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Abstract 

Clarification of the underlying chemistry and physics is critical 
for understanding the "double W" wear pattern of the carbon 
cathode observed in Hall-Héroult cells. Many studies have 
pointed out that aluminium carbide formation on the cathode 
surface is the dominating process that determines the cathode 
wear. However, the mechanisms of aluminium carbide formation 
on the carbon cathode surface are still not well clarified. In this 
study, previous work on cathode wear mechanism is summarized. 
The region between molten aluminium and the carbon cathode is 
considered as a small "local electrolysis cell" involving the 
aluminium pad, a bath film, an aluminium carbide layer, and the 
carbon cathode. The aluminium carbide formation rate is 
proportional to the current through the "local electrolysis cell" 
which is obtained by applying Ohm's law to the current and 
voltage of the electro-chemical reaction. A model is established 
for calculating the aluminium carbide formation rate as well as the 
cathode wear rate. 

Introduction 

The non-uniform wear of the cathode is presently one of the main 
limiting factors for the operational lifetime of aluminium 
reduction cells. The wear profile of cathode has been found to 
follow a "W" pattern, particularly in high amperage cells with 
highly conducting graphitized cathode blocks [1], Recently, 
Skybakmoen et al. [2] reported a "double W" pattern in used 
cathodes by laser scanning measurements. The lifetime of the 
cathode depends on the zone with the heaviest wear. 

Cathode wear has been attributed to physical abrasion and 
chemical corrosion [3], However, the detailed cathode wear 
mechanisms are still on the way to be fully clarified. Liao and 
0ye [4] concluded that chemical corrosion is a stronger wear 
process than physical abrasion. Coupled diffusion experiments 
were carried out by Novak et al. [5, 6], which revealed that the 
existence of cryolite accelerates the chemical formation of 
aluminium carbide at the carbon-aluminium interface, and the 
thickness of the aluminium carbide layer is dependent on the local 
amount of cryolite. The presence of an electric field enhanced the 
formation rate of aluminium carbide. Furthermore, it was found 
that the aluminium carbide layer grows from the bottom of the 
layer [7], Many researchers [4-13] have concluded that 
electrochemical formation of aluminium carbide is probably 
dominant in the cathode wear mechanism. However, the factors 
affecting the aluminium carbide formation rate on the cathode 
surface is still not well clarified. 

In the present study, previous work on the cathode wear 
mechanism is summarized, and a model of cathode wear is 
established by dynamic calculation of aluminium carbide 
formation rate. The removal of aluminium carbide is qualitatively 
discussed as well. 

Mechanism of Aluminium Carbide Formation 

Aluminium Carbide Layer Covering the Cathode 

0strem et al. [3] studied cathodes from shut down of aluminium 
electrolysis cells. Aluminium carbide was found at the surface and 
in superficial pores of all the cathodes investigated. A continuous 
aluminium carbide layer with thickness of approximately 50 μηι 
and up to more than 200 μηι was observed on the cathode surface. 

Sludge and Bath Film 

0strem [3] reported that there is bath between the carbon cathode 
and the metal pad; this was based on a large amount of samples. 
Apparently, bath penetrates the entire cathode and it can be found 
in most of the pores in the cathode. The bath appeared to have 
solidified as a continuous film at the cathode surface. The 
formation and refreshment of the bath film was related to 
formation and dissolution of sludge at the bottom of the cell. The 
sludge can be described as loosely packed alumina in which the 
voids are filled with bath, which contains in average about 40% 
A1203 [14], The amounts and chemical composition of the sludge 
varies with the location. The NaF/AlF3 molar ratio (CR) of the 
bath in the sludge is about 2.5 in samples taken below the feeding 
point, which is higher than in samples taken at the periphery of 
the cathode [15], The fresh bath entrapped in the sludge may 
partly enter into the bath film between the aluminium pad and the 
aluminium carbide layer, which has a critical influence of the 
aluminium carbide removal rate as explained in the following 
section. 

Electrochemical Formation of Aluminium Carbide 

Cathode wear test experiments were performed by Tschöpe et al. 
([12, 16] to evaluate and rank the performance of carbon cathode 
materials. It was found that the cathode wear rate increased 
significantly with increasing cathodic current density. Although 
the chemical formation of aluminium carbide is possible, 
electrochemical formation of aluminium carbide dominates in the 
cathode wear mechanism. 

