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The behaviour of three di�erent compositions based on nickel ferrite±nickel oxide±copper cermets
was investigated as anode materials in laboratory electrolysis tests for 50 h in a conventional cryolite-
based electrolyte. The corrosion of the anodes was assumed to be mass transfer controlled and the
transfer of impurities into the electrolyte and subsequently into the cathodically deposited metal was
studied. The results indicate that the materials corroded in a controlled manner. Mass transfer
coe�cients of species from the anode to the electrolyte were of the order of 10)4m s)1 while the mass
transfer coe�cients for transfer of the species from the electrolyte into the deposited metal were of
the order of 10)6m s)1. Nickel exhibited signi®cantly lower mass transfer coe�cients than those of
iron and copper. The extrapolated corrosion rates of the anode ranged 1.2±2.0 cmyear)1, which is
acceptable from an industrial perspective. The contamination of the deposited aluminium with re-
spect to Ni and Cu was, however, too high to meet current speci®cations for commercial grade metal.
Post-electrolysis examination of the anodes showed that a reaction layer of approximately 50lm
thickness was formed on the anodes. This layer did not contain any metal grains and seemed to
prevent preferential corrosion of the metal phase in the underlying cermet.
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1. Introduction

As outlined in Part I [10], attempts have been made to
replace the present day consumable carbon anode
used in the Hall±Heroult process with an inert anode,
the cell reaction then being,

Al2O3 � 2Al� 3
2 O2 �1�

The ®rst reported work in this ®eld is due to Belyaev
and Studentsov [32, 33] who examined various oxides
and ferrites as candidate materials for inert anodes. A
number of materials were found to have a very low
solubility in cryolitic melts. Alusuisse investigated and
patented a range of materials based on tin oxide
(SnO2) for use as inert anodes. Since then, a number
of attempts have been made to develop an inert, ox-
ygen-evolving anode material for aluminium electro-
winning, based on a number of materials. A
considerable number of patents have also been issued
[1±3, 21±25]. Supported by USDepartment of Energy,
Aluminum Company of America (Alcoa) conducted
signi®cant work on the use of ferrites [4]. They de-
veloped a new cermet material consisting of a nickel
ferrite±nickel oxide substrate containing Cu as a metal
phase to provide acceptable electrical conductivity.
Excess NiO was added to ensure an activity coe�cient
of unity for nickel oxide, as this phase has a signi®-
cantly lower solubility in cryolite than Fe2O3 [4]. The

work was continued by Battelle Paci®c Northwest
Laboratories, but they were not able to reproduce the
best results obtained by Alcoa [5±9]. Important work
has also been published by a number of authors such
as Sadoway [26, 32], Hryn and Sadoway [29], Windish
[6], ZoÈ llner [30] and Sekhar et al. [31].

In the present study, we have conducted electrol-
ysis tests for 50 h. In the preceding paper [10] we
found that tests which lasted for 4 h were too short to
achieve steady state with respect to the distribution of
impurity species in the bath and in the deposited al-
uminium metal. In the ceramic phase, the materials
contained varying amounts of NiO with respect to
NiFe2O4. The three compositions contained 0, 17 and
23wt% excess NiO respectively. These tests have
enabled us to discuss the transfer of impurities orig-
inating from the anode material, dissolving from the
anode surface into the electrolyte and further being
reduced and entering into the deposited aluminium at
the cathode. A simple model based on mass transfer
control of impurities was used to calculate mass
transfer coe�cients for the various impurities at both
electrode±electrolyte interfaces. Corrosion rates were
calculated based on the contamination of the cathode
metal by species originating from the anode. The used
anodes were investigated extensively by SEM and X-
ray microanalysis (XRMA) techniques to study their
performance.
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2. Objective

This work set out to study three aspects:

(1) To test the specimens prepared with organic
solvents and dispersants in a scaled-up cell compared
to the one used in short-term experiments reported in
Part 1 [10]. Tests over a longer period of time were
planned in order to evaluate better the performance
of the di�erent compositions.

(2) To study the e�ect of varying NiO content in
the cermets on the performance of the material, as
well as the contamination of anode species in the
electrolyte and the deposited aluminium.

(3) To further develop a model proposed by Evans
and Keller [15]. This model describes the mass
transfer of corrosion products from the oxide anode
surface, through the electrolyte with subsequent re-
duction into the deposited aluminium. The model
describes the process at steady state. A basic mathe-
matical treatment could also help to test this model in
the non-steady state when the electrolyte is not sat-
urated with contaminating species.

