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Preface

This thesis is submitted to the Norwegian University of Science and Technology (NTNU) in
partial fulfilment of the requirements for the degree of Philosophiae doctor. The doctoral
work has been performed at the Department of Materials Science and Technology at
NTNU under supervision of adjunct Professor Christian Rosenkilde and Egil Skybakmoen
(Head of Research, SINTEF Materials and Chemistry). The work was financed by Norsk
Hydro ASA and the Research Council of Norway, through the user-driven innovation
project “Process Innovations for Higher Current Densities” (PI-HCD).

Initially, the doctoral work was focused on microscopy investigations of industrial cathode
samples, and the main task during the first year was development of sampling techniques
and sample preparation. To increase the scientific yield, it was later decided to include
work on laser scanning of industrial cathodes and some fundamental laboratory scale
experiments.

The thesis is divided into eight chapters. An introduction to the topic, a literature survey
and some thermodynamics are covered in the first three chapters. Chapter 4 treats laser
scanning of industrial cathodes, a work managed by E. Skybakmoen. The doctoral
candidate assisted in the planning and execution of measurement campaigns, the
treatment of obtained results, and in the writing of the two papers enclosed in Appendix
A. The microscopy investigation of samples from industrial cathodes is found in Chapter 5,
and Chapter 6 covers the laboratory experiments. In Chapter 7, a more comprehensive
discussion, based on results from the three previous chapters as well as the literature, is
given in an attempt to intertwine the different findings and derive a wider hypothesis for
the cathode wear phenomenon. The conclusions from this work are finally recapitulated in
Chapter 8.
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Summary

Cathode wear is regarded as the main limiting factor for the operational lifetime of
modern Hall-Héroult aluminium reduction cells. The wear is non-uniform and the heaviest
wear zones are located at the cathode periphery. It is in particular the wear rate in these
zones that limits the cell lifetime, and a more uniform cathode wear with a reduction of
the highest wear rates would yield a profitable increase of the cell life. The main focus for
improvements of the Hall-Héroult cell is usually to promote the productivity, and the
measures taken do seldom coincide with a long pot life. On the contrary, the conditions in
the cells are getting more extreme and the cathode wear is accelerated.

The wear mechanisms are divided into two groups: physical abrasion and chemical
corrosion. The exact mechanisms and their relative impact are not known, but there is a
general agreement that the wear is enhanced by increased current density and flow in the
aluminium metal pad.

The present work comprise investigations of shut down cells in macroscale, by on-site
observations and laser scanning of the cathode surface; in microscale, by microscopy
investigations of cathode samples; and of laboratory experiments. The objective was, in
general, to reveal new information and contribute to the discussion about cathode wear
mechanisms.

Two successful laser scanning campaigns were executed, and it has been shown that laser
scanning technology can be implemented in cathode wear investigations and give very
detailed 3D models of the cathode surface that can be used to assess the cell
performance.

The microscopy study showed no significant differences between cathode samples taken
from different areas of the cell, indicating that the wear mechanisms are similar over the
entire cathode, though at varying rates. The wear also seems to be non-preferential, i.e.
there is not found any obvious difference in wear resistance between the graphite
aggregate particles and the filler material in the cathode blocks.

An aluminium carbide surface layer, up to more than 200 um thick, is formed at the
carbon cathode during operation. Due to low conductance, this layer cannot be thick,
dense and cover the entire cathode. The thick layers (>20 um) were found to be stratified,
with bath filled cracks. The bath filled cracks allows mass transport from the carbon
cathode to the metal pad or the bath film in between.

IX



The laboratory experiments showed that cathode wear occurs at potentials somewhat
anodic of aluminium deposition. As no aluminium was present at the cathode surface, it is
likely that the wear was caused by an electrochemical reaction. At potentials cathodic of
aluminium deposition the wear rate is somewhat higher. Then there may also be chemical
wear as aluminium reacts with the cathode carbon.

The findings in the present work, together with previous studies, give reason to believe
that physical abrasion is a minor wear mechanism and that the main mechanisms are
chemical and electrochemical corrosion. The main influencing parameters on wear rate
are current density and mass transport. Disregarding the electrical properties, the carbon
material in itself does not seem to influence the wear rate in any significant way.

It is believed that the main reason for high local wear rates is the poor current distribution
in the cathode, resulting in high local current densities and metal flow velocities. Three
initiatives have been recommended for reducing cathode wear and prolonging the cell
lifetime. Further improvements in magnetic field compensation may reduce the metal
flow and thereby reduce mass transport. Variable resistivity graphite (VRG) cathodes may
give a good current distribution, and thus lower metal flow velocities and a more even
wear. The most effective measure is believed to be improvements of the current collector
bars. With a better design and higher electrical conductivity of the current collector bars, a
better current distribution may be achieved, as with VRG cathodes. In addition, a lower
electrical resistance will yield a lower voltage drop through the cathode and increased
energy efficiency.
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Chapter 1

Introduction

1.1 Background

Today, cathode wear is regarded as the main limiting factor for the lifetime of aluminium
reduction cells. The carbon cathode serves both as an electronic conductor and a vessel
containing the molten aluminium and electrolyte, and when worn out, the entire cell has
to be taken out of operation. Considerable costs are related to cell shutdowns in terms of
metal production delay, deconstruction of the pot and relining of a new one. In addition,
the spent pot lining (SPL) is classified as hazardous waste [1] and the disposal costs can
easily run to more than $1000 per tonne SPL [2].

A typical aluminium plant operates hundreds of reduction cells, each of a size in the range
of 25-80 m”. Qatalum aluminium plant (a joint venture between Qatar Petroleum and
Hydro), for example, operates 704 cells with a total annual metal production of up to
585,000 tonnes [3]. The average lifetime of modern reduction cells is about 6 years [2],
which means Qatalum may expect more than a hundred cell shutdowns every year.
Improving the operational lifetime will reduce the annual amount of shutdowns, which
would obviously yield considerable economic advantages.

The wear of the cathode is not uniform, some areas are highly worn, and other areas are
hardly worn at all. If the wear, at some point, is allowed to progress all the way down to
the steel current collector bars beneath the carbon cathode, without proper measures
being taken, an uncontrolled tap-out of aluminium and electrolyte will occur. This is, of
course, an unwanted scenario, and care is taken to monitor the cells and detect signs of an
imminent tap-out before there is any real danger. As it is the highest local wear rate that
limits the cells lifetime, large amounts of cathode carbon still remains intact in the cell. If
able to even out the wear distribution and reduce the highest wear rates, one would not
only obtain longer life expectancy for the cells, but also a reduced amount of SPL waste.
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Figure 1.1: Image from pot room SU4 at Hydro Sunndal, Norway, showing a side-by-side line of
aluminium reduction cells coupled in series. The current pass through the anodes at the top of the
cell to the cathode at the bottom, and then up to the anodes of the next cell in the line. One pot
line may consist of more than hundred cells (or pots). Photo: A. Johansen. © Norsk Hydro

Figure 1.2: Image of a close to 1.2 km long pot room building at the Qatalum plant. Photo: H.
Moland. © Norsk Hydro



1.2. Aim of the present work

1.2 Aim of the present work

Aluminium smelters have continuously been trying to increase the productivity of their
cells by increasing the amperage [4]. In order to reduce the increasing voltage drop over
the cathode due to increasing current densities, carbon materials with high electrical
conductivity has been preferred and there has been a transition to more graphitic and
graphitized carbon grades in the cathode, replacing anthracitic qualities. This transition
has been followed by reports of increased wear relative to the former anthracitic carbon
blocks [4]. This raises an interesting question: Are the graphitic and graphitized cathode
blocks inferior to the anthracitic blocks with regard to wear resistance, or is the increased
wear simply a result of the increased amperage?

The cathode wear phenomenon has been studied for decades, by small scale laboratory
experiments and observations from industrial pots. The possible wear mechanisms can be
divided into two groups, physical and chemical wear. There is a general agreement that
both physical and chemical wear occur, but no consensus have been reached regarding
the exact mechanisms and the relative importance of the different mechanisms.

The objective of the present work is to acquire an overview of the current knowledge
about cathode wear in aluminium reduction cells, and try to contribute to the wear
mechanism discussion with new information from own observations and experiments. The
work comprise investigations of shut down cells in macroscale, by on-site observations
and laser scanning of the cathode surface; in microscale, by microscopy study of cathode
samples; and of lab-scale electrochemical experiments.

1.3 Brief about the Hall-Heéroult process and cell design

Aluminium is produced by electrolytic reduction of alumina (Al,O3), dissolved in molten
salt, between carbon electrodes according to reaction (1.1). Oxidation and CO, evolution
occurs at the anodes, which are consumed and have to be replaced at regular intervals. At
the cathode, aluminium is reduced and deposited.

2A1,05(diss) + 3C(s) = 4Al(l) +3C0,(g) (1.1)

The Hall-Heéroult process is today and for the foreseeable future the only method by which
aluminium is produced industrially [5]. The process is named after its inventors, Charles
M. Hall (1863 —1914) and Paul L. T. Heroult (1863 —1914), who simultaneously but
independently developed and patented the production of aluminium by electrolytic
reduction of alumina dissolved in molten cryolite (NazAlFg). Though the cell design and
operating procedures have undergone substantial improvements over the time, the cell
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design of modern Hall-Heroult cells (Figure 1.3) is still quite similar to the earliest cell
designs (Figure 1.4).