The concept of a "carbon pump" was proposed by Solheim and 
Tschöpe [13], The concept involves a layer of aluminium carbide 
which contains pores filled with electrolyte. The latter is 
considered as a small electrolysis cell. Porous aluminium carbide 
is formed on the surface of the carbon cathode, while the 
aluminium carbide is oxidized at the top of the pore, and carbon 
enters into the molten aluminium. This forms a "pump" where 
carbon is transported from the carbon cathode and into the metal. 
The aluminium carbide formation rate could be derived from the 
voltage drop in the pore. However, the bath film between the 
aluminium carbide layer and aluminium pad was not considered 
in this mechanism. The carbon produced in the local anode 
reaction is not necessarily dissolved directly into the metal. 
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Detailed Electrochemical Wear Model 

Aluminium Carbide Formation in "Local Electrolysis Cell" 

It was assumed that a bath film fills the gap between the 
aluminium pad and the aluminium carbide layer covering the 
cathode carbon. Figure 1 illustrates the electrochemical reactions 
in the bath film and also shows the corresponding electric circuit. 
The cathode reaction at the bottom of the bath-filled pore is the 
same as that of the "carbon pump" model [13], while molten 
aluminium is involved in the anode reaction when the bath film is 
present. The current passes through the bath film and pores in the 
aluminium carbide layer from the anode to the cathode. The bath 
film is assumed to have uniform composition due to convection 
caused by the flow of molten aluminium. 
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Figure 1. Electrochemical reactions in the bath film and 
pore, and the corresponding electric circuit. 

The total local cell reaction becomes, 

lC(s)(c) + 4AlFi(c) + \2Na+(c) + 4Alm(a) + \2NaF(a) = 

4AlFi(a) + \2Na+(a) + \2NaF(c) + AliCHs)(c) d ) 

The activities of Na+, A14C3, and C are unity. Therefore, the 
reversible voltage is given by, 

E , „ =Eo + R]_ln_ 
12 F a 

(2) 
AlF^c^'NaFia) 

where E ' " is the reversible voltage, Ε is the standard cell voltage; 
R is the universal gas constant; Τ is the operating temperature; and 
F is Faraday's constant. 

The standard voltage is derived from the chemical formation of 
A I 4 C 3 b y A l a n d C , 

AG" (T) AG» (1233Â-) 

12 F 12 F 
= \21mV (3) 

By considering the electric circuit shown in Figure 1, the voltage 
drop becomes, 

^ bath ^ I/ / 
= E*"+i ι l = AE (4) 

where AE is the voltage drop in the bath film and the pore in 
aluminium carbide layer; i is current density (through the pores 
and solid aluminium carbide layer respectively), δ is layer 
thickness, σίβ electrical conductivity, and τ is the tortuosity of the 
pore. 

The total current density though the Hall-Héroult cell is given by 

hotal = {iltC, ψ)+ίρψ 

With fixed AE, the current density through the pore can be 
obtained by solving Eqs. (2) and (4). 

As in the "carbon pump" model [13], the transient wear rate at the 
bottom of the pore is given by Faraday's law, 

dm„ π —- = —- 11—d~ 
dt 12 F 4 p (6) 

where M r is the molar weight of carbon, η is the number density 

of pores [11T2], and j is the pore diameter [m"2]. The product of 

pore cross-sectional area and the number density of pores is the 
porosity ( φ) which indicates the fraction of the aluminium carbide 
filled with bath. The average wear rate in tenus of change in 
height becomes 

dh 1 dm i,Mr 
(V) 

dt 
•φ 

pc dt. \2Fpc 

where pc is the density of aluminium carbide layer. 

Hie transient growth rate of the aluminium carbide layer can now 
be calculated considering the influence of the porosity on its 
density, 

dh. 1 dm, φ 
dt (1 - Ψ)Ρλ, dt (8) 

It is evident that the transient cathode wear rate and the 
aluminium carbide formation rate are proportional to the current 
density through the pores (ip), which can be derived from Eqs. (4) 
and (5) when the reversible voltage across cell is known. The 
reversible voltage depends on the activities of A1F3 and NaF; see 
Equation (2). 

Ideal Temkin Activities 

Many efforts have been made to clarify the structure of the NaF-
A1F3 system [16, 17]. Hie Temkin activity model is based on 
ionic fractions in an anionic lattice interwoven with a cation 
lattice. In an ideal Temkin model, the activity of each struchiral 
entity can be calculated, and the activities of NaF and A1F3 

become, 

(9) 

(10) 

where χ denotes the molar fraction of ions and c denotes the molar 
concentration of ions. Hie activity of Na+ is unity because it is 
assumed to be the only cation present. 