3. Theory

A cermet material is subject to two di�erent disso-
lution mechanisms when anodically polarized in the
electrolyte. The metallic phase may undergo elec-
trochemical anodic dissolution, while the ceramic
matrix, being in the oxidized, electrochemically sta-
ble state, will show chemical dissolution. It has been
shown by Tarcy [12] that, in a similar nickel ferrite
cermet with a nickel metallic phase, the nickel dis-
solved electrochemically, leaving open pores allow-
ing the electrolyte to penetrate into the anode. When
nickel was replaced by a Cu/Ni alloy as the metal
phase, this did not occur. This alloy does not form a
continuous network, and the electrochemical process
should stop when all metal particles exposed to the
electrolyte have dissolved. From then on, the process
will be controlled by chemical dissolution of the
oxide phase with only a limited number of alloy
particles being exposed to the electrolyte as the in-
terface recedes with the slowly dissolving ceramic
phase. Formation of a fairly stable copper oxide
layer on the metal may also inhibit the anodic dis-
solution process. Tests performed by Hall with solid
copper electrodes showed that copper forms an ox-
ide layer on the surface [13]. However, XRD mea-
surements of cermet anode surfaces did not show
any copper oxides to be present on the surface layer
[14]. The process which governs the dissolution and
transport of the alloy species from the cermet sur-
faces might therefore be di�erent from chemical
dissolution.

Aluminium has ®nite solubility in molten cryolite,
and will attack the oxides on the surface of an un-
polarized anode. On an oxygen-evolving anode,
however, dissolved aluminum is prevented from get-
ting into direct contact with the anode substrate.

As mentioned above, the model proposed by
Evans and Keller assumes that the corrosion mech-
anism of a ceramic anode material is mass transport
controlled [15]. Since these authors only treated the
steady-state case, mathematical considerations to in-
clude the non-steady state are presented below.

The dissolved anode species are transported to the
cathode where they are deposited cathodically or re-
act with aluminium in a red-ox reaction,

Al� 3
nM

n� � Al3� � 3
nM �2�

Assuming mass transfer control and a linear ®rst-
order reaction with no initial contamination of the
electrolyte, the di�usion equation describing the dis-
solution of oxide species from the anode and the
transfer to the cathode is:

�csat ÿ c�t��kanAa ÿ c�t�kcalAm � V
@c�t�
@t

�3�

where c�t� is the time-dependent concentration of
species in the electrolyte (molm)3), csat the saturation
concentration of the species (molm)3), kan the mass
transfer coe�cient anode-electrolyte of the species
(m s)1), kcat the mass transfer coe�cient electrolyte-
metal pad (m s)1), Aa the surface area of anode (m2),
Am the surface area of cathode (m2) and V the volume
of electrolyte (m3).

The solution of Equation 3 for this problem is
given by

c�t� � kancsatAa

kcatAm � kanAa
1ÿ exp

ÿ�kcatAm � kanAa�t
V

� �� �
�4�

which can be simpli®ed to:

c�t� � B�1ÿ exp�ÿ1=s�� �5�
The overall rate of reaction 2 is believed to be mass
transfer controlled, and is accommodated in the total
mass transfer equation for this system via the ca-
thodic mass transfer coe�cient kcat. This alloying
process takes place in a rather stagnant layer at the
electrolyte/cathode interface and kcat is assumed to be
much smaller than the coe�cient for anode dissolu-
tion, kan, if both reactions are governed by mass
transport [15]. On the other hand, if a chemical re-
action occurs at the anode surface prior to dissolution
and subsequent mass transfer, this might not be the
case. If we assume that kan � kcat and Am � Aa con-
stant B can be set equal to csat. The time constant, s,
is then expressed by:

s � V
kcatAm � kanAa

� V
kan � kcat� �A �6�

This gives an equation for species dissolution under
mass transport control with zero initial concentration
of that species:

c�t� � csat 1ÿ exp�ÿ1=s�� � �7�
For this equation to be applicable in a real electro-
lytic cell, it is necessary to incorporate the initial
concentrations of impurities in the electrolyte. As the
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®nal, steady-state concentration in the electrolyte is
dependent not only on the dissolution of the anode
material, but also on the transfer of species into the
metal, it is not strictly correct to use csat, that is the
saturation concentration of the species in the elec-
trolyte, as the steady-state value. The steady-state
concentration in the electrolyte will be reached when
the dissolution of the anode material occurs at the
same rate as the anode components are removed from
the electrolyte, either by dissolution into the metal or
by loss to the vapour phase. The removal of species
via the vapour phase will not be discussed here as the
transfer of impurities to the vapour phase is not well
understood. For most components only a small
fraction escapes via the vapour phase.

The steady-state concentration in the electrolyte
can be substituted by a value c1. Equation 8 de-
scribes, in general terms, the concentration vs time
relationship for a dissolving species

c�t� ÿ c0
c1 ÿ c0

� 1ÿ exp�ÿ1=s� �8�

with a steady-state concentration of c1 and an initial
concentration c0, which transforms into Equation 9.

c�t� � c1 ÿ c1 ÿ c0� � exp�ÿ1=s� �9�
In Equation 9. c1 denotes the concentration at
steady state and c0 denotes the initial content of the
impurity in the electrolyte. This equation can be used
to determine the mass transfer coe�cients in the
system by ®tting of the curves to suit the measured
data.