The main parts of the Hall-Heroult cell is a steel shell with various lining materials, cathode
current collector bars of steel connected with the carbon cathode, a molten aluminium
pad, molten electrolyte bath, and consumable carbon anodes. The cell concept is still the
same as in the early days, not for the lack of trying to alter it, but for the same reason that
made the process possible in the first place: the extremely aggressive cryolite.

Not many materials can withstand molten cryolite, which is why it is used, as it can
dissolve the very stable alumina. Much effort has been put into producing an inert
material to replace the carbon electrodes. So far, all materials have failed due to one or
more of the following reasons: the material not being inert in cryolite melt, not being inert
in molten aluminium, loosing ability to lead current, contaminating the aluminium
product, and, of course, due to high cost. Though not inert, carbon is quite resistant
against the aggressive cryolite. If exposed to air, however, the carbon parts are vulnerable
to oxidation. To avoid air burn the side lining and anodes are covered with electrolyte
crust and alumina.

At the side walls, exposed to metal waves and alternating coverage of molten aluminium
and cryolite, the side lining would corrode readily if it was not for the freeze lining. By
operating the cell close to the bath liquidus temperature (typically between 950°C and
965°C [5]), and keeping a good control on the thermal balance and heat flow out of the
cell walls, a ledge of frozen bath is obtained at the side walls. With the side lining
protected, the carbon cathode is the weakest link, limiting the cell life time.

The industrial bath composition is a compromise between properties such as electrical
conductivity, alumina and metal solubility, liquidus temperature, and density. Typically,
the bath consists of cryolite (NasAlFg) and additions of AlF; and CaF, in amounts of 10 wt%
and 5 wt%, respectively. Other additives like LiF and MgF, are also common in the
electrolyte of some smelters [6]. Alumina is added to the bath in small doses at regular
intervals through automated point feeders. The feeding cycles and amounts are adapted
to the dissolution rate so that as little alumina as possible sinks to the bottom of the cell,
creating a viscous sludge on the carbon cathode surface. The formation of gas bubbles
(CO,) at the anodes and temperature gradients creates convection in the bath, which is
important for the alumina distribution.

A less beneficial movement of liquid is the metal flow, induced by a strong magnetic field
created by the large currents in the pot room. Without going into details, the magnetic
field works in a vertical direction in the metal pad, which means a macroscopic force
(often called Lorentz force) will be exerted on electrical conductors carrying current in a
horizontal direction. Ideally, this would not affect the metal pad, as long as the current
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goes straight down from the anode to the cathode, i.e. parallel to the magnetic field. This
is, however, not the case. The current flows where it encounters the least resistance.
Molten aluminium has a very low electrical resistance, and the current will take long
detours in the aluminium pad towards areas on the carbon cathode yielding the lowest
total resistance on the way to the current collector bars and out of the cell. The result is
horizontal currents and magneto-hydrodynamic flow in the molten aluminium. The
movements, especially vertical movements, in the metal pad limit the possibilities of
reducing the interpolar distance, the distance between the anode and the metal pad, due
to the risk of short circuits. A lower interpolar distance would give a lower voltage drop in
the cell and thus a higher energy efficiency of the aluminium production. Another
unwanted effect of the metal movements is the increased wear of the carbon cathode, an
effect that will be treated in more detail later in this thesis.
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Figure 1.3: Schematic drawing of the main features of an Hall-Héroult aluminium reduction cell:
(1) anode (prebaked); (2) electrolyte (bath); (3) alumina point feeder, (3a) alumina hopper, (3b) air
cylinder, (3c) metering chamber, (3d) crust braker; (4) molten aluminium pad 8 (typically ; (5)
anode beam (current supply); (6) anode yoke and stubs; (7) anode rod; (8) anode clamp; (9) spent
anode (butt); (10) alumina crust/cover; (11) side ledge and crust; (12) cathode carbon block; (13)
current collector bar (steel); (14) ramming paste; (15) refractory; (16) insulation; (17) steel shell;
(18) sidewall block; (19) castable; (20) alumina; (21) rockwool; and (22) gas collection hood
(removable). The details in the lining may vary. From Tschope [7].
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Figure 1.4: Cell design for production of aluminium patented in 1892 by Heroult [8]. Carbon
anodes are lowered into molten cryolite contained in a thick cathodically polarised carbon
crucible with steel casing. The metal tap hole in the bottom is not present in modern Hall-Héroult
cells, as the metal is siphoned off from the top by a tapping vehicle or crane.

From an electrochemical point of view, the aluminium pad is the acting cathode, as this is
where the aluminium deposition occurs. In the aluminium industry the entire lower part
of the cell, i.e. the steel shell and all its contents, is referred to as the cathode. In this
work, however, if not specified otherwise, the cathode is referred to as the carbon part of
the cathode structure, i.e. the carbon blocks and the ramming joints in between.

1.4 Carbon cathodes

In the early cells, a monolithic rammed carbon cathode made up the entire lining. In the
1920’s, prebaked carbon bottom blocks made its appearance, followed by several
improvements in the electrical contact between the carbon and current collector bars,
and in the thermal and electric insulation of the cell [9]. Today, probably all industrial
cathodes are made of prebaked carbon blocks [2]. The cathode construction principles
and various designs are shown in Figures 1.5 and 1.6. Of the block varieties in Figure 1.6,
only full-length blocks are used in modern high-amperage pots [2].

Along with the development of more efficient and productive cells, the carbon cathode
has undergone changes in both design and material. Though made up by the same
elementary carbon, there exist a wide variety of carbon materials with varying properties
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due to structural differences. Before elaborating further on the carbon cathode, a brief
introduction to the carbon materials encountered may be in order.

Terms such as graphite, graphitic, graphitized and amorphous carbons are used in the
description of cathodes in Hall-Heroult cells. In the following, some brief definitions of the
encountered terms are given.

L ]Rﬂfﬂmiﬂs paste :: Prebaked carbon B
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Figure 1.5: Construction principle of pot lining with prebaked carbon blocks with carbon paste in
seams and joints [2]. On the left: side view showing cross section of cathode blocks. On the right:
carbon block seen from the short side of the cell, as in Figure 1.3.

a) d) )
u —— gl =i
spacer
b) e | :
................ bt srmnsrmsnnannnsnnnne ] r .o- ——— ---.._...j
spacer
c) | f 9) h)
—t ] - .| S — ~ 0 an

Figure 1.6: Bottom blocks can be both full length (a) or split (b and c). The collector bars may be
split (d and e). The slot is rectangular (f) or “swallow-tail” (g). Dual slots are also used (h). From
Sgrlie and @ye [2].

Graphite

Graphite is an allotropic form of the element carbon consisting of layers of hexagonally
arranged carbon atoms in a planar condensed ring system. The layers are stacked parallel
to each other. There are two allotropic forms with different stacking arrangements,
hexagonal and rhombohedral, the latter being thermodynamically unstable. The chemical
bonds within the layer are covalent with sp2 hybridization. The bonds between the layers
are of Van der Waals type [10]. A key feature of graphite is that the structure is perfect. A
sketch of the graphite unit cell is shown in Figure 1.7.

Graphitic carbon

Graphitic carbons include all varieties of substances consisting of the element carbon in
the allotropic form of graphite irrespective of the presence of structural defects [10].
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Figure 1.8: Schematic representation of the structural changes that take place in graphitizable

carbons with increased heat treatment temperature [12].
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Non-graphitic carbon

Non-graphitic carbons are all varieties of substances consisting mainly of the element
carbon with two-dimensional long range order of the carbon atoms in planar hexagonal
networks, but without any measurable crystallographic order in the third direction (c-
direction) apart from more or less parallel stacking [10].

Graphitized carbon

Graphitic carbon with more or less perfect three-dimensional crystalline order obtained
from non-graphitic carbon by graphitization heat treatment [10]. Graphitization heat
treatment is industrially performed at temperatures in the range between 2500 and
3300 K, to achieve transformation into graphitic carbon (Figure 1.8).

Graphitizable carbon

Graphitizable carbon is a non-graphitic carbon wich upon graphitization heat treatment
converts into graphitic carbon [10].

Non-graphitizable carbon

Non-graphitizable carbon is a non-graphitic carbon which cannot be transformed into
graphitic carbon solely by high temperature treatment up to 3300 K under atmospheric or
lower pressure [10].

Amorphous carbon

Amorphous carbon is a carbon material without long range crystalline order. The deviation
of C-C interatomic distances from the interatomic distances in graphite, including those in
the basal plane, is greater than 5% [10].

Anthracite

Anthracite is a naturally occuring carbonaceous material of fossil origin, and is geologically
one of the most ancient coal material known. It differs from other coal deposits by its
strength and hardness and low content of volatiles [2].

