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Abstract

Ledge-free sidewall is preferred as it potentially reduces the
energy requirement of aluminium production by about 30%.
However, this approach poses great material challenges because
such sidewalls are in direct contact with oxidizing, corrosive and
reducing environments at different cell locations. In this study,
NiA1204, MgA1204 and Ni()'5Mg(),5A1204, were identified and
tested in cryolite-AlF;-Al;05-CaF, electrolyte melts at 980 °C
under air and CO,. Both specimens and baths were characterized
using XRD, XRF and SEM-EDS methods. This study revealed
that the NiAl,O, and MgAl,O, spinels had good corrosion
resistance toward the melts under CO,, with solubility of Ni from
NiAl,O,4 being 0.01wt% and Mg from MgAl;O, being 0.07wt%.
Dissolution of Ni and Mg into the bath was lowered to 0.007wt%
Ni and 0.05wt% Mg through the formation of a NijsMggsALO,
solid solution.

Introduction

Aluminum is commercially produced in the Hall-Héroult cells
(HHC). The HHC consists of a steel shell lined with refractory
insulating bricks covered with sidewall lining materials, a pool of
molten Al on carbon blocks as the cathode at the bottom of the
cell, and a carbon block immersed in the electrolyte from the top
of the cell as the anode. Molten Al is produced at the cathode
while the carbon anode is electrochemically oxidised and, thus,
consumed during electrolysis to produce 70-90% CO,, with the
rest being CO [1]. The overall cell reaction can be expressed as:

2 ALO; (diss) + 3 C (s) =4 A1 (1) + 3 CO, (g) ¢}
The reversible cell voltage is 1.19 V at a typical electrolysis
temperature of 960 °C. Modern HH standard cells today operate at
up to 380-400 kA, with the first commercial AP50 line being built
(the trial cells require 13.25 kWh/kg Al at 500 kA amperage and
95.7% current efficiency) [2].

In practice, cell sidewalls are covered by a layer of a solidified
electrolyte normally termed side ledge or side freeze which
protects the side linings from a corrosive cryolite-based
electrolyte melt (bath) and a highly reducing molten Al. Either
service life of the sidewall materials or the carbon cathode may be
the limiting factor in overall cell life, depending on the individual
materials employed and operating practice applied. There have
been significant advances in enhancing energy efficiency and
productivity and reducing greenhouse gas emissions over the past
60 years [3-9]. Noticeably, emerging technologies being
developed for the HH process would lead to changes in heat
balance within the cell, with the amount of heat dissipated through
the sidewalls likely to be lowered [3, 10]. Hence, novel sidewall
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designs and associated materials stable towards surrounding
environments are essential to commercialization of the above
technologies.

Carbon blocks are traditionally used as sidewall linings in the
HHC [1]. Recently, Si;Nj-bonded SiC refractory has been
increasingly utilized as the lining materials since it can (i) extend
cell life through improved oxidation and cryolite resistances, (ii)
increase cell capacity and (iii) facilitate application of large-sized
anodes to the cells, thereby leading to an overall increase in cell
productivity [1,8,11-12]. However, SizNy-bonded SiC refractories
have higher manufacturing costs than carbon blocks. There are
intrinsic problems associated with the HHC when the carbon and
SizNg-bonded SiC sidewall linings are unprotected by a side
ledge. The problematic issues for un-protected carbon blocks
mainly include reactions with O, or CO/CO, dissolved in baths,
bath penetration, chemical erosion due to Al,C; formation,
spalling due to Na intercalation, mechanical abrasion due to
undissolved Al,O; particles in circulation and easier erosion at
metal/bath/carbon three phase boundaries [1]. For un-protected
Si3N,-bonded SiC, the problems are dissolution of Si3Ny in baths
and chemical reduction of SiC by liquid Al [13, 14]. Current
practice to minimize these sidewall attacks is to operate the HHC
with the side ledge by ensuring that heat loss through the sidewall
is carefully balanced, thereby maintaining stable side ledge
formation. Such a heat loss due to this practice accounts for
approximately 30-40% of the total energy consumption, which is
largely responsible for 40-45% energy efficiency of the current
HH process [3].