The mass transfer coe�cients can be calculated
using Equations 6, 7 and 9. The c1 value can be used
as a good estimate for csat if kan � kcat. This implies
that if the model and the assumptions made are
correct, the steady-state concentration in the elec-
trolyte of species dissolving from the anode should be
close to saturation.

When the system has reached steady state, the
incorporation of anode species into the cathode will
occur at a constant rate as the amount dissolving at
the anode will be equal to that entering the alumini-
um cathode. This is described by Equation 10.

J � kan csat ÿ c1� �Aa � kcatc1Am �10�
This is the model ®rst proposed by Evans and Keller
[15].

4. Experimental

The cell used in the 50-h electrolysis tests is sketched
in Fig. 1 [11]. It consisted of a graphite crucible lined
with a thick-walled sintered alumina tube. The inner
diameter of the tube was 100mm. In the bottom of
the cell was placed a rectangular piece (5 ´ 5 cm) of
TiB2±graphite composite (95% TiB2, 5% C, Great
Lakes Carbon) to serve as cathode (all compositions
are given in wt%, unless otherwise stated). The rest of
the cell bottom was insulated with a disc of 10mm
thick sintered alumina. The crucible and the TiB2

composite cathode were polarized cathodically
through a 6mm Inconel rod. The anodic current was
provided through a similar Inconel rod attached to
the anode with Cu-based cement. The anode current
lead was protected from corrosion with a sintered
alumina tube. A cylindrical cermet anode (8 cm high,
4 cm diameter, immersion depth 5 cm) was used.

The cell contained a total of 2300 g electrolyte of
CR 2.2 (NaF/AlF3 molar ratio). The electrolyte
contained 5wt% CaF2 (as against 10wt% in Part I of
this paper [10]) and the alumina concentration was
kept close to saturation (8wt%) throughout the tests.
The temperature was 960 °C. In order to ensure that
the deposited aluminium would wet the cathode from
the start of the experiment, 9 g of high purity A1 was
placed on top of the cathode prior to electrolysis.

To determine the concentration of anode constit-
uents in the melt during the tests, electrolyte samples
were taken frequently by rapid freezing onto a
graphite cylinder which was quickly immersed into
the electrolyte. Changes in the concentration in the
initial phase of the test were considered important in
the sense that it could be used to determine the mass
transfer coe�cient of the various species from the
anode into the electrolyte. Samples were, therefore,
taken at 5-min intervals for the ®rst 30min of the
tests, then every 10min for the following 30min.
Preliminary tests had shown that the electrolyte
reached constant concentration of species originating
from the anode after about 60min. Later in the tests,
the samples were taken at random intervals associ-
ated with metal sampling. The electrolyte samples
were analysed using XRF spectroscopy. The preci-
sion of the method is approximately 5% of the
measured quantity. The metal sampling was made at

Fig. 1. Electrochemical cell used in the 50-h experiments.

NICKEL FERRITE AS INERT ANODES IN ALUMINIUM ELECTROLYSIS: II 303



irregular intervals throughout the tests, using a
quartz tube which was lowered into the cathodic
metal pad. The metal samples were dissolved in 10ml
concentrated HCl which was subsequently diluted
with H2O to 100ml and analysed using an Argon ICP
spectrometer. The ICP method used has a variable
precision of about 10% for measured values below
100 ppm, 5% for values between 100 and 1000 ppm
and 3% above 1000 ppm.

The cell was operated for 50 h with current of
25A. The total immersed anode surface area was
75 cm2. Current distribution calculations showed that
about 40% of the current was conducted through the
horizontal, bottom part of the anode, implying that
the current density here was 0.8A cm)2. The cell
voltage was stable during these tests with occasional
disturbances associated with the metal sampling.

5. Results and discussion

During the initial stage of electrolysis, the anode
material dissolves fairly rapidly until a steady state is
reached. At steady state, the level of contamination is
governed by the dissolution rate of the anode mate-
rial and by the rate at which the species originating
from the anode enter into the metal pad. Considering
the mathematical treatment given above, it can be
concluded that early in the test, the amount of im-
purities in the bath is expected to rise to the steady-
state level. This rise is governed by the dissolution
rate and thereby also by the mass transfer of the
anode material. The concentration pro®le versus time
can be used to calculate the time constant for the
dissolution process and also the mass transfer coef-
®cient for dissolution of the anode material. The
calculation was performed by curve ®tting of the
concentration pro®le to Equation 9.

