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Abstract: A 100 mm diameter cup-shaped inert anode for aluminum electrolysis consisting of cermet 17Ni1/83(10NiO-90NiFe,O,)
was prepared and the operating performance was evaluated in a laboratory cell with the electrolyte CR2.3 and Al,O; concentration
7.43% (mass fraction). The results indicate that no major operational difficulties are encountered during the testing which lasts for
101.5 h and the inert anode exhibits good general performances. The steady-state average concentration of impurity Ni in the bath is
close to the solubility, however, the Fe concentration is lower than its solubility. The contents of the main contaminants for aluminum
produced are Ni 0.128 8%, Fe 1.007 4%. The corrosion rate of inert anode under electrolysis conditions based on the content of

impurity Ni in metal aluminum is approximately 8.51 mm/a.
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1 Introduction

Since the Hall-Héroult process was applied in
aluminum production, an inert anode was always the
target that the aluminum industry was seeking for in the
new technology field[1]. Some selection criteria have
been defined in order to identify materials for the use as
inert anodes[2,3]. Over the years, many materials have
been tested in laboratory. Research on inert anodes was
focused on ceramic inert anodes, especially SnO,-based
[4—6] and metallic inert anodes [7, 8], as well as cermet
inert anodes[9—11]. Compared with metals and oxides,
which can only meet one or two of selection criteria and
miss the others, the cermets seem, in this sense, more
promising to become the bulk material for the inert
anode.

Since 1980, supported by the US Department of
Energy, Aluminum Company of America(Alcoa)
conducted significant work on the use of ferrites. They
developed a new cermet material consisting of a nickel
ferrite-nickel oxide substrate containing Cu as a metal
phase to provide acceptable electrical conductivity[12].
The work was continued by Battelle Pacific Northwest

Laboratories, but they were not able to reproduce the
best results obtained by Alcoa.

In previous work, we have tested the NiFe,O, based
cermet and determined the optimum composition in
Na;AlF4-Al,O; melts. In this paper, the operating
performance of a 100 mm diameter cup-shaped inert
anode of cermet, which consisted of 17% (mass fraction)
metal Ni and 83% ceramic (10NiO-90NiFe,0,), was
evaluated in a laboratory electrolysis cell. It was the first
time that a large anode had been produced. Therefore,
the purpose of this test is to determine whether the
electrolysis testing with large anode yields results similar
to those from the laboratory test with small anodes.

2 Experimental

2.1 Preparation of sample

The raw materials, nickel powder, NiO and Fe,Os
were all reagent grade. NiFe,O, based cermet samples
were prepared by an isostatic pressing-sintering process
[13]. A proper amount of Fe,O; and 10% excess NiO,
compared with that of the stoichiometric NiFe,O,4, were
mixed by ball milling in a stainless steel ball mill. The
mixture was dried and then calcined to form the 10NiO-
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90NiFe,0, ceramic powder. It was proved by the X-ray
diffraction patterns that the calcined powders had
NiFe,O, and NiO phases. Metal nickel powder of 17%
was added to the calcined powder and the mixture was
again ball milled. During milling, organic solvent and
dispersant were used rather than water because water
may cause oxidation of the metal particles. Finally, the
mixture were isostaticly pressed into cylindrical blocks
and sintered at 1 350 C for 4 h in an atmosphere of
efficaciously controlled oxygen partial pressure to get the
desired cermet samples.

The diameters of the cup-shaped anode were 102.24
mm at the top, 102.20 mm at the mid-section, and 102.22
mm at the bottom and the height was 117.38 mm. The
relative density of samples was 93.52%.

Some kind of transition material was used to
connect the anode and the anode rod. A thermocoulpe
was located adjacent to the joint point and was insulated
with alumina sleeve. This protective sleeve protruded
above the cell liner to a cooler zone outside of the
anode then filled with

furnace. The cup was

metallurgical grade alumina.

2.2 Cell design

Under the operating conditions of laboratory test,
the cell would not be thermally self-sustaining; it was
necessary to provide extra heat by placing the cell in a
vertical furnace. The fumace had a minimum cross-
sectional dimension of 300 mm diameter. The major
components of the cell are shown in Fig.1.