The downside of the side ledge is that there are occasions where
the sidewall may be exposed to a molten bath in the HHC. For
example, during cell start-up, the molten bath will be in direct
contact with the sidewall lining for a period of time before the
formation of a protective side ledge. In other occasions, the
protective side ledge may melt away during anode effects or cell
instability. In both instances the sidewall is directly exposed to the
bath, causing potential degradation and/or sidewall failure. An
alternative approach of tackling these difficulties is to develop a
sidewall that does not require a side ledge to protect such attacks,
i.e., a ledge-free sidewall where the lining is directly exposed to
the surroundings during cell operations. With such a ledge-free
sidewall, the heat within the HHC needs to be kept rather than
removed. This leads to a potentially 30-40% energy savings that
would otherwise be lost through the sidewalls with a side ledge.
Furthermore, the cell capacity and productivity may be most
increased with a ledge-free sidewall cell configuration. Despite
these obvious benefits, few efforts have been so far made to
develop the sidewall materials that enable the HHC to operate in
aggressive ledge-free cell operating environments.



Ultimate Materials Challenge and Opportunity

One of the primary obstacles to the ledge-free sidewall approach
is a lack of suitably refractory sidewall materials that are able to
withstand all different surrounding environments (1, 3, 15]. Thus,
the approach poses substantial materials challenge. On the other
hand, the discovery of material that could serve as a ledge-free
sidewall, especially if combined with inert anodes and a wettable
cathode, would enable major changes in cell design and operating
practice. This would improve energy utilization and reduce
environmental impacts. Welch and May [15] and Pawlek [16]
have summarized general selection criteria for an ideal sidewall
material after considering physical, chemical, and economical
requirements, as given in Table L.

Table I. General selection criteria of sidewall refractories for use
in Al electrolysis cells [15, 16].

High electrical resistivity
High thermal conductivity

Physical

Superior abrasion resistance to sludge

High mechanical strength

. Not reactive to cryolite
Chemical k4

Not reactive to molten Al and Na

Insoluble in molten cryolite and Al
Not oxidised by air

Impervious or low porosity

Not wetted by bath or metal

. Low fabrication costs, and
Economical

Ease of joining

To date, no single material has been identified that can satisfy all
the chemical requirements in Table 1. The efforts have focused on
carbon based and non-oxide ceramic based materials, whereas the
use of oxide based ceramics as ledge-free sidewall materials has
not been fully explored largely because most oxides exhibit
unacceptable high solubilities in HH baths [16-18]. There are,
however, certain oxides or complex oxides that can provide
acceptably high chemical stability towards the baths, typically
those currently under investigation for the development of cermet
inert anodes in the HHC [6, 19]. The recent study further shows
that NiFe,O, exhibited a limited solubility in molten cryolite-
AlF;-CaF,-Al,O; electrolytes at 1000 °C, especially when the
melts contained high contents of Al,O; and atmospheres of the
cell had high oxygen potentials, and it could be readily prepared
from cheap NiO and Fe,O; thus resulting in a potential cost
reduction in refractory fabrications compared to those of SizNy-
bonded SiC [20]. Hence, opportunities exist for oxide based
ceramics as sidewall materials in the HHC.

In the present study, we propose a series of aluminate spinels,
including NiALO,, MgAl,0, and Ni,Mg.,Al,O4 solid solutions,
as candidate materials for use as the sidewall linings in the HHC
and present a set of preliminary experimental results to
demonstrate their chemical stabilities towards molten cryolite-
AlF;-CaF,-Al)O; electrolytes at 980 °C. Provided that the selected
spinels also fulfill the other requirements in Table I except for
thermal conductivity, the application of the spinel-type sidewall
materials to the HHC may potentially lead to a novel design of the
sidewall where no side ledge is required.
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Thermodynamic Analysis

Equilibrium calculations on the systems MgAl,O4, NiALO,, and
NiFe,04 with molten aluminium and electrolyte bath were carried
out using FactSage 6.1 thermodynamic package using FTlite,
FThall and FToxid solution models and databases [22]. The liquid
solution phase in FTlite (light metal database) uses modified
quasichemical model taking into account short range ordering
tendency of atoms or molecules in liquid solutions. The solid
solutions of spinel and monoxide in FToxid (oxide database) takes
into account the mixing of various cations on crystallographically
different sublattices. The cryolite bath model in the
FThall assumes a non-random mixing of elemental cations and
anions on their respective sublattices [22]. All calculations were
carried out for the temperature range of 900 to 1010 °C using the
parameters used in the experimental part (e.g. the amount and
composition of spinel, aluminum and electrolyte bath).