The steady-state value is a function of: (i) the
solubility of the species in question, csat, (ii) the rate
of reduction of the species into the cathodically de-
posited metal, kcatAm (Equation 10) and (iii) the dis-
solution rate of the anode material, kanAa(csat ) c¥)
(Equation 10). As the experiment proceeds, the time-
dependent part of Equation 8 becomes negligible,
giving a constant concentration level determined by
the factor B,

B � kancsatAa

kcatAm � kanAa
�11�

The surface ratio Aa/Am had a value of 3 in all the
experiments. As mentioned above, the mass transfer
coe�cient was believed to be substantially higher at
the gas-evolving anode than at the cathode, leading
to the assumption that B can be approximated by the
total solubility of the anode species, B � csat.

5.1. Dissolution of the anode material
and mass transfer coe�cients

The concentrations in the electrolyte with respect to
the anode components in the test with the material

with no excess NiO are sketched in Fig. 2. Compared
to the concentration levels found in the 4-h tests, as
reported in Part I [10], the Fe content found early in
the 50-h tests was similar for all the materials.
However, the values for Cu and Ni di�ered. For time
less than 4 h, the concentration of Cu was consider-
ably higher in the small cell used in [10] than in the
50-h experiments. The content of Ni was on the other
hand, only slightly higher. Of these elements, only Fe
was present in measurable amounts in the chemicals
used to make up the electrolyte. A higher ratio of
anode surface area to electrolyte volume (Aa/V) in the
short-term tests may have caused this behaviour as
the Ni species generally dissolved slowly while the Cu
alloy metal particles on the surface of the anodes were
found to dissolve more rapidly. This is also pointed
out in Part I [10] where the Ni content was still rising
after 4 h of electrolysis. More metal phase bleed-out
on the surface of the smaller anodes used in Part I
[10] may have been the reason for the higher Cu
content. Care was taken to remove metallic particles
from the surface of the anodes, but some may have
been overlooked.

The Fe content exhibited an unexpected behav-
iour, as shown in Fig. 2. The initial concentration in
the electrolyte was of the order of 200±300 ppm.
During the ®rst 100min of electrolysis, the Fe content
rose in a similar manner as previously observed in the
4-h tests [10], as the anode material dissolved. After
this initial period, however, the Fe content fell to
about one-half of what at ®rst might have appeared
to be the steady-state value. The solubility of Fe2O3

from nickel ferrite in cryolite at 960 °C, 6.5% Al2O3

and CR 2.2 (11% excess AlF3) is reported to be about
1000 ppm [16].

In the present tests, the graphite crucible was ca-
thodically polarized. This led to penetration of Na
into the crucible material [17], e�ectively increasing
the relative content of AlF3. Both samples taken just
before termination of the tests showed an average
excess AlF3 content of 14.6wt% as opposed to the
initial 11wt%. This led to a marginal decrease in
alumina solubility [16]. Furthermore the solubility of
Fe2O3 has been shown to decrease somewhat with
decreasing CR, going from 1200 ppm at CR � 2.6 to
1000 ppm at CR � 1.8 [16]. This change is, however,

Fig. 2. Electrolyte concentration versus time for an anode with all
ferrite (0% excess NiO) ceramic phase. (r) Fe, (j) Ni, (m) Cu.
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too small to explain the observed drop from 300 to
170 ppm Fe found in Fig. 2. Another possible ex-
planation for the curious behaviour of Fe, is the time
needed to reach stable operating conditions in the
cell. Although aluminium was added to the cell prior
to electrolysis, stagnant layers in the bottom part of
the cell may have slowed down the transfer of these
species before the cell had reached stable operating
conditions, as indicated by the stable contents of
contaminating species in the electrolyte after about
24 h. The initial contents of Fe and Cu in the chem-
icals used in the electrolyte, and the content of Fe in
the cell materials may account for this behaviour.
After 24 h the concentrations of the anode species in
the electrolyte seemed to stabilize at steady-state
values. These data are summarized in Table 1.

As seen from Table 1, the steady-state values were
quite similar for all the anode compositions. The
concentrations in the test with the all-ferrite material
(0% excess NiO) were less with respect to Ni, and the
concentration of Fe was somewhat lower with the
material containing most NiO. It is questionable
whether these di�erences are signi®cant, but it is in-
teresting to note that they re¯ect the relative contents
of the species in the anode materials. The solubilities
of Fe2O3 and NiO have been investigated by De
Young [16]. He determined the maximum solubilities
to be 1000 and 50 ppm respectively for the given
electrolyte composition and temperature. These data
agree with the maximum contamination encountered
after 2±3 h, but not with the steady-state values found
after more than 12 h. Con®dential tests performed on
a di�erent cell show the same behaviour. The Evans±
Keller model (Equation 10) assumes that the disso-
lution of anode species into the electrolyte is much
faster than the deposition of the dissolved species into
the metal (kan � kcat). It further predicts the steady-
state concentration to be close to saturation,
csat � c¥. This does not seem to be the case, and the
results suggest that the model needs to be modi®ed.