Coke

Coke is a highly carbonaceous product of pyrolysis of organic material at least parts of
which have passed through a liquid or liquid-crystalline state during the carbonization
process and which consists of non-graphitic carbon [10]. Carbonization is a process of
formation of material with increasing carbon content from organic material, usually by
pyrolysis, ending with an almost pure carbon residue at temperatures up to about 1600 K
[10].
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Based on the above definitions, Sgrlie and @ye [13] proposed the following classification

of cathode carbon materials for aluminium electrolysis (which are in use today).

Graphitized: The whole block (aggregate and binder) consisting of graphitizable
materials has been heat treated, usually to 3000°C, giving a graphitic material.
Semi-graphitized: The whole block (filler and binder) consisting of graphitizable
materials has been heat treated to about 2300°C.
Semi-graphitic: The aggregate is graphitized but the block (binder coke) has only
been heated to normal baking temperatures (=1200°C).
Amorphous: None or only part of the filler material is graphitized. The block is
baked to =1200°C. The amorphous carbon qualities can be further sub-classified:
- Gas or kiln calcined amorphous carbon: Aggregate is usually anthracite
which has been evenly calcined and no graphitization has occurred
(GCA).
- Electrocalcined amorphous carbon: Filler material usually anthracite and
due to the process some of the material is graphitized (ECA).
- Amorphous carbon with graphitic additions (Partly graphitic carbon):
Graphitic filler material is added to the material. The addition is usually
in the range of 20-70 wt% of the dry aggregate.

More recently (2010), Serlie and @ye [2] proposed a revised classification of cathode

carbon materials, possibly due to frequent misuse of the semi-graphitic classification.

Graphitized: The whole block (filler and binder) consisting of graphitizable
materials has been heat treated in a graphitizing furnace up to a temperature of
=3000°C.

Graphitic: The aggregate is graphitized petroleum coke and/or scrap electrode
graphite but the block has only been baked up to =1200°C. The binder coke has
therefore not been graphitized.

Anthracitic or Amorphous: Graphite filler can be substituted for some of the
anthracite. Typical additions are 30-50 %. Baking up to =1200°C. The anthracitic
carbon qualities can be further sub-divided:

- Gas or kiln calcined anthracite: The anthracite has been evenly calcined
and no graphitization has occurred (GCA). GCA is generally a hard and
brittle material.

-  Electrocalcined anthracite: Due to the high temperature in parts of the
furnace some of the anthracite is partially graphitized (ECA). The ECA
tends to be “softer” than GCA.

The production of the different cathode block types is illustrated in the flow sheet in

Figure 1.9. The main difference lies in the raw materials and heat treatment. The forming

10
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is performed by extruding or vibrating the raw materials (coke and/or graphite) and the
pitch binder into rectangular blocks, which are baked at temperatures between 1000°C
and 3000°C. Graphitized blocks are sometimes impregnated with pitch and re-baked, one
or several times, in order to reduce open porosity.

Anthracite Graphitic Graphitized
based blocks blocks blocks

Drv raw |Anthracite| _

ryra [ Graphite | Calcined |

material - petroleum coke
Graphite

|Calcination I

I Sizing I I Sizing |

Binder Pitch

Mixing Mixing Mixing

Sizing

Forming Forming Forming

Baking |".

| Baking | I Baking

Impregnation|.

Graphitization

I

Machining | l Machining I I Machining |

Figure 1.9: Typical flow sheets for production of cathode blocks of different types. Redrawn from

[2].

A comparison of the relative properties of the three main cathode block types is given in
Table 1.1. In addition to the raw material and heat treatment temperature, the properties
of the finished carbon blocks are also affected by the forming method. The particles tend
to orient parallel to the extrusion direction and perpendicular to the vibration direction,
giving directionally dependent properties. The electrical resistivity in graphite, for
example, is much lower within the basal plane than between the planes (in the c-
direction).

Anthracite based blocks are still widely used, but with the continuous surge for
improvements in efficiency and productivity of the cells, they are no longer dominating
the market [2]. The superior electrical conductivity, as well as the resistance to thermal
shock and sodium swelling, makes graphitic and graphitized cathode blocks a preferred
choice for modern high amperage cells.

Ramming paste is used to seal the gaps in between the carbon blocks and at the cathode
periphery, with the purpose of protecting the inner parts of the cathode against bath and
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metal penetration. It consists of a filler component, anthracite (and graphite additions),
and a binder based on coal tar or coal tar pitch with softener additions. The softeners
vaporise during baking and do not contribute much to the formation of binder coke, and
as a result, the rammed parts have a rather porous binder matrix and low density [2]. The
properties of the rammed parts obviously differ from the cathode blocks, especially from
graphitized blocks. The electrical resistivity of the rammed joints, for example, may be up
to double of that of anthracite based blocks, and ten times that of graphitized ones [2, 14].

Table 1.1: A qualitative comparison between various properties of the three main “families” of
cathode carbon blocks. From Fourcault and Samanos [15], as reported by [2].

Comparative properties Amorphous Graphitic Graphitized
based
Relative price 1 1.5-1.8 2-3
Abrasion resistance excellent good poor
Thermal shock resistance acceptable very good excellent
Thermal conductivity moderate high very high
Electrical resistance
- room temperature high low very low
- pot temperature medium very low very low
Crushing strength high adequate low
Swelling/sodium adequate low very low

As can be seen from Table 1.1 the amorphous based (or anthracitic) cathode blocks are
superior in regard to mechanical properties. The good mechanical properties give the
blocks an excellent resistance against mechanical wear and abrasion, the weak link being
risk of cracking due to thermal shock and sodium swelling. For graphitic and graphitized
grades this risk is significantly lowered, with the expense of lowered abrasion resistance.
While the relative abrasion resistance of the different cathode qualities can be found
readily by abrasion wear tests, the resistance against chemical wear is a more complicated
matter. To be able to assess the actual wear resistance of the different cathode block
types, including both physical and chemical wear, more knowledge about the different
wear mechanisms and their influence on the wear of industrial cathodes is needed.

12
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Literature review

2.1 Introduction

The problems with cathode wear have been scrutinized for decades, and though the
modern cathodes look fairly similar to the cathodes used 50 years ago, many
improvements have been made over the years to increase the productivity and prolong
the cathode lifetime. However, increasing the productivity is often in conflict with
obtaining longer lifetimes for the cells. Thus, the efficiency and productivity has
undergone substantial improvements the last decades, but the cell lifetime has not been
noticeably prolonged. On the contrary, the industry often reports of reduced lifetimes
after enterprises for increasing productivity.

This chapter reviews some of the many published works on cathode wear and related
topics. The chapter is divided into three main sections, treating laboratory scale studies of
cathode wear and some fundamental studies on aluminium carbide, experiments and
observations from the industry, and finally theoretical investigations of possible wear
mechanisms.

2.1.1 Early works

Paulsen [16] conducted a literature review, based on papers published from the early
1950’s to 1967, on the problems regarding the preparation and the durability of the
cathodic parts of the aluminium reduction cell. According to this work, cathode failure
became to be regarded as a critical issue at the time when cells were being run at more
than 50-70 kA. Rapid heating during start-up of a cell, resulting in high thermal gradients
and cracking, was the main limiting factor for the cell lifetime. At the time electrolysis had
started, cracking due to sodium penetration (and accompanying expansion of the cathode
material) was regarded as the main problem.

13
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It is also mentioned in Paulsen’s work [16] that reaction products formed by contact
between electrolyte, aluminium metal and the carbon cathode, e.g. aluminium carbide,
could limit the cells’ lifetime. Even if the cathodes did not fail at an early stage, they still
would have to be taken out of operation due to increased voltage drop as a non-
conductive layer formed at the bottom of the cells.

In modern cells, using graphitic or graphitized cathode blocks, the problem with cracking
due to sodium expansion is reduced. Better control during the start-up gives less early
failures, and the steady wear of the carbon cathode during operation is now regarded as
the main limiting factor.

2.2 Laboratory scale studies

2.2.1 Abrasion

The relevant carbon materials for aluminium electrolysis are inhomogeneous, and
measuring its mechanical properties by traditional micro hardness tests is of little use.
Instead, it is thought to be better to employ methods that imitate the mechanical stresses
on the cathode carbon during actual industrial aluminium electrolysis to decide the
abrasion resistance.

Liao and @ye [17] developed a method for determination of abrasion resistance, where
carbon samples were rotated in slurry composed of sodium polytungstate (SPT) aqueous
solution and alumina at room temperature (Figure 2.1). Their test showed that the
viscosity and density of the slurry, both dependent on the alumina content, have strong
influences on the abrasion. Increasing the velocity also gave an increase of the wear rate,
as expected. Two different abrasion mechanisms were proposed: friction wear, which will
dominate at low velocities and high content of abrasive particles; and impact wear, which
will be the dominating mechanism at high velocities and low content of abrasive particles.

Tests of different carbon materials by this method resulted in the following ranking of
carbon materials with respect to abrasion resistance:

Graphite = Semi-graphitized < Semi-graphitic < Anthracitic

Liao and @ye [18] also did similar tests in cryolitic melts with alumina at temperatures
above 960°C. These tests gave smaller wear rates than with the aqueous SPT-alumina
slurry [17], but other than that the results matched well. The lower wear rate was
explained by that the alumina particles become less abrasive as their edges preferentially
dissolve in cryolitic melts, the moving alumina particles are less compact as the surface
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tension of cryolitic melts is higher than that of SPT and that the cryolitic-alumina slurry
does not wet the carbon materials.