Figure 1 show the predicted equilibrium solute concentrations of
Mg and Ni in molten aluminum when 6 g of each spinel
(MgAl,O4, NiALO,, and NiFe,O4) is reacted with 224 g
aluminum. In the case of MgAl,O,, the predicted Mg equilibrium
concentration in aluminum increased from 0.057 to 0.094 wt% as
the temperature was increased. In the case of NiAl,O4 and
NiFe,0,, the nickel concentration in the aluminum was predicted
to be constant, as all nickel dissolved in aluminum at all
temperature studied. It should be noted that for the same sample
mass, the amount of nickel dissolved from NiFe,04 sample was
lower than that of from NiAl,O4 sample. This is because, for the
same amount sample mass, NiFe,O, brings less Ni into Al melt
than NiAl,Q,, if Ni is completely dissolved into Al melt. These
results indicate that in molten aluminum; MgAlL, O, is more stable
compared to NiAl,O4 and NiFe,04. Worth to be mentioned that
the the typical concentration ranges of impurity elements in
primary aluminium metal is 1-80 ppm Ni, 5-60 ppm Mg and 400-
3000 ppm Fe [23].

1.0 ———

0.9

0.8
0.7

0.6

0.5
=-+=+ Mg from MgAl,O,

— Ni from NiAl, O*
= = = Ni from NiFe,O,

0.4
0.3

02

Element concentration in Al (wt%)

0.1F

0.0 L— ' L ' :
920 940 960 980

Temperature (°C)

1000 1020

Figure 1. Predicted equilibrium concentration of Mg and Ni in
aluminum when 6 g of each spinel (MgAL O, NiAl,O, and
NiFe,0,) is reacted with 224 g liquid aluminum.

In the case of equilibrium between MgAl,O, and electrolyte bath
system, MgAlL,O, was predicted to be unstable in the given
temperature range, as all spinel was dissolved in the cryolite.
Figure 2(a) shows the predicted equilibrium Mg content and



concentration in the electrolyte bath. All Mg (~1.03 g) in the
spinel was predicted to be dissolved in the bath. The change in
Mg concentration in the bath shown in Figure 2(a) was due to the
change in the amount of liquid bath due to the dissolutions of
other solid phases such as Na;AlFg(s) and Al,O5(s). This can be
seen clearly in Figure 2(b) that shows the equilibrium amount of
various phases. At 900 °C, more than half of the cryolite (about
169.6 g) was in the form of solid which decreased as temperature
was increased. The cryolite was completely dissolved at 950 °C.
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Figure 2. (a) Predicted equilibrium amount and concentration of
Mg in electrolyte bath; (b) equilibrium amount of phases when 6g
of MgAl, 0y is reacted with 200g cryolite and 22g Al,O;.

The current liquid bath solution models in FThall in FactSage do
not take into account nickel. For this reason, in the case of
NiAl,O4 and NiFe,O, in electrolyte bath, the Ni concentration in
the bath was evaluated using the nickel solubility equation
reported by Lorentsen {24]:

where x is the amount of alumina in wt% (from 0.9 to 13.1 wt%).
Using this equation, the solubility of nickel in the bath, containing
10 wt% alumina, was calculated to be 0.013 wt%. For 6g of
NiAl;O4 and NiFe,O; immersed in 22 g alumina and 200 g
cryolite, the total amount of nickel in the system was calculated to
be 0.0087 and 0.0066 wt%, respectively. These amounts are
smaller than the solubility limit. Therefore (from thermodynamic
point of view), it may be that all nickel from the NiAl,O, and
NiFe,0, dissolve into the bath. It should be emphasized, however,
that the above analyses consider thermodynamic factor only but
does not consider critical kinetic factors and thus provide the
theoretical limits.