Fig.1 Sketch of electrolysis cell: 1 Anode rod; 2 Alumina
sleeve; 3 Bath withdrawing tube; 4 Alumina liner; 5 Electrolyte;
6 Metal aluminum; 7 Graphite mechanical support, 8 Cathode
rod; 9 Graphite crucible; 10 Inert anode; 11 Alumina feed tube

The graphite crucible had an outside diameter of
280 mm and an inner diameter of 210 mm. The alumina
liner was 200 mm in inner diameter with a wall thickness
of 3 mm. This liner extended from the lower crucible

edge upward for 300 mm. It contained both the metal
cathode pool and the cell electrolyte. The upper liner
prevented oxygen generated at the anode from coming
into contact with the graphite crucible or the furnace
interior. It also defined the current path from the anode to
the metal pool and not directly to the sidewall. Two
stainless steel rods (diameter 25 mm) were used for
electrical connection to the anode and cathode crucible.
The anode rod was insulated from the anode support bar
by an insulating ring. In addition to supporting the anode
assembly, this bar was used to raise and lower the anode
to assure a proper distance between the anode and
cathode during electrolysis.
connected to the bottom of the graphite crucible and
insulated from the furnace. The volume above the upper
edge of the crucible and extending to the furnace wall
was filled with insulating materials such as silica boards
and light mass and high insulating fire brick.

The cathode rod was

2.3 Electrolysis operation

The electrolyte was prepared from reagent grade
Na;AlF,, technical grade AlF;, reagent grade CaF, and
technical grade Al,O; and the composition was: 5% CaF,,
7.43% Al,Os, balance cryolite(CR=2.30). All composi-
tions were dried at 120 ‘C for 48 h to remove the water
before using. The crucible contained a total of 6 200 g
electrolyte. Metal aluminum (1 785 g) was added prior to
electrolysis. The cell with inert anode was heated to the
required temperature 960 ‘C and kept for 2 h before
immersing the anode and electrifying 20 min later. The
immersion depth of anode was approximately 30 mm.

During the first 42 h, the current was kept at 90 A.
Subsequently, it was changed to 60 A. The current
density of inert anode bottom was respectively 1.10 and
0.73 Alem®. During electrolysis, Al,O; was added at 15
min intervals in amounts based on the electrolytic
consumption rate at 70% cathodic current efficiency.
Electrolyte (CR=2.1) was supplied to offset the losing
caused by volatilization. The cell voltage and reference
voltage between inert anode and aluminum electrode
were measured. Bath samples were taken just before the
addition of alumina and further analyzed to determine
the level of anode constituents in the melt. To investigate
the thermal shock resistance of anode, two tests were
carried out during electrolysis by removing the alumina
board above the cell.

After the test, the anode was raised out of the melt
while maintaining polarization so as to prevent reduction
of the anode material by dissolved metal. The cell was
left to cool with the anode resting above the electrolyte.
Some of electrolyte samples taken during electrolysis
were dissolved by HCIO, solution, and analyzed with
X-ray fluorenscense spectroscopy(XRF). The precision
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of the analyses was approximately 10% for the measured
values below 100X 107°, 5% for values between (100—
1 000) X 107° and 3% above 1 000X 107°. The anode was
sectioned, polished and analyzed with SEM/EDS.

3 Results and discussion

3.1 Electrolyte test

During electrolysis, the cell voltage is relatively
steady and there is no any sharp fluctuation. The average
cell voltage is the 5.592 V when the current is 90 A, and
1s 4.312 V when the current is 60 A.

An interesting observation of the cermet inert anode
is that gas bubbles, almost like a froth with 0.5-1 mm
diameter, evolve at the anode surface. The voltage
fluctuations due to bubble evolution for anode is shown
in Fig.2. The most value of reference voltage variation at
anode is 49 mV caused by small bubbles. It is smaller
than the 135 mV caused by the graphite anode[2].
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Fig.2 Voltage fluctuation due to bubble formation on anode

surface

As mentioned above, the bath samples taken during
electrolysis were analyzed for the concentration of anode
components and the results are plotted in Fig.3. It is clear
that the concentration of Ni rapidly increases in the bath
at the beginning and reaches the steady state. The
steady-state concentration is 77.83 X 107° and fairly close
to the solubility measured by DEYOUNG[14] and LAI
et al[15]. However, the Fe content exhibits different
behaviour, as shown in Fig.3. During the first 3.5 h of
electrolysis, the Fe concentration rises in a similar
manner as Ni and closes to its solubility. After this initial

period, the Fe content falls and reaches steady-state value.