In order to obtain results in a reasonable amount of time, the velocities used in the test
were higher than what can be expected from the metal flow in industrial cells. Liao and
@ye [18] therefore extrapolated their results to velocities in the range 0.1-0.5 m/s to give
an estimate of the wear rates that can be expected on industrial cathodes. Furthermore, it
was mentioned that the pressure acting on the sample surface due to gravity in the study
was much smaller than the pressure acting on the cathode in industrial cells, which with a
metal and electrolyte height of 45 cm would be about 17 times greater. As the wear rate
had been found to be proportional to pressure in the room temperature study [17], the
wear rate in industrial cells was assumed to be approximately 17 times that in the
laboratory test. Extrapolated wear rates for the test and expected wear rates for industrial
cells are shown in Table 2.1.

| ___$180

Figure 2.1: The set-up of Liao and @ye’s [17] room temperature abrasion test, dimensions in mm.

Table 2.1: Estimated wear rates in cm/year of CS graphite under industrial smelting conditions by
extrapolation of the experimental results. From Liao and @ye [18].

velodty 1 510 015 020 025 030 040 050
[m/s]
Laboratory
004 008 013 019 026 044 065
wear rate
Industrial 06 1.3 292 3.2 4.5 7.5 11.1
wear rate

Toda and Wakasa [19] investigated the abrasion resistance of various cathode block
materials in a slurry of water and alumina. The abrasion rate of graphitized carbon was
found to be three times larger than that of anthracitic carbon. It was also concluded that
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the abrasion resistance of graphitized blocks is dependent on the graphite crystalline
texture, and that reducing the crystallite size improves the resistance considerably.

2.2.2 Chemical and electrochemical wear

2.2.2.1 Aluminium carbide formation

It is well known that aluminium can react with carbon to form aluminium carbide
according to reaction (2.1). Due to the aluminium oxide layer that typically covers the
liquid aluminium, however, this reaction does not occur readily at normal aluminium
melting temperatures. Dorward [20] demonstrated that the presence of cryolite has a
catalytic effect on the carbide formation reaction, explained by dissolution of the
aluminium oxide layer.

441D + 3C(s) = AL C5(s) (2.1)

Grjotheim et al. [21] investigated the formation of aluminium carbide in a carbon crucible
with aluminium and cryolite melts of varying composition, in inert argon atmosphere at
1050°C and with a carbon stirrer. The crucible, the stirrer and the melt (the aluminium was
removed) were crushed after the experiments and mixed with acid. The amount of
carbide formed (both solid and dissolved in the melt) was then determined by barometric
analysis and gas chromatography, based on the reaction:

Al,C5(s) + 12H* (aq) - 3CH,(g) + 4Al** (aq) (2.2)

The results showed that the amount of carbide formed does not change with the content
of alumina above 4 wt%, but a dramatic decrease of the carbide formation is seen when
the alumina concentration is increased from 0 to 4 wt% (Figure 2.2). Increasing the cryolite
ratio from 2.4 to 3.8 gave a reduction of the carbide formation, as seen in Figure 2.3(a).
Experiments with different carbon materials (with different pore volumes) showed that
the materials with the largest pore volume yields the most Al,C; (Figure 2.3(b)).

A recent study by Novak et al. [22] showed that aluminium and carbon (in inert
atmosphere) reacts to form carbide at 1100 — 1200 °C. Two visibly different layers were
observed between the carbon and the aluminium metal, as can be seen in Figure 2.4. EDS
measurements revealed presence of oxygen in the layer closest to the aluminium, and it
was assumed that this layer was either a mixture of aluminium carbide and aluminium
oxide, or possibly aluminium oxycarbide. A possible reaction mechanism was proposed
(illustrated in Figure 2.5), involving formation and diffusion of a gaseous sub-oxide,
Al,O(g), from the metal-oxide interface to the oxide-carbon interface.
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Figure 2.2: Results from Grjotheim et al. [21]. (a) Relative amounts of Al,C; produced as a function
of time in a pure NasAlFg melt (open circles) and NaAlIFg with 6 wt% Al,O; (open squares). (b)
Relative amounts of Al,C; formed in a NasAlFg melt with additions of Al,0; after 4 hours reaction
time. Open and closed circles represents two independent sets of experiments.
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Figure 2.3: Results from Grjotheim et al. [21]. (a) Relative amounts of Al,C; produced as a function
of the cryolite ratio. (b) Relative amounts of Al,C; formed vs. pore volume for 11 commercial
carbon lining materials (open circles), AGR-graphite (open triangle) and reactor graphite (open
square) in a NazAlFs melt with 6 wt% Al,Os. Solid lines represent a least square fit.

17



Chapter 2
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Figure 2.4: Optical micrograph of the Al/C interface after 96 h at 1200°C. From Novak et al. [22].
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Figure 2.5: Proposed gas transport mechanism for aluminium carbide formation through an oxide
layer. From Novak et al. [22].

2.2.2.2 Electrical resistivity of aluminium carbide

To gain a better understanding of the voltage drop that can be expected at the cathode
due to formation of an aluminium carbide layer at the aluminium-carbon interface, King
and Dorward [23] measured the electrical resistivity of Al,C; at temperatures of interest
for the aluminium industry (990-1240 K). The results are shown in Figure 2.6.
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Figure 2.6: Specific resistivity of Al,C; as a function of temperature [K]. From King and Dorward
[23].

2.2.2.3 Solubility of aluminium carbide

@degard et al. [24, 25] studied the aluminium carbide solubility in cryolitic melts.
Aluminium and NaF-AIF; melt was kept in graphite crucibles with tight lids at 1020-
1335°C. After five hours, sufficient time for the reaction between aluminium and graphite
to saturate the melt with aluminium carbide, samples were taken from the melt and
quenched. The samples were then ground and treated with a 10% HCI solution which
together with aluminium carbide forms methane and hydrogen. The evolved gas was
analysed by a gas chromatograph, and the amount of carbide was calculated on basis of
reaction (2.2).

They found that the solubility increase with increasing temperature and decreasing
alumina concentration and that addition of CaF, decreases the carbide solubility. The
parameter that had the largest influence on the solubility, however, was the cryolite ratio

(Figure 2.7). At 1020 = 2°C a maximum solubility was found at CR = 1.8; the basis for the
proposed dissolution reaction:

Al,C5(s) + 5ALF;(diss) + 9NaF (1) & 3Na3Al;CFg(diss) (2.3)

@degard et al. [24] also derived some estimates for thermodynamic data concerning the
aluminium carbide dissolution reaction, e.g. the Gibbs free energy of formation

0
AGNa3Al3CF8 *
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Figure 2.7: Solubility of Al4C3 as a function of CR in NaF-AIF3 melts at 1020 + 2°C. Replotted from
Pdegard [25].

Chrenkova et al. [26] studied the solubility of carbon and Al,C; in cryolite and their effect
on the liquidus temperature by cryoscopy. They found that up to 0.7 wt% carbon may be
dissolved in cryolite, lowering the melting point by 10°C. The solubility of aluminium
carbide was found to be up to 2.2 wt%, having almost the same effect on the melting
temperature of cryolite, reducing it by 11°C. The experimental results corresponded well
with a theoretical liquidus curve of cryolite under assumption that three moles of a new
compound were formed for each mole Al,C; added.

Subsequently Chrenkova et al. [26] analysed the reaction products of dissolution of carbon
and Al,C; in cryolite by X-ray diffraction and IR spectroscopy. It was concluded that the
product of dissolution probably is Na3;Al;CFg for both carbon and Al,C;, as suggested by
Pdegérd [25].

2.2.2.4 Chemical wear

Hollingshead and Brown [27] measured the rate of solution of rotating carbon cylinders in
aluminium and cryolite melt exposed to air (Figure 2.8). The carbon cylinders, 38 mm
diameter by 190 mm long consisting of extruded graphite of 1.68 g/cm3 bulk density, were
suspended approximately 110 mm into molten aluminium contained in graphite crucibles
of 150 mm diameter. The depth of cryolite on top of the aluminium was about 65 mm.
The wear was estimated from measuring with a micrometer the diameter at 120° intervals
(three measurements) at each of 25, 50 and 75 mm from the lower end of the carbon
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specimen. Alumina, formed by oxidation of dissolved metal and aluminium carbide,
crystallised at the upper part of the carbon cylinders and were removed daily to prevent
interference with the rotation. At 975°C, the rate of solution increased from 0.05 kg/m2
per day without rotation to 0.30 kg/m2 per day with a peripheral velocity of 30 cm/s
(150 rpm). The correlation between the rate of solution and the rotation speed was found
to be linear. Additionally, at peripheral velocities of 20 cm/s and temperatures between
900 and 1025°C, the wear increased by a factor of 1.095 for each 10°C increase in
temperature. For the tests at 975°C and above, synthetic cryolite plus 10% calcium
fluoride was used. A mixture of synthetic cryolite, 10% lithium fluoride and 10% smelter-
grade aluminium fluoride was used at lower temperatures.