0.27896
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X
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Experimental

The NiO powder used had a mean particle size of 10 um, with 76-
77% Ni. The MgO powder was 98-100% pure on ignited material.
The Fe,O; powder was at least 99% pure, with mean particle sizes
less than 5 pm. The ALO; powder was 99.7% pure and had
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particle sizes less than 10 um. The AlF; and CaF, used were
analytical reagents. The as-purchased synthetic cryolite powder
contained at least 96.5% Na;AlFg and approximately 1% CaF,; and
2% Al,0; with the rest being NasAl;Fyy, as determined using
standard X-ray fluorescence spectroscopy (XRF) and X-ray
diffraction (XRD) techniques.

To fabricate pure oxide spinels, the oxide precursors were
weighed at stoichiometric ratios corresponding to individual oxide
spinels. The weighed mixture was ball milled in acetone for 24 h
and dried in air. Approximately 14g of the thoroughly mixed
oxides were cold-pressed in hard steel dies into a rectangular bar
under a uniaxial pressure of 120 MPa. Green bars were then
sintered in air at 1500 °C for 3-72 h. To prepare a spinel solid
solution, the prepared pure oxide spinels were crushed and ground
for 10 min into powders. The two powders were weighed at a
desired mass ratio and mixed completely. The well mixed pure
spinel powders were pressed into a green rectangular bar under
120 MPa. The green bar was sintered in air at 1500 °C for 72 h.
The dimension of each sintered bar was about 45 mm long, 12
mm wide and 6 mm thick.

The methods of immersion-type and stirred finger tests were
utilized in this work. In an immersion-type test, one test specimen
was fully immersed in a molten bath at 980 °C for a given period,
during which the bath was sampled at various intervals. The
samples taken were analyzed for elemental concentrations. Details
of the stirred finger tests have been described previously {20]. In
the stirred finger test method, one end of the sintered bar was
assembled into a stainless steel holder and an outer surface of the
holder was covered with an alumina tube. Space gaps between the
holder and the tube were then filled with alumina cement to
ensure that the complete holder surface was not directly exposed
to molten bath during testing. The bar to be tested was immersed
in the molten bath and rotated at a pre-determined rotation speed
for a given period of time at 980 °C. The rotation speed was
chosen so that the concentrations of dissolved elements from the
bar were independent of distances from the sample surface, i.e.,
the mass transfer was not a rate-determining step in controlling
the overall dissolution rate. Under such conditions, the
concentrations of the dissolved elements from the bar in the bath
are regarded as the solubility of the material in the bath at 980 °C.

After testing, solidified baths were crushed and ground into
powders and tested specimens were mounted and sectioned. Both
were then examined to determine the extents of reaction. Phases
of the specimens and bath samples were identified by XRD.
Microstructures and elemental concentrations of the specimens
were examined using the scanning electron microscopy (SEM)
with an energy dispersive spectrum (EDS). Elemental
concentrations of the bath samples were analyzed by XRF.

Results and Discussion
The aluminate spinels tested were NiAL,O,;, MgAl,O, and
NigsMgosAl,O4, with Ni and Mg ferrite spinels also tested for

comparison. The experimental conditions used for preparation and
bath tests of the spinel specimens are given in Table II.

Characterization of prepared test specimens

The X-ray diffraction experiments have been performed on a
Bruker AXS D8 diffractometer using the Cu Ko radiation



(A =0.15406 nm). The scattering intensities were measured over
an angular range of 5° < 20 < 80° with a step size 4(26) of 0.02°
and a scan speed of 0.8°/min. The result of XRD performed on the
sintered oxide precursors powder confirmed that only spinel phase
exist in the powder as shown in Figure 3. No other phases were
evident from the diffraction pattern. The lattice parameter of the
NiALO;, MgALO, and NipsMgysAlLO, in Figure 3 was
calculated to be 8.048, 8.083 and 8.0836 A, respectively.
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Figure 4. SEM micrographs and the associated EDS result of as
prepared (a) NiAl,O, (b) MgAl,O,; and (c) NigsMgysALO4
samples
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The SEM micrographs in Figure 4 show that the bar samples
contain significant porosity. Large and interconnected pores may
accommodate bath to penetrate deep into the sample. On the other
hand, very dense sample is also not favorable as it tends to easily
broken during a thermal cycle. It should be noted that
microstructure optimization was not performed in present work.
Currently, the spinel microstructure optimization is being carried
out by PYROmetallurgical Group at University of Wollongong.
According to the energy dispersive spectroscopy, the content of
Al and Ni in NiAlL,O, sample is 26.02 and 12.80 at%,
respectively. MgAl,O,4 contains 11.86 at% Mg and 23.40 at% Al.
Nig sMgp sAL,O4 sample contains 5.95 at% Mg, 6.23 at% Ni and
25.39 at% Al. Associated with the XRD results; the EDS results
also appear to indicate that spinel structure has been formed in the
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samples as the relative at% ratio of metallic elements in the
samples are very close to the desired stoichiometry ratio of
elements of the target spinels.