By using Eqs. (9) and (10), Equation (2) can be rewritten, 

RT. 
Ε''" = E" + — I n 

3 F 

XAIFtta) ' XF-tc) (11) 
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The transfer of NaF and A1F3 in the bath film and pores shown in 
Figure 1 actually takes place by Na+ migration and diffusion of 
anionic species. Following Solheim [17] we assume the anions to 
be F , A1F>, A1F5

2", A1F4", and A12F7" which are notified by 
successive numbers in the equations below. The molar 
concentration and fraction of these ions can be determined by 
three equilibria between the anions and the element balance of the 
NaF-AlF3 system, as described in earlier work [17]. In the present 
study, rapid and precise solutions were obtained in MATLAB 
using the Newton iteration method. 

Transport of Ions 

The transfer of NaF and A1F3 must be clarified in order to obtain 
their activities at the cathode (bottom of pore) and the anode (top 
of bath film). To fulfil the criterion of electro-neutrality at every 
point in the system, the ionic fluxes are represented as the motion 
of neutral substances, such as NaF, Na3AlF6, Na2AlF5, NaAlF4, 
and NaAl2F7 (this is convenient since Na+ is the only cation 
present). The same notations as in the Temkin activity model are 
used. Diffusion in a multi-component system can only be 
accurately described by the Stefan-Maxwell equations [17], 

and the migration rate of Na+ becomes, 

ν*,=Σ· 1 

M c,oA 
-(χ, J -x Jt) (12) 

where xt is the molar fraction of component ctot is the total molar 
concentration [mol-m"3], Dv (= D«) is the binary diffusion 
coefficient for the system i-j [nrs ], and J is the molar flux 
[mol-nf2 s"1]. 

The total concentration of the components is given by, 

PNOF-MF, 
(13) 

where A/, is the molar weight of the neutral components and ρ is 
the density of the melt [19]. 

In the present study, the Stefan-Maxwell equations are applied to 
the system with five components, which gives five equations on 
the form, 

D„ D„ D„ 
•VA ' , t 5 J l 

D„ ) (14) 

where Δχι is the difference on molar fraction of component 1 
between neighbouring elements (which is the activity difference, 
at distance Ay apart, which is the driving force for diffusion) and 

the over bars denotes average values of neighbouring elements. 

Flux of the Components 
Besides fulfilling the Stefan-Maxwell equations and the electro-
neutrality criterion, all the ions should be at equilibrium based on 
the ideal Temkin model. 

Although all the current is supposed to be carried by Na+, 
aluminium is the only element that actually has a non-zero 
transport between the anode and the cathode. Thus, the flux of Al 
is given by, 

3 F (15) 

Λ, = L· (16) 

The fluxes of all the elements and components are given by, 
Jr=J1+ 6 J2 + 5J3 + 4 J4 +1JS=Q (17) 
JNa = J 1 + 3 J2 + 2 J 3 + J 4 + J

5
+ i J A , = 0 (18) 

J „ = J, +X +J , +2X = — 
3 F 

(19) 

It is evident that the total molar fraction of the five components is 
unity, 

.Yj + .ν, + ,v3 + ,v4 + ,v5 =1 (20) 

Solutions and Results of tire Diffusion Model 

Solutions of the above model were provided by systematically 
changing J3, J4, and J5 until the equilibrium based on the Temkin 
model were achieved at every point [17, 18]. The calculation is 
acelerated by damped-Newton iteration using MATLAB 
programs, which made it possible to develop a dynamic model to 
calculate cathode wear rate. 

Figure 2 shows the concentration gradients of components in the 
pores as functions of the distance from "local anode" (CR= 3.0, ;p 
= 8000A/nr). The molar fraction of F" becomes unity at around 
400 μηι from the "local anode," which indicates unit activity of 
NaF and zero activity of A1F3. A diffusion length of 400 μηι is 
therefore the upper theoretical limit at this current density. The 
thickness of the aluminium carbide layer was reported to be about 
50 μηι and up to more than 200 μηι [3], The thickness of the bath 
film was not reported. 

.2 0.6 -•' 

Distance f rom "local anode", : ; i i r : 

Figure 2. Concentration gradients as a function of 
distance from "local anode" (CR = 3.0, ;p= 8000A/nr). 