Variations of carbon materials gave decrease in the linear rate of solution with increasing
bulk density, but the gravimetric rate did not vary significantly with the kind of material
(anthracite-based baked carbon versus graphite) nor with bulk density.

copper rod

cast alumina
17 rings

+~Inconel container

t——craphite cap
—molten cryolite
—graphite crucible

65 mm
A-+—molten Al
sat-—test electrode
125mm 38mm diam.
I3mm

1SOmm diam.

Figure 2.8: Hollingshead and Brown’s set-up for determining the rate of solution of carbon in
molten aluminium [27].

Xue and @ye [28] did similar rotation tests, but with a few alterations. The carbon
specimens were partly covered by alumina tubes so that they avoided direct exposure of
the specimen to the bulk melt and obtained a more exact surface area of the aluminium-
carbon interface. Alumina lining was also used in the crucible, thus making the carbon
specimen the only source of carbon in the system. The set-up used is depicted in Figure
2.9.
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The rotation tests were carried out at 950°C and under argon atmosphere and the
cylinders were rotated at a speed of 150 rpm (a peripheral velocity of 11.9 cm/s). After the
rotation tests the specimens were cleaned by 15% AICl; solution and/or 3M H,SO,
solution. Wear was determined by volume change before and after the experiments,
which was found by measurements of the Archimedes’ force applied to the specimen
immersed in pure isopropanol using a balance with accuracy of 0.01 mg. Volume change
was plotted against holding time for two melt compositions, Al,0s-saturated melt and
Al,Osz-oversaturated melt. The results yielded a lower wear rate for the Al,O;-
oversaturated melt, but both had a maximum volume change corresponding to an Al;Cs
content of 1.37 wt% in the melt. The trend of wear was higher in the early period and
diminished as the carbide concentration in the melt approached saturation. Large
amounts of yellow crystals on the melt-lining interface were observed after breaking the
crucibles, indicating that the melts had indeed been saturated by aluminium carbide. The
abrasive effect of the alumina particles, the original purpose to investigate the wear for
alumina-oversaturated melt, was found to be more than compensated by a protective
effect (an alumina-rich fluoride protective coating). It was however stressed that this
might not be the case with the horizontal carbon blocks in real cells where the abrasive
forces may be stronger.
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Figure 2.9: The set-up of Xue and @ye’s rotation test [28].

Liao and @ye [18] studied the effect of holding time, velocity and excess (undissolved)
alumina on the wear rate of graphite and anthracitic carbon. The samples, core drilled
graphite with diameter of about 9.98 mm and length of about 60 mm, were mounted in
holders with the centre located 50 mm from the rotating axis of a rotating disc. The melt
was cryolite-based with CR=2.2, 5wt% CaF, and 5-6 wt% aluminium, it held a
temperature of 990°C and was contained in a graphite crucible with an inner diameter of
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144 mm. Except for the test of the effect of velocity, the velocity of the specimen was kept
constant at 0.55-0.60 m/s. After the experiments the samples were cleaned in H,SO,
solution and their volume measured in distilled water. Not surprisingly, the volume
change was found to increase with time in the cryolitic melt, but the increase slowed
down significantly after 4 hours. This was explained by the formation of a carbide film,
functioning as a diffusion barrier. The wear rate increased with rotating velocity and
decreased rapidly with excess alumina content, corresponding well to the findings of Xue
and @ye [28]. The wear rates were found to be similar for both materials used, indicating
that the resistance to chemical corrosion is approximately the same for graphite and
anthracitic carbon.

2.2.2.5 Electrochemical wear

The influence of current density on the wear rate of graphite in cryolite and aluminium
melt during electrolysis was studied by Liao and @ye [29]. While rotating samples without
electrolysis, they found that the wear rate increased when lowering the samples closer to
the metal pad. This was related to increased mass transfer and possibility of short-circuits
creating galvanic cells. The wear was found to be very small without short-circuit, and was
hence attributed galvanic corrosion.

Figure 2.10 shows the results from the electrolysis experiment. The current density was
estimated on the basis of the immersion depth of the carbon sample. Liao and @ye
operated with an immersed surface area of 10.2 cm’. Given that this area was fairly equal
for all the trials, the plot in Figure 2.10 give the trend of wear rate as a function of current
density. The correlation between wear rate and current density suggests that the cathode
wear has an electrochemical reaction mechanism.

Adding aluminium carbide to the melt gave an increase of the wear rate at low currents.
The wear increase decelerated more rapidly as the current increased, however, and above
0.4 A/cm2 the wear rate was higher in melt without carbide additions. Liao and @ye [29]
suggested destabilization of alumina colloids that might adhere to the carbon cathode,
improved wetting between the melt and the carbon cathode and lower cell voltage for
aluminium deposition from aluminium carbide than from alumina, as possible
explanations for the higher wear rate in Al,Cs-containing melt.

Wilkening and Reny [30] performed similar studies, but with axial vibration of the cathode
sample instead of rotation. They observed the same trend of increased wear with
increased current density as Liao and @ye. They also found that increasing the AlF;
content, i.e. lowering the CR, gave higher wear. At zero current density no erosion was
observed, indicating that chemical attack and motion of bath alone do not create any
eroding effect. Their results are shown in Figure 2.11.
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Figure 2.10: Wear rate of CS graphite as a function of current. Sample velocity: 0.55-0.6 m/s,
temperature: 980°C, 3 hours test time and no aluminium added. Cathodic current density: 0.073—
0.873 A/cm>. Replotted from Liao and @ye [29].
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Rafiei et al. [31] performed electrolysis in excess of 96 hours in alumina saturated cryolite
with 10 wt% AIF; and 5 wt% CaF,. Cylindrical cores, 30 x 110 mm, of different carbon
materials (graphitic and anthracitic) were used as cathode and a carbon crucible worked
as anode. The average cathodic current density applied was 0.75 A/cm’, the temperature
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was kept at 975°C and a flow of nitrogen was maintained to achieve an inert atmosphere.
They found that the graphitic cathodes had a slower and more uniform wear than the
anthracitic. The anthracitic cathode showed irregular wear and degradation.

Vasshaug [32] investigated the influence of bath composition, cathodic current density,
electrolysis time, convection and the presence of aluminium on cathode wear.
Experiments with a vertical rotating cathode in cryolitic melts without aluminium and
experiments with a horizontal cathode covered by aluminium metal were conducted
(Figure 2.12).

Alumina
feeding tube
Rotating cathode lead Alumina tubes
Sintered L
alumina tubes
BN stirrer.
Bath ™~
: . — Sn0,
Graphite crucible e}

Graphite crucible — Alumina crucible

Aluming L — Aluminium
disc \
Graphite suporter Aluming It | Carbon test sample
cement | —
Anode lead gf;mn
Steel cathode contact
(a) (b)

Figure 2.12: Schematic drawings of Vasshaug’s set-ups for (a) experiments with rotating cathode,
and (b) experiments with horizontal cathode and liquid aluminium present at start [32].

The experiments with the vertical rotating cathode showed a moderate increase of wear
rate with increasing rotation speed. As a function of cryolite ratio, the carbon
consumption indicated a similar trend of wear as the solubility of aluminium carbide in
cryolite found by @degard [25], that is, highest wear at CR = 1.8 when the solubility is at a
maximum.

While most studies on the carbon consumption as a function of current density have been
based on experiments where the electrolysis time has been kept constant, Vasshaug [32]
chose to treat the total amount of electrical charge passed through the cathode as a
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constant, thus varying the electrolysis time. In the low current density region, the carbon
consumption was found to decrease with increasing current density, as can be seen from
Figure 2.13(a). It was suggested that increasing the current density will lead to increased
activity of NaF at the cathode surface, thus increasing the cryolite ratio and decreasing the
carbide solubility, resulting in lower carbon consumption. At higher current densities there
seemed to be little correlation between carbon consumption and current density. An
explanation for this might be that the wear is an electrochemical process and is
dependent of the actual charge passed. As the charge was kept constant in all the
experiments, the carbon consumption would also be expected to remain the same.

When converting the amount of carbon consumed into wear rate in cm per year, the
trend is different. Figure 2.13(b) shows an increase in wear rate with increased current
density, though only slightly at CR = 2.25.

The data from Vasshaug’s experiments with the horizontal cathode beneath a molten
aluminium pad were insufficient to draw any conclusions, but some trends are worth
mentioning. The effect of current density on carbon consumption and wear rate seemed
to agree with the findings from the experiments with the vertical cathode. The effect of
the cryolite ratio, however, seemed to be different, as the wear rate was higher at CR =
2.25 than at CR = 1.80. The wear rates for the horizontal cathode were found to be in the
range 4-8 cm/y, which was considerably lower than for the vertical cathode and more
comparable to the wear rates in industrial cells.

Gudbrandsen, Sterten and @degard [33] demonstrated that carbon can dissolve
cathodically in cryolitic melts, according to reaction (2.4). Their experiments were
conducted with a similar set-up as Vasshaug’s vertical cathode set-up, Figure 2.12(a), but
with a stationary cathode and a steel stirrer on the side. Galvanostatic electrolysis was
performed in the range of 0—-0.2 A/cmz.