When the current is 90 A and 60 A, the corresponding
steady-state concentration is 480X 107° and 364 X107,
respectively. The results differ from the previous
conclusion of LAI et al[16]. It may be the corrosion
mechanisms change under different anode current
densities.
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Fig.3 Elemental analyses of electrolyte contamination of anode

constituents vs electrolysis time for cermet electrodes

After electrolysis, the current efficiency calculated
based on the metal aluminum recovered at cathode is
60.81%. In the cell, the electrolyte is agitated strongly by
the oxygen gas bubbles produced at the anode surface.
When the gas bubbles move to the cathode surface, they
will react with aluminum. In addition, Al,C; is produced
at the cathode. All these factors decrease the current
efficiency. From Table 1, the iron content is high and can
not meet the level of remelting aluminum. The cause is
that some Fe enters the electrolyte and further aluminum
in the operation such as adding alumina, removing the
agglomeration of electrolyte during electrolysis. The
anode corrosion rate obtained by the Ni content in
recovered metal aluminum is 8.51 mm/a.

Table 1 Impurity content of anode constituents in metal
aluminum

Ni Fe
0.128 8 1.007 4

3.2 Material performance

After electrolysis, there is a black layer of about
1 mm thickness which can be separated easily from the
anode surface. It is proved that the layer has single-phase
of NiFe,O, spinel structure as the X-ray diffraction
pattern shown in Fig.4.

The inert cermet anode is sectioned and there is no
any crack though twice thermal shock resistance tests are
carried out during electrolysis. A corroded layer exists at
the anode surface and the depth is about 5 mm at the
bottom that has been immersed in the electrolyte (Fig.5).
It seems that oxygen diffuses into the anode surface to
oxidize the metal phase and some electrolyte infiltrates
into the inert anode. This phenomenon was also found by
STRACHANTJ17].

The SEM images of anode bottom before and after
electrolysis are shown in Fig.6. It is obvious that the
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metal phase Ni is leached preferentially, there are a lot of lyte has penetrated into the anode and filled in the pores.

holes and pores and the density of the anode surface During electrolysis, the decomposition voltage of
decreases. The X-ray mapping images near the inert reaction (1) with unit activity alumina at 1 238 K is
cermet anode bottom surface show that a lot of electro- 2.240 V (assuming the activity of AlF5is 1.5X 10’3)[18]_

Normally, a thin oxide coating will be always present on
the anode surface. However, under electrolysis condi-
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Fig.4 XRD pattern of separated layer

Fig.6 SEM images of anode before and after electrolysis and mapping images for Fe, Ni, Al, F from area near bottom surface:
(a) Before electrolysis; (b) After electrolysis; (¢) Fe mapping for Fig.6(b), (d) Ni mapping for Fig.6(b); (¢) Na mapping for Fig.6(b);
(©) F mapping for Fig.6(b)
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tion, it should be further noted that the Ni metal present
in the anode may fluorinate at 1.912 V, which is lower
than that for oxygen production.

2ALO()=4A1(1)+304(g) 1)

As for the electrolyte penetration, it may result from
two aspects. The first one is due to the pores left by the
electrochemical dissolution of metal phase when anode is
polarized, or the metal phase oxidation and the following
preferential chemical dissolution, then bath penetrating
into these pores by capillary effects. The second one is
the selective dissolution of Fe, since in the ceramic phase
of the NiFe,O, based anode, Fe has a fairly high
solubility in cryolite, compared with Ni. In the present
work, the relative density of anode is low (only 93.52%)
and the metal Ni content is high (17%). To restrain or
eliminate effectively the above-mentioned factors, which
1s adverse to resistance corrosion of inert anode, it 1s
necessary to improve the relative density and decrease
the content of metal to enhance the performance of anode
resistance corrosion further.

4 Conclusions

1) The NiFe,O4 based cermet inert anode presents
good general performances during electrolysis testing in
molten cryolite at 960 ‘C. The corrosion rate is 8.51
mm/a based on the Ni content in metal aluminum.

2) The current efficiency is around 60.81% based on
the recovered aluminum at cathode. The contents of the
main contaminatnts for aluminum produced is Ni  0.128
8%, Fe 1.007 4% and does not reach the comer- cial
requirement.

3) From the post-examination with SEM/EDS of the
anode, the metal Ni is found to be corroded preferentially
and produce many pores during electrolysis.
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