Chemical interactions

The interactions between aluminate or ferrite spinels and molten
cryolite-AlF;-CaF,-Al,O3 electrolytes may involve: (i) chemical
reactions between component oxides from the spinels and the
electrolytes and (ii) dissolution reactions. At Al,O; concentrations
greater than 5 wt%, the dissolution reactions are mainly expressed
as follows [20]:

3 MALO, (s) + 2 (AlF;) =3 (MF,) + 4 (ALLO3) 2)

3 MFe;0, (s) + 8 (AIF;) = 3 (MF,) + 6 (FeF3) + 4 (ALO;) (3)

where M = Ni or Mg. Reactions 2 and 3 imply that Ni and Mg
from the spinels dissolve into the electrolyte melts to form
respective metal fluorides. Fe from the ferrite spinels also
dissolves into the melts. Reactions 2 and 3 can be shifted towards
the left by increasing activities of Al,O; dissolved in the melts at
given temperatures. Dissolution behaviors of the prepared spinels
were investigated experimentally under the conditions in Table II.

Table II shows the measured concentrations of elemental Al, Ni,
Mg, Fe and Ca dissolved in the Al,Os-saturated cryolite-AlF;-
CaF,-Al,0; melts after bath tests of NiALO;, MgALO,,
Nig sMgg sAl,O4, and NiFe,O4 under CO, at 980 °C. It was found
that Ni concentrations in the melt in contact with the NiAl,O4
specimen stabilized at 0.01 wt% Ni after 30-hours immersion test.
This value was much lower than measured for the NiFe,O, spinel
(0.045 wt% Ni). However, it was slightly higher than the
concentration of Ni (0.0027-0.004 wt% Ni) in an Al,Os-saturated
cryolite-Al,O; melt in equilibrium with solid NiAl,O, and Al,O;
at 980 °C measured by Jentoftsen et al. [25]). This observed higher
Ni content can largely ascribed to the presence of CaF, in the
present bath. The XRF results indicated that the NiAl,O; was
chemically more stable than NiFe,Oy in terms of dissolution of Ni
from the spinels in the melts at 980 °C.

It was also found that the concentration of Mg from the MgAlL,O,
was 0.07 wt% Mg after 151.12-hours immersion test in the melt in
contact with the MgAl,0,, which was seven times higher than that
of Ni from the NiAl,O, under the same test conditions but was at
least five times lower than that of Mg from the MgFe,0, tested at
the bath ratio of 1.5 under air. It was interesting to note that the
concentrations of Ni and Mg from the NigsMgjsALO, solid
solution in the bath were lowered to 0.007 wt% Ni and 0.05 wt%
Mg due to reduced activities of NiO and MgO in the spinel solid
solution. It was further noted that the Ni content of the bath in
contact with the NigsMgqsAl,O4 was more than six times lower
than in contact with the pure NiFe,O, whilst the content of Mg in
the bath in contact with the spinel solid solution had the same
order of magnitude as that of Ni from the NiFe,0,. Given the
higher thermodynamic stability of MgO than NiQO, the dissolved
Mg may be less likely to be co-deposited with Al than the
dissolved Ni. Furthermore, the NiysMggsAl,O4 solid solution is
also more difficult to reduce by liquid Al compared to NiFe,O4
due to the reduced NiO activity in the spinel solid solution.
Hence, (Ni,Mg)Al,O, solid solutions could be potentially
promising materials for the ledge-free HHC sidewalls when
considering chemical resistances towards the baths and liquid Al.