C(s) + 3AlF;() + 4Na™ + 4e~ > NazAl;CFy(1) + NaF (1) (2.4)

The results given in Figure 2.14(a) show that the rate of carbon dissolution increased with
increasing current density, until a steady state was reached. The carbon consumption was
less than theoretical because some of the current drives other electrochemical reactions,
such as formation of dissolved metal species and reduction of impurities. Figure 2.14(b)
show the partial current density for carbon dissolution according to reaction (2.4) plotted
as a function of the total cathodic current density. Gudbrandsen et al. [33] denoted the
break in the curve as a limiting current. An additional increase of current beyond this limit
led to a reduced current efficiency for the carbon dissolution reaction.

As the aluminium deposition potential is about 125 mV more negative than the theoretical
potential for the carbide dissolution reaction, it was assumed that aluminium deposition
could hardly be expected before the limiting current density was exceeded.
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Figure 2.13: (a) carbon consumption and (b) wear rate as a function of the cathode current density
at various cryolite ratios, cathode rotation speed of 40 rpm and fixed charge. Replotted from
Vasshaug [32].
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Figure 2.14: Results from electrolysis at 940°C, CR = 1.8, alumina saturated melt. Replotted from
Gudbrandsen, Sterten and @degard [33]. (a) Carbon consumption as a function of cathodic current
density. Straight line — theoretical weight loss. (b) Partial current density (l;) according to
reaction (2.4) for dissolution of carbon versus total current density. Horizontal line — limiting

current.
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During the electrolysis tests, Gudbrandsen et al. [33] observed a significant drop in the cell
voltage, shown in Figure 2.15. They could divide the electrolysis run into three periods
with distinctly different potential/time behaviour. In the first period in the beginning of
the experiments, when no dissolved metal or any dissolved aluminium carbide would be
present in the bulk electrolyte phase, the main cathode reactions were assumed to be
cathodic dissolution of carbon according to reaction (2.4), as well as reduction of
impurities in the melt and production of dissolved metal species. At the anode, the main
reaction was assumed to be formation of CO,(g). In the third period, with dissolved
aluminium carbide in the electrolyte, the main reaction at the anode was assumed to be
deposition of carbon, which occurs at a lower anodic potential. With the main cathodic
reaction being dissolution of carbon, the main overall reaction during this period would be
a transfer of carbon from the cathode to the anode.

A second series of experiments were conducted after pre-electrolysis of the electrolyte,
which removed impurities and introduced high concentrations of carbide and dissolved
metal in the melt. The main anode reaction was thus anodic deposition of carbon,
resulting in lower cell potential. As impurities had been removed, higher current efficiency
for the carbon dissolution was obtained in the second series. The current efficiency was
found to be about 86% at the limiting current density of about 0.11 A/cmz, while the first
series gave about 80% at a limiting current density of about 0.9 A/cmz.

0 :
—\
15 -
TS |
=
05 - S
1. period 2. 3. period
0.0 — — ,
0 60 120 180 240
t / min

Figure 2.15: Cell voltage as a function of time from a carbon dissolution experiment. Current
density, i =0.08 A/cmz, CR=1.8, T=490°C, alumina saturated melt. From Gudbrandsen, Sterten
and @degard [33].
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Tschope et al. [34] investigated the wear on rotating slotted cylindrical cathodes, Figure
2.16(a), and compared with FEM-simulations of current density distribution and
electrolyte flow. After 24 hours of electrolysis in cryolitic melt (74.8 wt% NasAlFs, 12.0 wt%
AlF;, 8.2 wt% Al,0;, 5.0 wt% CaF,) at 960°C, cathode rotating speed of 50 rpm, and
apparent cathodic current density of about 1A/cm2, considerable wear was observed,
especially at the slot corners facing the rotation direction (corners labelled 1 in Figure
2.16(b)). FEM-simulations showed that a higher current density could be expected at the
slot corners, and that that higher electrolyte velocity and thereby higher material
transport would occur at the slot corners where the highest wear was observed, relative
to the corners facing away from the rotation direction (labelled 2 in Figure 2.16(b)). The
lowest values of current density and velocity of electrolyte relative to the cathode were
found inside the deepest slots (5 mm), where also the least wear was observed. It was
thus concluded that the wear is significantly influenced by both hydrodynamics and
current density.

Tschope et al. [35] also investigated the wear rate on three different types of carbon
cathode materials with a similar set-up, but without slots in the electrode. They found no
significant difference in the electrochemical wear rate of high-density graphitized,
graphitized and anthracitic cathodes. Their observations did point to a marginal advantage
for the graphitized material, though, with the anthracitic cathode as the least favourable
in regard to electrochemical wear resistance.

Patel, Hyland and Hiltmann [36] found that porosity in the cathode material is of great
concern regarding wear. From their laboratory electrolysis experiments they
demonstrated that formation of aluminium carbide occurs within cathode pores. Highly
porous cathode samples showed uneven wear, which they attributed particulate
detachment due to formation, dissolution and growth of aluminium carbide in the pores.
It was proposed that increasing open porosity will increase bath penetration and
subsequent aluminium carbide formation. Porosity, bath composition and current density,
especially in combination, were found to have the most pronounced effect on cathode
wear.
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Figure 2.16: From Tschope et al. [34]. (a) Image of cathode with slots and with Si;N, covered ends.
Eight vertical slots with two different depths were cut evenly distributed around the periphery. (b)
Graphical representation of the cathode surface before (virgin) and after (worn) 24 hours

electrolysis.
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2.2.2.6 Cyclic voltammetry studies related to Al4Cs

Raj and Skyllas-Kazacos [37] conducted cyclic voltammetry in cryolite based melts to
evaluate the current efficiency of aluminium deposition on TiB,/C composite electrodes.
They used graphite and TiB,/C composite as working electrodes, the carbon crucible
containing the melt as counter electrode, and tungsten as reference electrode. On the
graphite electrode (Figure 2.17) they observed aluminium deposition and reoxidation of
the deposited aluminium in region A and B, respectively. The increasing current in region x
was attributed sodium intercalation and y correspondingly sodium deintercalation. The
broadness of the anodic peak (B) was explained by aluminium being stripped as a partially
soluble product or as Na-Al alloy of varying activity. Simultaneous oxidation of aluminium
carbide and aluminium was also proposed as a plausible cause for the broad nature of
peak B.
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Figure 2.17: Cyclic voltammogram for graphite electrode against a tungsten reference electrode in
Al,O;-saturated cryolite melt with 5 wt% excess AlF;, sweep rate 0.1 V/s at 990°C [37].

The voltammogram for the TiB,/C composite electrode in unsaturated cryolite melt, Figure
2.18, shows a more pronounced aluminium deposition and reoxidation. This was
explained by enhanced wetting properties of the composite electrode, as well as higher
mass transport compared to oxide saturated melts. The two smaller cathodic peaks, E and
D, and the corresponding anodic peaks, F and G, were related to titanium and boron
species introduced through the composite electrode.
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Figure 2.18: Cyclic voltammogram for composite electrode against a tungsten reference electrode
in unsaturated cryolite melt with 3 wt% Al,O3, 8 wt% excess AlF;, 5 wt% CaF,, sweep rate 0.2 V/s
at 980°C [37].

Brynjulfsen [38] studied the electrochemical behaviour of aluminium carbide in cryolitic
melt with 1.8 CR at 940°C by cyclic voltammetry with graphite and tungsten as working
electrode. She expected anodic peak currents related to oxidation of carbide close to the
reversible aluminium deposition potential. On graphite electrodes, susceptible for sodium
intercalation, oxidation of intercalated sodium will occur in the same potential area,
however. Due to difficulties differing between currents related to aluminium carbide and
sodium oxidation, tungsten was chosen as a more suitable working electrode (being inert
to sodium at the relevant potentials).

After adding a small amount of Al,C; to the melt, Brynjulfsen found higher anodic currents
after the aluminium oxidation peak (Figure 2.19). By starting the sweep in anodic direction
and with a starting point anodic of aluminium reduction, a peak current was observed at
about 250 mV anodic of Al (Figure 2.20). The peak current was found to be proportional to
the square root of the sweep rate (vl/z), indicating a diffusion controlled reaction. The
peak was not observed for Al,C; concentrations above 0.64 wt%. A transition from
diffusion control to kinetic control was proposed as a possible cause.
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Figure 2.19: Cyclic voltammograms recorded on tungsten working electrode in cryolitic melt
(CR = 1.8) at 940°C before and after addition of 0.072 wt% Al,C; [38].
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Figure 2.20: Cyclic voltammograms with varying potential sweep rates recorded on tungsten
electrode in cryolitic melt (CR = 1.8) with 0.23 wt% Al,C; at 940°C.

Liu et al. [39] investigated the cathodic behaviour of graphite in KF-AIF; melts. Figure 2.21
shows a voltammogram recorded on graphite at a potential scan rate of 100 mV/s in melt
with cryolite ratio 1.3 (ng:/ nars) at 850°C. They claimed that the cathodic peak current A
was associated with deposition of aluminium, while peak B was related to potassium
intercalation. Correspondingly, the anodic peaks B; and B, were attributed to
deintercalation of potassium and stripping of Al-K alloy. Peaks A; and A, were ascribed
oxidation of carbon from dissolved and absorbed aluminium carbide. A; was claimed to
result from stripping of liquid aluminium, while A; corresponded to extraction of
aluminium bonded with carbon.
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Figure 2.21: Cyclic voltammogram of 100 mV/s scan rate recorded on graphite electrode in KF-AlIF;
melt (CR = 1.3) at 850°C [39].

