- AI4C3 (c) + 3 NaF(c) 
(4) 

The standard cell voltage for this reaction is zero. Furthermore, 
the activities of Na and AI4C3 are unity at both ends of the pore, 
and the activity of solid carbon (aC(c)) is unity; therefore, the 
reversible voltage becomes 

E r e v = R T aNaF(c)- aAlF3(a)- aC(a) 

3F aNaF(a) ^Affi^c) 
[V ] (5) 

It was assumed that aC(V) is unity as well, although carbon may be 
dissolved in aluminium with a lower activity. Furthermore, the 
reactions were assumed to proceed without overvoltages. 
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Figure 2. Schematic representation of electrochemical 
formation and dissolution of aluminium carbide in a pore. 

Voltage Drop in the Pore 

There will be a voltage drop across the aluminium carbide layer, 
and this voltage drop must be exactly balanced by the reversible 
voltage between both ends of the pore and the ohmic voltage drop 
along the pore, 

ΔΕ 
i„8xu 

(6) 

Here, ie is the current density inside the pore, δ is the thickness of 
the carbide layer, τ\, is the tortuosity factor for bath-filled pores, 
and Ke is the electrical conductivity of the electrolyte. 

Wear Rate 

The wear rate at the bottom of the pore (dm/dt) is given by 
Faraday's law, 

dm 
IT 

le M 

4F 
•N - d 2 

4 P 
[kgm-V1] (7) 

where M is the molar weight of carbon, F is Faraday's constant, N 

number of pores is the porosity (φι,, fraction of carbide layer filled 
with bath). The average wear rate (change in height) then becomes 

dhav dm ieM . 
= = <pb [ms ] 

dt pdt 4Fp 
(8) 

The first step is to establish the relationship between voltage and 
current in the pore. 

Model for Current and Voltage in the Pores 

Structure Model for Melt 

Since the sodium ion carries most of the current, NaF and A1F3 

have to diffuse along the pore. Only the electrolyte components 
NaF and A1F3 were considered in the present work. It was 
assumed that the ideal Temkin model applies for the electrolyte, 
Na+ being the only cation, and involving the anions F", A1F6 ", 
AIF5 ", AIF4", and A12F7\ The concentration (ion fractions) of the 
anions can then be determined in the entire composition range by 
three equilibria between the anions. This is explained in more 
detail elsewhere [12]. The model fits well with formal activity 
data in the system NaF-AlF3 [13], as shown in Figure 3. 
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Figure 3. Comparison between ideal Temkin activity 
model used in the present work and formal activities in the 
system NaF-AlF3 [13]. 

Diffusion in a Multicomponent System 

Diffusion in a multi-component system can only be accurately 
described using the Stefan-Maxwell equation [14]. For numerical 
solution in a system with five components, this turns into a system 
of five equations on the form 

Δχ, 
Δ ^ 

Ctot 

XlJ 2 X2J] X1J3 -X3J1 

D, D 13t 

X 1 J 4 - X 4 J 1 X 1 J 5 - X 5 J 1 
(10) 

D, D 15 

where X; is the molar fraction of component i, y is the coordinate 
in the direction of the pore [m], ctot is the total molar concentration 

is the number of pores per unit cathode area [m" ], and dp is the [molm" ], D;J (= DJ;) is the binary diffusion coefficient for the 
pore diameter. The product of pore cross-sectional area and the system i-j [m s" ], J is the molar flux [molm" s" ], "Δ" represents 
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the difference between neighbouring elements, and overlining 
represents the average of neighbouring elements. With constant 
molar fluxes, the equation converges rapidly when computing 
"new" molar fractions using "old" data as input, and then using the 
"new" data in a new iteration. 

In order to fulfil the criterion that the anionic species in the 
electrolyte should be at equilibrium in any position, the molar 
fluxes at each point in the calculation domain were varied 
systematically. The relationships between the individual anion 
fluxes also depend on the element balance; e.g., the total fluxes of 
F and Na are zero because they are neither produced nor 
consumed in the electrode reactions; this is also described 
elsewhere [12]. The requirement for electro-neutrality was 
fulfilled by assuming neutral components (e.g., Na2AlF5 instead of 
A1F5 "; this is possible when Na+ is the only cation). 

The diffusion coefficients D;J in Equation (10) were assumed to be 
2x10" m s" for diffusion pairs containing F" and 1 x 10" m s" for 
pairs not containing F". 

Ohmic Resistance 

The ohmic voltage drop along the pore (last term in Equation (6)) 
was calculated using the electrical conductivity equation by Hives 
et al. [15] as a basis; in the system NaF-AlF3 at 960 °C these data 
can be represented by 

105.9 +55.33-r (11) 

where r is the NaF/AlF3 molar ratio. The resistance voltage drop 
was calculated for each point in the calculation domain; i.e., the 
change in molar ratio along the pore was taken into account. Since 
the presence of alumina or calcium fluoride was not taken into 
account, Equation (11) gives a somewhat too high conductivity. 
On the other hand, no attempts were made to take into account the 
electronic conductivity in the dissolved metal-saturated 
electrolyte, which adds to the ionic conductivity [16]. 