Figure 3 shows the reversible voltage with various CR at the top 
of the bath film ("local anode"). The current density is assumed to 
be 8000 A/nr inside the pores. The possible diffusion length 
increases somewhat with decreasing CR, but it is still limited to a 
short distance. When the thickness of the bath film is larger than 
the possible diffusion length, aluminium carbide cannot be 
formed. A way to lift this limitation is to assume that the diffusion 
barrier only takes place inside the pore, which means the CR in 
the bath film may be considered as a constant. This may indeed be 
the case in a non-stagnant bath film. 

Figure 4 shows the reversible voltage as a function of the 
diffusion distance with various current densities through the pore. 
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As could be expected, the current density through the pores has a 
great influence on the reversible voltage. Still, the diffusion region 
is limited to some millimetres at ip = 1000 A/nr. 
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Figure 3. Reversible voltages with different CR at the 
"local anode" (ip= 8000 A/nr). 
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Figure 4. Reversible voltages at various current densities 
through pore (CR = 2.0). 

Dynamic Model of Cathode Wear 

Porosity and Tortuosity of tire Aluminium Carbide Layer 

Theoretically, the cathode wear rate can be calculated from 
Equation (7). However, the pore fraction and the tortuosity of 
pores for calculating the current density have not been 
investigated so far. The magnitude of these parameters can be 
approximately estimated by the operation parameters of a typical 
Hall-Heroult cell, assuming that the thickness of the bath film and 
the aluminium carbide layer are 1 mm and 10 μηι, respectively; 
these numbers are somewhat arbitrary, but partly based on SEM 
images of bath film from Ostrem [3], The reversible voltage is 
assumed to be the minimum 0.127 V as the aluminium carbide 
layer is thin. The current density in the pores is set corresponding 
to the wear rate by Equation (7). The total current density is then 
obtained by Eqs. (4) and (5). Figure 5 and Figure 6 show the total 
current density through the cell as a function of the pore fraction 
calculated with different tortuosity. As can be observed, the 
tortuosity has little effect on the results of total current density. 
The general current density in the modem Hall-Héroult cells is 
around 8000 A/nr. Therefore, the porosity of the aluminium 
carbide layer could be around 0.05. According to Figure 4, the 
reversible voltage increases slowly with increasing thickness of 
the aluminium carbide layer. Therefore, using the minimum 
reversible voltage is reasonable. 

The tortuosity used in Figs. 5 and 6 was based on relationships 
suggested in the literature [20], 

T
P = 1 - Ρ Ι» φ (p=0.5 for diffusion in a model of spheres) (21 ) 

τρ = 1 + Ρ l n(! - Ψ) (p=2 for sand; p=3 for clay) (22 ) 

τρ=[1 + ρ ln(l - £>)]2 (p= 1.1 for diffusive in marine muds) (2 3 ) 

Fixing the porosity at 0.05, the tortuosity calculated from the 
above equations is in the range 2.50-4.18 with average of 3.3 
which is chosen for the calculation in this study. 
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Figure 5. Total current density versus pore fraction (τ„=1). 
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Figure 6. Total current density versus pore fraction (τρ=3). 

Aluminium Carbide Formation Rate 

The voltage drop AE over the bath film and aluminium carbide 
layer cannot be directly measured in Hall-Héroult cells. Giving a 
reasonable assessment of the voltage drop is one of the ways to 
quantitatively investigate the cathode wear rate at this stage. NaF 
is found as a separate phase in the solidified bath inside the pores 
near the cathode surface, indicating that the local CR is greater 
than 3.0 [3], It was thus proposed that the CR might be larger than 
3.0 in the bath film which is very close to the cathode surface. 
However, the reason might also be that A1F3 in the pores is 
consumed by the aluminium carbide formation. On the other 
hand, A1F3 is produced in the half cell reaction at the top of the 
bath film, so the CR of the bath film may in fact be even smaller 
than the CR of the bulk of the bath. The CR was set as 2.0 in the 
calculations below. 

Eqs. (7) and (8) give the transient aluminium carbide formation 
and cathode wear rate, which are proportional to the current 
density inside the pores. However, the reversible voltage increases 
with the growth of the aluminium carbide layer if its removal is 
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not considered. Therefore, the current density distribution 
between the solid aluminium carbide layer and the pores varies 
with time, even when the voltage drop is fixed. The thickness of 
the bath film is set at 1 nun. 