2.2.3 Sodium and bath penetration

Kvande et al. [40] investigated wetting and bath penetration in carbon electrodes. In a
micro-electrolysis cell, they found that negatively polarized carbon had superior wetting
compared to positive carbon. During electrolysis the bath spread evenly on the cathode,
but tended to separate from the anode. Measurements of amount of bath penetration in
carbon at different polarity coincided with the wetting experiment. The NaF content in
cathodic graphite was much higher than in anodic graphite. It was also found that the
wetting angle of the cathode decreases with increasing current density. For a given
cathodic current density, the wetting angle also decreased with time. This was explained
by the formation of aluminium at the cathode. Measured NaF content in the carbon
electrode as a fuction of cathodic current density is shown in Figure 2.22.

Peyneau et al. [41] used the so-called Rapoport test, a laboratory test for in situ measuring
of sodium expansion during electrolysis, to measure sodium expansion with varying bath
composition, temperature, graphite content in the cathode and applied pressure. They
concluded that expansion due to sodium penetration increase with decreasing
temperature and with decreasing excess AlF; content (increasing cryolite ratio). The
sodium expansion decreases as the graphite content increases, and the smallest
expansion was found in graphitized material. Figure 2.23 shows the results from the
experiments with varying graphite content and pressure, and as expected, it can be seen
that applying pressure will decrease the expansion. For the graphitized material the
expansion was measured to 0.039% without, and 0.018% with 30 kg/cm2 pressure applied.
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Figure 2.22: NaF content in carbon as a function of cathodic current density after one hour
electrolysis at 1000°C. Replotted from Kvande et al. [40].
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Figure 2.23: Sodium expansion as a function of graphite content in cathode materials with and
without external pressure. Replotted from Peyneau et al. [41].
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Brilloit et al. [42] found that the penetration velocity and saturation concentration of
sodium increased with increased cryolite ratio of the melt and decreased graphitisation of
the carbon material. Their experiments also showed that melt penetration was enhanced
by polarisation and by formation of nitrogen compounds. The cryolitic bath penetrated
the carbon cathodes during electrolysis, following, but not overtaking, the sodium front.
When turning off the current to allow equilibration, the melt progression proceeded at a
lower velocity in the experiments in nitrogen atmosphere. The same tendency was
difficult to observe for the experiments in argon atmosphere, as the velocity of which the
melt proceeded to progress was drastically lowered. X-ray diffraction analysis of cut
cathode slices revealed the presence of the following phases: NasAlFs, NaF or NasAlsFq,,
CaF,, Na,0-11Al,03;, NaAlO,, a-Al,03;, NaCN and AIN. In experiments without subsequent
equilibration the oxide precipitated only as Na,0-11Al,0;3 in argon atmosphere and as
Na,0-11Al,0; and NaAlO, in nitrogen atmosphere. For experiments with equilibration
after electrolysis Na,0-11Al,03 and a-Al,05; were found, but no NaAlO,.

Schreiner [43] used a modified experimental set-up to conduct the Rapoport test while
applying pressure to the carbon samples. The results of his tests are in agreement with
Peyneau et al.[41]; amorphous carbons have the largest expansion, increase of graphitic
content decreases the expansion and graphitized carbon has the least expansion. As
external pressure is applied, however, this difference in expansion between the carbon
types is reduced. Figure 2.24 shows the expansion as a function of pressure relative to the
expansion achieved without pressure. Regardless of the material, the reduction in the
expansion is more conspicuous in the low pressure range, i.e. 0-1 MPa. The amorphous
and semi-graphitic carbons were tested in two directions, parallel and perpendicular to
the extrusion direction, and for the amorphous materials the expansion seemed to be
larger perpendicular to the extrusion direction. No noticeable difference was observed for
the semi-graphitic samples. Compressibility was also larger in the perpendicular direction,
for the amorphous as well as the semi-graphitic carbons. Upon release of pressure the
samples expanded in the direction they had been compressed. The most amorphous
samples seemed to keep the elasticity during electrolysis, and expanded in the same
magnitude as they were compressed. Reduction of elasticity was observed for the other
samples. When no pressure was applied, Schreiner observed that the carbon sample
continued to expand after the electrolysis.
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Figure 2.24: Expansion as a function of applied pressure relative to the expansion without
pressure. Filled circle, filled triangle, filled diamond: amorphous carbons with 20-50 %
electrographite added, parallel. Open circle, open triangle: amorphous carbons with 20-50 %
electrographite added, perpendicular. Filled square: semi-graphitic, parallel. Open square: semi-
graphitic, perpendicular. Semi-filled diamond: semi-graphitized, parallel. Open diamond:
graphitized. Replotted from Schreiner [43].

The semi-graphitic samples that had undergone electrolysis with and without external
pressure were investigated by back scatter imaging on a scanning electron microscope. It
was clear that the sample electrolysed with a pressure of 10 MPa contained larger area of
unreacted carbon compared to the unpressurised sample, although the sodium content
found by titration did not reveal any significant difference within one cathode carbon due
to pressure. The amount of reactive sodium was found by submerging pieces of the
samples (not crushed) in HCI solution and back titration with NaOH. Schreiner reported
that more than 1000 hours of reacting time was needed to obtain a steady value of the
sodium content.

Schreiner [43] found a significant lowering of the electrical resistivity of the electrolysed
samples compared to the virgin ones, but pressure did not seem to make any difference.
The measurements were done after the samples had cooled down after the Rapoport test.

Mikhalev and @ye [44] studied the absorption of sodium vapour in commercial cathode
materials within the range of 745-950°C and 0.4-80 kPa by thermogravimetry. The tested
materials were: Gas-calcined anthracite (GCA) filler with about 30% graphite baked to
about 1200°C, graphite filler baked to about 1200°C (semi-graphitic), Petroleum coke filler
calcined to about 2300°C (semi-graphitized), and graphite. A sketch of the experimental
set-up is shown in Figure 2.25.
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Figure 2.25: Schematic drawing of the equipment for thermogravimetry used by Mikhalev and @ye
[44].

Isothermal experiments gave an increased degree of absorption with increasing sodium
pressures, and isobaric experiments gave increased absorption with decreasing
temperatures. Sodium absorption in graphite was found to be very low, and a minimum
sodium pressure was required before weight increase occurred. The anthracitic carbon
expectedly had the largest degree of sodium absorption, noticeable larger than for the
semi-graphitic and the semi-graphitized material. From the results they calculated the BET
isotherm (AWm/WO, where AW, is the weight of sodium in a monolayer and WO is the
original weight of carbon) and the specific surface area. The values are given in Table 2.2.

Table 2.2: Calculated and measured parameters for carbon materials. From Mikhalev and @ye
[44].

Parameters GCA Sem.l-. Ser.m'-
graphitic graphitized
BET isotherm, AW,,/W’ [g Na/g C] 0.034 0.0113 0.0025
Calculated specific surface area [mz/g] 124 42 9
Specific surface area measured by 0.85 0.95 0.95

helium adsorption [m*/g]
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Naas [45] investigated the interactions of alkali metal and cryolitic melts with cathode
carbons, especially regarding the consequences of adding LiF or KF to the electrolyte.
Alkali expansion measurements were conducted in Schreiner’s [43] Rapoport test
apparatus, with slight modifications. There were also developed experimental set-ups for
measuring the compressive strength of the samples in situ immediately after electrolysis,
and for measuring alkali metal absorption. Minor modifications of the latter, which was
based on the apparatus used by Mikhalev and @ye [44], allowed for quenching and
preparing samples for XRD and SEM analysis within an inert argon atmosphere. The
various electrolyte compositions that were used are listed in Table 2.3, and Figure 2.26
shows the compressive strength of a semi-graphitic carbon material, perpendicular to the
extrusion direction, as a function of electrolysis time for the respective electrolyte
compositions.

Table 2.3: Electrolyte compositions in the experiments of Naas [45].

LiF KF NaF CaF, MgF, Al,O3

Electrolyte (mol%]  [mol%] [mol%] [mol%] [mol%] [molw] T
A Reference - - 62.5 5.0 2.0 3.0 2.2
B High K - 210 415 5.0 2.0 3.0 2.2
C e = Ne 100 100 425 5.0 2.0 2.3* 2.2
D nue> Nee 13.8 6.2 42.2 5.0 2.0 2.0 2.2
E High Li 19.0 - 435 5.0 2.0 1.2% 2.2

*  Estimated alumina solubility
** MR = (Nar + Nge + Nye) /Nares

It can be seen from Figure 2.26 that KF in large amounts are very detrimental to the
carbon cathode. Electrolysis at 830°C with an electrolyte containing 21 mol% KF caused
complete loss of compressive strength after about one hour of electrolysis, and Naas [45]
attributed this to formation of large cracks as the large potassium atoms react with the
carbon. The small lithium atoms, obviously, do not have the same effect. The compressive
strength of the carbon subjected to electrolysis in the electrolyte high on lithium was
slightly less reduced compared to that of the carbon subjected to the reference
electrolyte. This was explained by a reduced sodium activity as an effect of substitution of
NaF with LiF.