The concentration data early in the tests were used
to calculate the dissolution characteristics for the
di�erent components in the individual anodes. This
was done by curve ®tting of the data to the model
described by Equation 9. The curves with the best ®t
for Ni together with the actually measured values are
shown in Fig. 3.

The dissolution of Ni was very similar for all the
three tested materials. After immersion of the anode
into the electrolyte and start of electrolysis, the con-

tamination of nickel in the electrolyte seemed to fol-
low a mass transfer controlled mechanism. Curve
®tting to Equation 9 described the observed dissolu-
tion well, and it is reasonable to assume a mass
transfer controlled mechanism similar to the one
found in the 4-h tests reported in Part I [10]. The
curve ®tting parameters are listed in Table 2. Com-
pared to the parameters found in the short-term tests,
the numerical values di�er somewhat. The apparent,
simulated steady-state concentration c1 is similar for
all three materials, and so are the c0 values. The c0
values for nickel given in Table 2 are the initial
concentrations estimated from the curve ®tting, but
the actual concentrations before anode immersion
were also determined analytically by XRF for sam-
ples taken before anode immersion. These values
were 7.9, and 9.4 ppm in the three experiments with
the materials containing 0, 17 and 23wt% excess NiO
respectively which is close to the estimated values. In
contrast to the values presented in Part I [10], the
mass transfer coe�cient kan is almost equal for all the
materials, and the values are also somewhat higher
than in [10], but of the same order. Compared to the
data of Weyand et al. [4], the present values are
higher by a factor of about 2. Given the uncertainties
both in the present data and those of Weyand et al.,
®nding values of approximately the same magnitude
for a mass transfer controlled process is encouraging
and supportive for both sets of data.

Also for Fe, the ®tted curves seemed to describe
the dissolution process adequately, the steady-state
concentration being approximately 300 ppm. The
electrolyte contained substantial amounts of Fe prior
to electrolysis, as it did in the short-term tests [10].

Table 1. Steady-state values reached after 24 h for the concentra-

tions of anode species in the electrolyte

Excess wt% NiO

in material

Fe

/ppm

Ni

/ppm

Cu

/ppm

0 170 60 40

17 170 80 50

23 140 80 40

CR = 1.5, 6.5wt% Al2O3, 960 °C.

Fig. 3. Concentration of Ni in the electrolyte with the di�erent
anode materials tested versus time with best ®t curves using
Equation 9. (r) 0wt% NiO, (m) 17wt% NiO, (´) 23wt% NiO.

Table 2. Curve ®tting parameters for Ni

Excess wt% NiO

in material

c1
/ppm

c0
/ppm

kan

/m s)1

0 47.3 8.2 1.08� 10)4

17 49.2 8.9 1.92� 10)4

23 44.8 10.3 1.22� 10)4
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For the three tested materials, the c1 and c0 values
di�er more for Fe than for Ni. The two materials
containing excess NiO seemed to behave quite simi-
larly. The all-ferrite material did, however, have a
higher kan, Fe value for the dissolution process. This
material contains a higher proportion of nickel ferrite
than the other two, and the Fe2O3 activity might also
be higher than in the other two materials due to the
possible presence of small amounts of unreacted ha-
ematite (although XRD measurements did not show
any signs of Fe2O3), and this could be the reason for
the higher dissolution rate. The somewhat lower
value for the apparent steady-state concentration
compared to the material with no excess NiO is dif-
®cult to explain. Compared to the results found in the
4-h tests these results are quite similar both regarding
the electrolyte concentration of Fe and for the mass
transfer coe�cients.

The copper±nickel alloy metallic phase may ex-
hibit a di�erent dissolution mechanism as it did not
seem to be electrochemically stable under anodic
polarization in the tests reported here. Evidence
suggests that the metal phase was subjected to anodic
dissolution since no copper oxides were found on the
surface of the anodes after electrolysis. Tarcy [12]
suggested that while Ni was subject to anodic disso-
lution, a stable oxide layer would form on Cu in the
cermet during electrolysis. As already stated, copper
oxides may form, but XRD measurements did not
show any copper oxides to be present within the
sensitivity of that method [14]. The model used here
may not describe the electrochemical process very
well as it is based on the assumption of a simple
chemical dissolution mechanism, and the concept of a
chemical mass transfer coe�cient kan, Cu for copper is
therefore of doubtful signi®cance.