Reversible Voltage 

The reversible cell voltage was calculated from Equation (5). It 
can be shown that in the NaF-AlF3 system (Na as only cation), 
the activity of NaF becomes 

(12) 
Σ η _ 

where n denotes the number of ions. The activity of A1F3 becomes 

aAlF3 A1F: ; - · (Σ"- ) 2 / η ' (13) 

Results 

A number of calculations were made, using NaF/AlF3 molar ratios 
(r) at the top of the pore (anode) ranging from 2.2 to 3.0. Since 
both the concentration gradients and the ohmic voltage drop 
depend on the mixed parameter ie δ ' x, this was used as the input 
parameter in the calculation. An example of concentration 
gradients along the pore is given in Figure 4. 

It turned out that the reversible voltage between the ends of the 
pore was very large compared to the ohmic voltage drop; the latter 
was in average 2.2 percent of the reversible voltage. In the case 
shown in Figure 4, the reversible voltage was 87.4 mV and the 
ohmic drop was 1.9 mV. 

As shown in Figure 5, it turned out that the relationship between 
the current density, the pore thickness, the tortuosity factor and the 
total voltage ΔΕ (sum of ohmic voltage drop and reversible 
voltage) could be well enough represented by the equation 

i„8xu 
ΔΕ 

0 . 5 0 0 - 0 . l l l r - 0 . 3 7 A E 
[Am"1] (14) 

Upon combination of Equation (8) and (14) and insertion of fixed 
data (M = 0.012 kgmol"1 and F = 96485 Asmol"1), we obtain 

dha .1 ·φ ·ΔΕ 
dt p 8 x b ( 0 . 5 0 0 - 0 . 1 1 1 r - 0 . 3 7 A E ) 

[cm/y] (15) 

Equation (15) can be regarded as a "general wear equation". A 
graphical representation of the equation is shown in Figure 6. 

Figure 4. Concentration gradients along the pores. 
Calculated with r = 2.6 at the top of the pore (y/δ = 1) and 
ie δ τ = 1 (see text). 

0.20 

Figure 5. Relationship between the current density, the 
pore thickness, the tortuosity factor and the total voltage 
ΔΕ at different NaF/AlF3 molar ratios. Symbols -
numerical calculations, curves - Equation (14). 
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Figure 6. Corresponding values of porosity (φ) of the 
carbide layer, thickness of the layer, and voltage drop 
across the layer at a wear rate of 5 cm/y. The density of 
the carbon was taken to be 1650 kgm" and the NaF/AlF3 

ratio at the top of the pore was assumed to be 2.6. 

Electrical Conduction through the Aluminium Carbide Layer 

Homogeneous Aluminium Carbide Layer 

we regard the aluminium carbide layer as 
continuous and homogeneous mixture of 

In the following 
consisting of a 
aluminium carbide, bath, and aluminium; "homogeneous" 
meaning that the dimensions of and distances between each phase 
are smaller than the thickness of the layer. 

To obtain a cathode wear rate of 5 cm/y, which is a typical value 
along the periphery of the cathode, it is probably necessary to 
have a voltage drop across the carbide layer in the order of 10" -
10" V at a current density in the order of 10 Am" (see Figures 1 
and 6). The corresponding electric conductivity in a 100 μιη thick 
layer must be in the order of 10 -10 Sm" . 

The aluminium carbide itself has an electrical conductivity of 
about 0.40 Sm" [17]. The effective conductivity of the bath pores 
(Kp(effi) c a n be estimated by (see Equation (14)) 

CP(eff) 
' e S T b 

ΔΕ 
1 

0 .500-0 . 1 1 1 Γ - 0 . 3 7 Δ Ε 
« 5Sm" (17) 

The above numbers lead to the conclusion that the conductivity of 
a continuous and homogeneous carbide layer is completely 
dominated by the conductivity of molten aluminium, which is 
about 3.6 x 10 Sm" [18]. Still, the effective conductivity will be 
only 0.03-0.3 % of the conductivity of aluminium, which means 
that the dimensions of the aluminium must be very 
(unrealistically?) small to fulfil the "homogeneous" criterion. 

Inhomogeneous Aluminium Carbide Layer 

An inhomogeneous aluminium carbide layer may be continuous or 
non-continuous, as illustrated in Figure 7. In both cases, the main 
part of the current is transported by direct contact between molten 
aluminium and the carbon surface, while there will be a voltage 
difference between the top and bottom sides of the carbide layer 

due to the current shielding effect. Only the non-continuous 
carbide layer will be treated in the following. 

(a) (b) 

Figure 7. Schematic representation of inhomogeneous 
aluminium carbide layers at the cathode, a) - continuous 
layer with aluminium-filled pinholes, b) - non-continuous 
layer made up of aluminium carbide "islands". 