Figure 7 a-c show the variation in aluminium carbide formation 
rate and thickness of the aluminium carbide layer with time at 
different voltage drops in the diffusion layer, while Figure 8 a-c 
shows the cathode wear rate and current density versus the 
thickness of the aluminium carbide layer. The aluminium carbide 
formation rate decreases with the growth of aluminium carbide 
layer which represents an increasing diffusion barrier. A very 
small current density in the pores would generate a quite high 
reversible voltage when the thickness of the aluminium carbide 
layer is thick. The aluminium carbide formation would stop 
without removal of aluminium carbide. The aluminium carbide 
formation rate goes higher along with larger AE. The aluminium 
carbide layer grows much thicker with higher AE without 
introducing the tenn of aluminium carbide removal. The thickness 
of aluminium carbide layer would be kept at a certain thickness, 
when the aluminium carbide removal rate reaches to the 
aluminium carbide formation rate at a local point. At the certain 
thickness of aluminium carbide layer, the cathode wear rate and 
total current density can be drawn from Figure 7 and Figure 8. 

The normal total current density of the aluminium reduction cell is 
known to be around 8000 A/nr While AE = 0.15 V; according to 
Figure 8 (a), the thickness of the aluminium carbide layer may be 
kept at around 8 μηι if the aluminium carbide removal rate could 
be around 7xl0"9 m/s. The aluminium carbide layer is growing 
when the aluminium carbide removal rate is smaller than this; 
otherwise its thickness decreases. 

The equilibrium thickness of aluminium carbide is probably 
between 12 μηι and 25 μηι; the aluminium carbide removal rate is 
correspondingly 3xl0"8 m/s and 5xl0"8 m/s from Figure 7. The 
local aluminium carbide layer plays a critical role on the current 
density distribution at the cell bottom. 
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Figure 7. Change in aluminium carbide formation rate 
and thickness of carbide layer with time. 
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Figure 8. Cathode wear rate and current density versus 
thickness of aluminium carbide layer. 

Removal of the Aluminium Carbide Layer 

The aluminium carbide layer first dissolves into the bath film, and 
from there it is removed by refreshment of the film. To fully 
understand the removal rate of the dissolved aluminium carbide, it 
is necessary to resolve the mass distribution and the exchange rate 
of the sludge at the bottom of the cell. The distribution of sludge 
is influenced by the feeding process, chemical components in the 
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bath, and the flow pattern of molten aluminium. Local heat fluxes 
may also play a role. Local heating may partly come from the 
Joule heating of the aluminium carbide layer, since most current 
in the cell passes through the aluminium carbide layer other than 
the pores. Part of the dissolved aluminium carbide in the bath film 
will enter into the aluminium pad by diffusion, since aluminium 
has some carbon solubility. The details of the aluminium carbide 
layer removal will be investigated in future work. 

Conclusions 

Previous models for cathode wear are summarized. The 
electrochemical formation of aluminium carbide on the surface of 
the cathode carbon is supposed to be the key factor. The region 
between the aluminium pad and the cathode is considered to form 
a small local electrolysis cell, involving the aluminium pad, a bath 
film, an aluminium carbide layer with pores, and the surface of 
the cathode carbon. The aluminium pad and carbon cathode are 
the "local anode" and "local cathode" respectively. 

1. The aluminium carbide formation rate and hence, the 
cathode wear rate, are proportional to the current density in 
pores distributed on the aluminium carbide layer. 

2. A dynamic model for aluminium carbide formation and 
cathode wear is established without considering the details 
of aluminium carbide removal. 

3. The porosity and tortuosity of the pores in the aluminium 
carbide layer was estimated from the average current 
density in Hall-Héroult cells. The porosity and tortuosity are 
supposed to be 0.05 and 3.3 respectively. 

4. The growth of the aluminium carbide layer would stop at a 
certain thickness without introducing a special term 
describing aluminium carbide removal. The equilibrium 
thickness of the aluminium carbide layer was calculated as 8 
μηι, 12 μηι and 25 μηι at voltage drops of 0.15, 0.3, and 0.5 
V. The aluminium carbide layer is growing when the local 
aluminium carbide removal rate is smaller than the 
formation rate; otherwise its thickness decreases. The 
thickness also acts as a critical factor on the current density 
distribution in the cell. 

At present, experimental work for verifying the present model has 
not been planned, simply because it is very difficult to find good 
experimental methods in this field. Hopefully, ideas will emerge 
in the future. 
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