The behaviour with respect to copper of the ma-
terial containing 23wt% NiO was interesting, as it
di�ered strongly from the other two. Much lower
values both for the steady-state contamination and
for the mass transfer coe�cient were found. This
particular anode had been used in a failed experiment
prior to the experiment described here (the experi-

ment was terminated due to crucible failure). The
anode surface was, therefore, probably depleted of
metallic phase prior to this experiment. The concen-
tration of Cu in the electrolyte in all the experiments
eventually approached a level of around 40±50 ppm.
A possible explanation is that the metal-rich surface
of the anodes dissolved rapidly until a stable Ni-
Fe2O4±NiO boundary layer was formed. The values
obtained with an already used anode should, there-
fore, give more correct data for the real steady-state
Cu concentration in the experiments. The total
amount of copper dissolved initially from new anodes
was of the order of 0.4 g, based on a maximum con-
centration of 200 ppm in the electrolyte. This is a
signi®cant amount, which should be taken into ac-
count when considering the contamination of the
deposited metal.

The Cu dissolution rate found for the pre-elec-
trolysed anode was very low. This may describe the
actual wear of the anode in that the mechanism at
steady state, is, anodic dissolution of the metal par-
ticles, exposed to electrolyte as the metal depleted
ferrite-oxide layer recedes as the oxides dissolve. The
relative amounts of anode constituents reduced to
metal did not, however, re¯ect the composition of the
anode material. Ray [25] and Weyand et al. [4] tested
cermet anodes with varying metal phase contents.
The best results (lowest corrosion) were obtained
with an anode material similar to that containing
17wt% excess NiO in this study. The relative
amounts of anode constituents found are somewhat
closer to the ratios in the anode than those reported
by Ray, but in general the same trends are found; that
substantially more iron and copper than nickel are
reduced to metal than can be explained by uniform
dissolution of the anode material. This may be at-
tributed to di�erent transfer characteristics for the
various species into the vapour phase or deposition of
nickel-containing compounds elsewhere, i.e. on the
alumina liner as nickel aluminate, although this was
not observed in post-mortem examination of the cell.
For further investigations with these materials, it is
recommendable to pre-electrolyse the substrates to
achieve a metal-free, stable surface, and to collect
samples of condensed vapour to determine the
amount of anode constituents leaving the cell via the
vapour phase. Impurities may also originate from
other sources, ie. the electrolyte itself, the crucible, or
the alumina fed to the cell during electrolysis.

5.2. Metal contamination and transfer of impurities

The contents of anode components in the deposited
metal for the anode with no excess NiO are shown in
Fig. 4. The material containing no excess NiO
showed an increase in contamination early in the
experiment, but the concentrations stabilized after
20±24 h of electrolysis. For the other two materials, it
took a longer time for the contamination to reach a
steady level, especially for the material containing
23wt% NiO. In this experiment, the concentration of

Table 3. Curve ®tting parameters for Fe

Excess wt% NiO

in material

c1
/ppm

c0
/ppm

kan

/m s)1

0 309.5 227.1 8.68� 10)5

17 342.7 305.6 3.05� 10)5

23 350.8 294.4 4.93� 10)5

Table 4. Curve ®tting parameters for Cu

Excess wt% NiO

in material

c1
/ppm

c0
/ppm

kan

/m s)1

0 121.9 18.9 2.20� 10)3

17 247.0 7.0 1.1� 10)3

23* 35.7 8.1 5.49� 10)6

* Previously used anode.
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Ni in the metal was still rising after 50 h of electrol-
ysis. A common feature for all the materials was that
copper seemed to enter the deposited metal more
rapidly than nickel. This agrees with the measure-
ments of impurities in the electrolyte where Cu
quickly entered the electrolyte, while the NiO dis-
solved more slowly. The metal contamination ob-
tained with the materials tested in this study is in the
same range as that found by Ray for a material
containing 18wt% excess NiO [18].

The results with the material containing no excess
NiO were especially encouraging. Contents of
2200 ppm Fe, 400 ppm Ni and 400 ppm Cu gave a
total contamination of 2800 ppm. Overall, this gives
acceptable purity as primary metal although the
contamination of Ni and Cu is above speci®cations.
It was also encouraging to see that the contamination
reached a steady state, suggesting that this was the
actual contamination caused by the anode material
corroding in a controlled manner together with the
e�ect of iron impurities coming from other sources.
Also the material containing 17wt% excess NiO
seemed to reach such a steady state albeit after a
longer period of electrolysis. For this anode material,
the contamination of the deposited metal was higher
for all the species, implying a higher overall corrosion
rate. In the experiment with the all-ferrite material
(0% excess NiO), the amount of anode constituents
in the metal was also measured after the cell had
cooled and the metal pad had solidi®ed. As can be
seen in Fig. 4, substantial amounts of contaminants
entered the metal after electrolysis was terminated.