Current Shielding Effect around Aluminium Carbide "Islands" 

The current density and potentials around a circular "island" of 
aluminium carbide, as illustrated in Figure 7 b), were computed. 
Figure 8 shows local current densities in the vertical direction as 
computed in COMSOL4.3. As can be observed, the local current 
density is very high around the edges of the island and smaller 
above and below the centre of the island. Potential differences are 
comparably small in the aluminium layer due to the high 
conductivity. Due to the current shielding effect, the electric 
potential will be lower directly underneath the island that at the 
same horizontal level outside the island. Some simplified 
calculations were made in Excel, as shown in Figure 9. As can be 
observed; the maximum potential difference between the top and 
bottom sides of the carbide island increases linearly with the 
horizontal dimensions. Close to the periphery of the cathode, 
where the current density will be in the order of 10 Am" in an 
industrial cell, the potential difference between the top and bottom 
of the central part of a carbide island with 30 mm diameter layer 
will be in the order of 0.01 V. 

Max:1.95-106 

.010' 

-0.9-104 

Molten aluminium pad 

-0.5-104 

Carbide island 

Carbon cathode -0.1-104 

Min: 0.60 

Figure 8. Current density around an aluminium carbide 
island (2 cm dia, 100 μιη thick). The electrical 
conductivities were assumed to be 3.6 x 10 Sm" for 
molten aluminium, 8.Ox 10 Sm" for carbon, and 1.0 Sm" 
for the carbide layer containing bath-filled pores. 
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Figure 9. Generalised representation of the potential close 
to the bottom side of carbide islands with different sizes 
(radius in mm as given in the figure). The aluminium 
phase was regarded as being an equipotential region (E00). 
KC and i are the electrical conductivity of carbon [Sm" ] 
and the current density outside the island, respectively 
[Am"2]. 

Characteristics of the Aluminium Carbide Layer 

Obviously, the key point in the hypothesis presented in this paper 
is the nature of the aluminium carbide layer at the cathode. It is 
well known from autopsies that most of the cathode carbon 
surface is covered by aluminium carbide. The carbide is also 
present in pores inside the cathode [19]. The present authors are of 
the opinion that the solid aluminium carbide is present at the 
cathode during the entire cell life. 

So far, no experimental or photographic evidence exists that allow 
estimation of the porosity or the bath content in the carbide layer. 
Figure 10 shows optical microscope pictures of an approximately 
100 μιη thick carbide layer in a shut down industrial cell, which 
indicates that bath filled pores may extend through the carbide 
layer (best seen in Figure 10 b). 

Similar aluminium carbide layers have been observed in 
laboratory test cells for studying cathode wear. The picture in 
Figure 11 shows a cross-section of a polarised cathode sample 
after exposure to bath. The picture shows that there is a region 
where bath, aluminium, and carbon are mixed, but in this case, 
there is a dense layer of carbide at the carbon surface, and no 
pores extending to the carbon can be observed. 

A study concerning the appearance and characteristics of the 
carbide layer is published elsewhere [20], and this is still on-going 
work. 

Discussion and Concluding Remarks 

In a recent work [10] it was concluded that laboratory tests of 
different cathode carbon materials performed at the same 
standardised conditions revealed approximately the same wear 
rate for all types of material. As mentioned in the introduction, it 
is probable that the different wear rates and the "W" wear patterns 
observed in the industry must be due to some kind of indirect 

Epoxy 
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Electrolyte + 
AI carbide 

Electrolyte 

AI carbide 

(b) 

Figure 10. Optical microscope images of the surface 
region of a carbon cathode block cross section sample 
taken from an industrial electrolysis cell. The dashed 
framed boxes represent a magnification showing bath-
filled vertical pores in the aluminium carbide layer. The 
pictures are bright filter images. Pictures by 0yvind 
0strem. 

Figure 11. Optical microscope images of the surface 
region of a carbon cathode cross section sample from a 
laboratory test cell designed to measure cathode wear 
rates. Picture a) is the bright filter image and b) is the 
polarized light image of the same position. The 
appearance of the carbide and electrolyte layer is similar 
to industrial cell samples (see Figure 10). 

effect, and related to the local current density at the cathode. The 
hypothesis presented in the present paper is the only mechanism 
suggested so far that provides a direct link between the wear rate 
and the local current density at the carbon surface. However, there 
are also other mechanisms related to the local current density that 
cannot be ruled out. The metal flow velocity will be higher along 
the periphery of the cathode than at the centre, leading to a higher 
mass transfer coefficient for dissolution of carbon and/or carbide. 

1261 



It is also possible that abrasion by alumina particles increases 
sharply above a certain threshold value for the metal flow 
velocity. 

The present calculations were performed without taking 
electrochemical overvoltage into consideration. Recent 
experimental work indicates that the suggested cell reaction 
(Equation (3)) may in fact not proceed reversibly [19], which 
implies that the pore current density will be lower than shown in 
the present work, or that a bigger "carbide island" will be needed 
to produce the same wear rate. 

More work is certainly needed to clarify these issues. 
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