Table II. The experimental conditions used for studying chemical and dissolution reactions in the spinels/bath system at 980 °C

Run Specimen Fabrication of Corrosion Testing of Specimens
No. Specimens
Sintering Sintering Electrolyte Bath | Time Rotation Atmosphere
temp. (°C) time (h) (wi%) ratio (h) speed (rpm)
1 As prepared melt of | n.a. n.a. 82%cryolite/10%A1L,04/ | 1.38 0 0| CO,
90%cryolite/10%Al1,05 3%AIF,/5%CaF,
2 *MgFe,04 1500 3 90%cryolite/10%A1L,0; | 1.50 24.00 25 | Air
3 *NiFe,0, [20] 1450 3 82%cryolite/10%A1,04/ | 1.38 24.00 24 | CO,
3% AlF;/5%CaF,
4 NiALO, 1500 6 82%cryolite/10%A1L04/ | 1.38 24.00 01} CO,
3%AlF;/5%CaF, 30.00
96.00
5 MgALO, 1500 72 82%cryolite/10%A1L,04/ | 1.38 6.08 0| CO,
3%AlF3/5%CaF, 24.25
31.25
48.38
55.38
127.05
151.12
6 Nip sMgosALO, 1500 72 82%cryolite/10%A1L04/ | 1.38 5.00 0] CO,
3%AIF,/5%CaF, 23.08
30.08
47.22
54.08

Notes:  (a) The well mixed oxides were uniaxially cold-pressed in hard steel dies under 120 MPa into green rectangular bars.
(b) * stands for the specimens that were dynamically tested in the stirred finger test apparatus. All others were statically tested in
the cups containing the baths.

Table ITI. XRF analysis of some solidified baths after the corrosion tests at 980 °C

Run Sample Time Bath Ratio/ Elemental Concentration (wt %)
No. (h) Atmosphere Al Ni Mg Fe Ca
1 As prepared melt of 0 | 1.5/air 18.6 <0.004 <0.01 0.056 0.52

90%cryolite/10%A1,04

2 *MgFe,0, 24 | 1.5/air 18.1 <0.004 0.38 1.57 0.48
3 *NiFe,04 [20] 24 | 1.38/CO, 18.1 0.045 0.05 0.16 3.05
4 NiALO, 24 1 1.38/CO, 17.8 0.015 0.02 0.02 2.63
30 17.4 0.01 0.02 0.02 2.66
96 16.7 0.01 0.02 0.02 2.79
5 MgAl, O, 6.08 | 1.38/CO, 16.4 <0.004 <0.01 0.01 2.72
24.25 16.2 <0.004 <0.01 0.009 2.78
31.25 16.2 <0.004 0.01 0.014 271
48.38 16.0 <0.004 0.01 0.008 2.80
55.38 16.0 <0.004 0.01 0.01 2.82
127.05 15.6 <0.004 0.05 0.016 2.87
151.12 154 <0.004 0.07 0.009 2.88
6 (Nips, Mg 5)ALO, 5.00 | 1.38/CO, 16.9 0.027 0.02 0.02 2.68
23.08 16.6 0.004 0.04 0.04 2.69
30.08 16.5 0.007 0.05 0.01 2.67
4722 16.5 0.007 0.05 0.01 273
54.08 16.4 <0.004 0.05 0.01 2.74

Notes:  * stands for the specimens that were dynamically tested in the stirred finger test apparatus. All others were statically tested in the
cups containing the baths.
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Conclusions

In this study, aluminate spinels, i.e. NiAl,O,, MgAl,0, and
NigsMgg sAl;O4, have been tested in cryolite-AlF;-Al,O3-CaF,
electrolyte melts at 980 °C under air and CO,. The results
indicated that both NiAlL,O, and MgAl,O, had good corrosion
resistances towards the melts under CO,, with solubility of Ni
from NiAl,O4 being 0.01wt% and Mg from MgAlL,O, being
0.07wt%. It was also shown in this study that the dissolutions of
Ni and Mg could be reduced by employing the (Ni,Mg)Al,O,
solid solution (with Ni:Mg molar ratio of 1:1). It was suggested
that this was due to reduced activities of NiO and MgO in the
spinel solution. Further investigations need to be carried out for
the detailed mechanisms of the dissolution of these spinels in
electrolyte baths.
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