If the anode materials dissolve at a constant rate,
the quantity of dissolved material ending up in the
metal should increase linearly with time, provided the
concentration in the electrolyte remains constant.
The amounts of material which entered the alumini-
um cathode in the test with the all-ferrite material
(0wt% excess NiO) are plotted in Fig. 5. The ®gure
show the total amounts of anode species in grams of
metal having entered the deposited metal. The con-
tents of anode species in the electrolyte are not in-
cluded because they reached steady state, and hence
did not contribute to the time-dependent corrosion.
A linear process was assumed, so the curves in the

®gure are ®tted to a simple linear equation (Equation
10). Losses to the vapour phase where not consid-
ered, as this amount was not known, because of the
unknown transfer characteristics into the vapour
phase. All the materials showed a linear behaviour
with respect to anode species entering the deposited
metal.

Due to a computational error, previously pub-
lished data for the contamination of the metal, the
mass transfer coe�cients for the anode corrosion
products entering the metal and the anode corrosion
rates were too low by a factor of 10 [19].

The amounts of anode constituents which entered
the metal were clearly linear with time as demon-
strated by the straight lines in Fig. 5. This observa-
tion suggests that the anodes dissolve at a constant
rate. The extrapolated corrosion rates in cm per year
of operation calculated from the linear behaviour was
1.2, 1.7 and 2.0 cm year)1 for the three materials,
respectively. The two materials, containing excess
NiO showed very similar characteristics with regard
to the transfer of species into the metal, while the all-
ferrite material showed considerably lower values.
The numerical values of the mass transfer coe�cients
are listed in Table 6.

Fig. 4. Metal contamination of anode constituents versus time.
The anode contained no excess NiO. The higher values at 50 h
represent the contamination in metal samples taken after solidi®-
cation. (r) Fe; (j) Ni; (m) Cu.

Fig. 5. Transfer of anode species into the metal vs time. The anode
contained no excess NiO. The lines drawn represent linear be-
haviour. (r) Fe; (j) Ni; (m) Cu.

Table 5. Quantities of anode species which entered the metal in the

tests with cermet anodes of di�erent compositions

Material Fe

/g s)1
Ni

/g s)1
Cu

/g s)1

0 wt% NiO 3.11 ´ 10)6 0.58 ´ 10)6 0.70� 10)6

17 wt% NiO 6.92 ´ 10)6 1.29 ´ 10)6 1.84� 10)6

23 wt% NiO 5.58 ´ 10)6 1.49 ´ 10)6 1.31� 10)6

A linear process was assumed.

Table 6. Mass transfer coe�cients for the di�erent anode species

which entered the deposited metal

Material kcat;Fe

/m s)1
kcat;Ni

/m s)1
kcat;Cu

/m s)1

0 wt% NiO 2.99 ´ 10)6 1.59 ´ 10)6 2.86 ´ 10)6

17 wt% NiO 6.65 ´ 10)6 2.64 ´ 10)6 6.00 ´ 10)6

23 wt% NiO 6.52 ´ 10)6 3.04 ´ 10)6 5.34 ´ 10)6

The values in Tables 1 and 5 were used together with Equation 10.
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Again, the all-ferrite material di�ered markedly
from the two others which were similar. This be-
haviour is di�cult to explain for a mass transfer
controlled process because the mass transfer coe�-
cient for a given species should be the same for all the
anode materials. A possible explanation might be
that, at the temperatures used in these experiments,
the all-ferrite material (no excess NiO) had a signi®-
cantly lower electrical conductivity than the two
materials containing excess NiO [10]. The lower
conductivity led to higher cell voltage and forced
more current to pass through the upper parts of the
sidewall of the anode, giving less gas evolution
around the bottom of the anode and possibly,
thereby, a thicker di�usion layer at the metal pad at
the bottom of the cell. A doubling of the di�usion
layer thickness is su�cient to explain the observed
behaviour. After the tests the cells were cut into
halves and a distinct layer was evident above the
cathode. This layer seemed to be more compact than
the rest of the electrolyte, suggesting that the elec-
trolyte in this layer was super-saturated with respect
to alumina. Chin [20], found that a Cu-rich ``skim
layer'' was formed above the polarized metal. In that
study, copper, nickel and iron were dissolved in the
form of oxides from sintered tablets and the subse-
quent transfer of the species from the electrolyte into
the metal was studied. Such a ``skim'' layer was not
observed in the present study.

Table 7 gives the ratios between the mass transfer
coe�cients for the anode species having entered the
metal. These numbers should cancel out the e�ect of
di�usion layers of unequal thickness and re¯ect the
ratios between the di�usion coe�cients. The numbers
match fairly well and suggest that Fe and Cu had
approximately the same characteristics, iron being
slightly more mobile than Cu. It is interesting to note
that Ni entered the metal pad at about half the rate of
Fe and Cu. This observation suggests that an anode
material based on Ni, be it nickel oxide or some other
nickel compound, has the most promising potential
for an inert anode material. If a NiO-based material
can be made with adequate electrical conductivity, it
should be investigated further.

5.3. Material performance

SEM pictures of cross-sections of the anode surfaces
are shown in Fig. 6. The materials seemed to be very
stable as there were no visible structural changes
when going from the unchanged interior of the elec-
trode to the surface. On all anodes a distinct layer of
about 50 lm thickness had been formed at the sur-

face. A similar layer of about 20 lm thickness was
observed in the 4-h short-term experiments [10]. The
layer formed on the material containing no excess
NiO was dense compared to the interior of the anode,
which contained some pores. The porosity was at-
tributed to the poorer sintering characteristics of this
material [10]. Since the surface layer of this anode is
more dense than the anode material itself, the layer
may have formed via a reaction forming aluminates
such as FeAl2O4, which has been detected by XRD
[14]. The formation of the surface layer is clearly not
just the result of the dissolution of the metal grains
exposed to the electrolyte leaving the ferrite matrix
behind.

Polished samples were analysed by X-ray micro-
analysis (XRMA) with an energy dispersive spec-
trometer connected to the SEM. Quantitative
chemical analyses were performed on the di�erent
phases in the anodes in three positions relative to the
anode±electrolyte interface, i.e. (i) in the interior
(>2 cm from the interface), (ii) 200 lm from the in-
terface and (iii) immediately below the 50 lm thick
reaction layer which had formed on the surface. The
data for the metal phase are given in Table 8. The
reaction layer was also analysed by the same method,
and data are given in Table 9. The equipment was
®tted with a Be window which excluded analysis of
light elements such as oxygen, and the results were
therefore normalized to 100% with respect to the
metal cations.

The XRMA analyses showed that the oxide phases
in the cermets were stable with regard to composition
during electrolysis, as the relative amounts of Ni and
Fe did not change from the interior of the anode to
the outer surface. Variation in the oxygen content
could, as mentioned earlier, not be studied. The me-
tallic phase was systematically depleted with respect
to Ni in the alloy when going from the interior to the
surface of the cermets. The surface layer contained
minor amounts of Al, suggesting that small amounts
of aluminates were formed, as also observed in earlier
work [14]. Sadoway [26] sets as a criterion for an inert
anode material, that the material is not attacked by
aluminium dissolved in the melt. If aluminium should
reach the cermet anode surface it may undergo
aluminothermic reduction.

The source of aluminium found in the reaction
layer in the present work was probably alumina, being
much more likely than dissolved aluminium reaching
the anode which is surrounded by oxygen bubbles. If
this is the case, the assumption that the anode cor-
rosion process is governed purely by a mass transfer
controlled process due to chemical dissolution, might
be wrong. If a chemical reaction, such as the forma-
tion of aluminates, takes place on the surface of the
cermet, this may have serious implications in the un-
derstanding of the behaviour of oxide-based anodes
in cryolitic melts. McLeod et al. [27] studied the
reaction zone on a single crystal cobalt ferrite sample
used as anode in an alumina-saturated cryolite
melt at 960 °C and found a reaction layer of about

Table 7. The ratios between the di�erent mass transfer coe�cients

Material kcat;Fe/kcat;Ni kcat;Fe/kcat;Cu kcat;Cu/kcat;Ni

0 wt% NiO 1.88 1.05 1.80

17 wt% NiO 2.52 1.11 2.27

23 wt% NiO 2.14 1.22 1.76
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Fig. 6. SEMmicrographs of cross-sections of the cermet±electrolyte boundary of anodes after 50 h of electrolysis. (a) 0% excess NiO; (b) as
(a), but higher magni®cation; (c) 17% excess NiO; (d) as (c) but higher magni®cation; (e) 23% excess NiO; (f) as (e), but higher
magni®cation.
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8 lm thickness which contained considerable amounts
of aluminium which they suggested was alumina in
solid solution with the cobalt ferrite. This may have
been in the form of a separate phase of aluminates.

The solubility of oxides in cryolitic melts is very
dependent on the content of alumina. De Young [16]
reports the solubility of NiO in a melt with CR 2.2 at
960 °C to be about 1000 ppm as Ni at 2.5 wt% Al2O3.
At 6.5wt% Al2O3, the Ni solubility had dropped to
about 200 ppm. To exhibit a slow dissolution rate
into the electrolyte for oxidic anodes, it is necessary
to keep the alumina content in the electrolyte fairly
high. In commercial cells today, the alumina content
in the electrolyte is maintained at a value in the range
2±4wt%. If oxidic anodes are to be utilized, a new
type of process control where the alumina content in
the electrolyte can be kept at a higher level is needed.
One such process has recently been patented by Beck
[28] of use with metallic anodes by maintaining alu-
mina in suspension in the electrolyte.
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