The alkali expansion tests of Naas [45] revealed that the expansion decreases with
increasing content of LiF in the electrolyte, while KF has an opposite and larger effect. It
was also found that the expansion is higher at low temperatures. The results are shown in
Figure 2.27.
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The results from the sodium absorption experiments were similar to those of Mikhalev
and @ye [44]. The BET isotherm was calculated to be 0.0154 g Na/g C and the specific
surface area 84 mz/g, assuming that each sodium atom touch one carbon surface.
However, Naas [45] found it more likely that each sodium atom touched two graphene
sheets, which would give a surface area of 168 mz/g covered by sodium. The calculated
mole fraction of Na corresponds with NaC;,;,. He mentioned a modification of the
experimental set-up that placed the thermocouple closer to the crucible as a possible
explanation for slight discrepancies with the results of Mikhalev and @ye [44].

Quenching experiments of semi-graphitic carbon gave C/Na ratio 83.8 and C/K ratio 38.9
at Na pressure of 18 kPa and K pressure of 6 kPa, respectively. SEM analysis and element
mapping showed that the sodium penetration had caused formation of small cracks in the
sample and that the sodium distribution was inhomogeneous; the concentration of
sodium was higher in the binder phase than in the graphite grains. Interaction between
potassium and the carbon material had led to formation of larger cracks, some extending
across the sample. Potassium had reacted with both graphite and binder coke without any
apparent preference for the binder.
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Figure 2.26: Compressive strength of semi-graphitic samples as a function of electrolysis time.
Strength was measured perpendicular to the extrusion direction Current density: 0.6 Afem’.

Temperature: 980° for electrolyte A, 830°C for electrolyte B, C, D, and E. Replotted from Naas [45].
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Figure 2.27: Alkali expansion in semi-graphitic material as a function of (a) KF or LiF content in
electrolyte at 970°C (MF = KF, LiF), and (b) temperature with 20 mol% KF or LiF. MR = 2.2, current
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Replotted from Naas [45].
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Akuzawa et al. [46] investigated sodium intercalation in carbon materials with different
graphitization degrees. Samples, mainly prepared from needle-like petroleum cokes, were
heat-treated at different temperatures: 1500°C, 1750°C, 2200°C and 2400°C; and then
subjected to metallic sodium under vacuum for periods ranging from one to five days.
Changes in the carbon structure were examined by X-ray diffraction, electrical resistivity
and electron spin resonance. The investigation showed that there was a large difference
between the samples treated at 1500°C and 1750°C and the samples treated at 2200°C
and 2400°C regarding the expansion of the carbon-carbon interlayer due to sodium
intercalation. It was concluded that less graphitized carbons is highly reactive against
sodium and well graphitized materials, such as the samples treated at 2200°C and 2400°C,
has a poor reactivity. This also implies that less graphitized carbon blocks will be subjected
to a higher stress in the matrix, which may cause degradation. The electrical resistivity
increased only for the sample treated at 1500°C while it decreased for all the other
samples. Thus it was suggested that increasing the graphitization temperature from
1500°C to 1750°C brought about an improvement in stress resistance.

2.3 Investigations and observations from industrial cells

2.3.1 Alumina sludge

Thonstad et al. [47] analysed samples of alumina sludge from commercial pots. They
found an average of 40 wt% Al,O;, the remaining being mostly fluorides and some
aluminium. To determine the exchange between sludge and bath, two parallel tests were
performed on a number of 140 kA prebake pots serviced by a “rotating wheel” crust
breaker on a two hours schedule. In some pots a tracer (BaCOs) were added directly to the
bath, and in the others the tracer was introduced via a synthetic sludge, composed of 44%
NasAlFg, 26% BaO and 30% Al,Os. Two to four days after adding the synthetic sludge to the
pots, half the amount of tracer had appeared in the bath. When tracer was added to the
bath, they saw a steady decrease of its concentration in the bulk bath and an increasing
concentration in the sludge samples. They concluded that there is a fairly rapid exchange
between the sludge and the bath in this type of pots, and that the most likely transport
route is through a liquid film of bath between the metal and the side ledge. Circulation in
bath and metal and crust breaking was also mentioned to promote the exchange process.

2.3.2 Metal oscillation

Johnson [48] developed a technique to measure the metal velocities in aluminium
reduction cells by inserting iron rods vertically into the metal pad. The method is based on
the assumption that the rate of which the iron rod dissolves is directly related to the metal
velocity through an empirical mass transfer relationship. The dissolution patterns on the
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iron rods showed that the flow direction of the metal pad differs from top to bottom,
making it difficult to follow streamlines throughout the cell cavity. Johnson performed a
test with a prebaked cell, where he increased the metal height from six to nine inches to
see if it brought about any changes in the metal velocity. His hypothesis was that if the
horizontal currents in the metal pad are a significant factor for the metal movement,
adding metal and thus decreasing horizontal current density would result in a decrease in
overall metal velocity. No change in the average velocity was detected, and it was
concluded that other factors, such as muck and ledge formation override metal depth in
influencing metal flow.

lo ) K0 \ RN S A E:( By XS

8 8 8 8 5 9 9 12 17 T15
- —] ] a—| fe—1 <}

i__ 4§_, Muck Muck Muck 2 Muck Muck /10 13

|13 11; [13] 8 B Ed l 10 1Ta 4

10 /13 '/12 /9 L? o Tt (L 1?3 Lm

- +

Figure 2.28: Metal pad velocities (cm/sec) at various locations in a reduction cell with 18 prebaked
anodes. The numbers indicate average velocity and represent an average of eight measurements
over twelve months. The arrows give the flow direction observed in more than 50 % of the tests.
Where no arrows are shown, no specific direction could be determined for at least 50 % of the
measurements. Redrawn from Johnson [48].

Tabereaux and Hester [49] used the technique developed by Johnson [48] to measure the
metal pad movements in prebake and Sgderberg cells. As they found that Johnson’s
empirically derived relationship used to calculate the metal velocities was based on
calibrations made in a temperature range below those found in reduction cells, they
redefined the relationship by conducting calibration with metal temperatures in the range
of 950 to 965°C. Calibration tests with various iron alloys showed that only commercially
pure iron could provide the reproducible results necessary for velocity measurements.

From the metal velocity measurements in commercial cells, Tabereaux and Hester could
establish certain trends:

e The overall metal flow circulation pools and/or patterns for each cell are fairly
constant, although there are some variations in the direction of metal flow at some
points.

e Each cell design has a different and distinctive metal circulation pattern.
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e Variable cell conditions caused by excessive muck, ledges, anode changes, etc. can
disturb the metal flow and give variations in the flow direction and/or velocity.

e The highest metal velocities are generally found near the sidewalls at the end of the
cells, and the lowest velocities are found in the middle of the cells where the metal
pools generally converge.

e Low average metal velocity and low standard deviation of metal velocities indicate
good metal pad stability.

Figures 2.29-2.31 show some results from the metal velocity measurements of Tabereaux
and Hester, together with metal circulation patterns derived thereof.

Bradley et al. [50] also performed metal velocity measurements using the technique
developed by Johnson [48], and like Tabereaux and Hester [49], they also calibrated the
method to higher temperatures. Their measurements were conducted on several 130 kA
Invergordon cells at eight or ten standard positions, typically between anodes. It was
found that young cells all had similar flow patterns, while old cells showed wide variations.
In cells younger than 150 days vortices at each end was found. The metal velocities were
higher at the upstream side, and highest at the corners. Cells younger than 400 days
showed the same pattern, but less distinct. The velocity measurements in older cells
varied more and no general patterns could be deduced with any degree of certainty. The
vectorial average metal flow can give the impression that cells with large variations in
metal flow direction and velocity have lower metal velocities than the more stable cells.
However, Bradley et al. found that the average velocity is almost independent of cell age.
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Figure 2.29: Metal flow velocities in a 110 kA Sgderberg cell. From Tabereaux and Hester [49].
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Figure 2.30: Metal flow velocities in a 150 kA end riser prebake cell. From Tabereaux and Hester
[49].
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Figure 2.31: Metal flow velocities in a 150 kA quarter riser prebake cell. From Tabereaux and
Hester [49].

Matsui and Era [51] developed a device for direct measurement of the vertical oscillation
of the metal pad in industrial cells. The principle behind the device was to estimate the
distance between a polarised probe and the metal interface by measuring the potential,
and their measurements were performed on 130 kA side by side prebake cells. In stable
cells they measured small oscillation values and assumed the real oscillation had
amplitude as small as 5 mm. They also found larger oscillations, e.g. a nearly symmetrical
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wave with 5 cm amplitude and with a period of about 40 seconds. This wave coincided
with a fluctuation in the anode stem current by 7-8 kA. It was concluded that the
fluctuation of the anode stem current, in most cases, is in good linear relation to the
magnitude of the oscillation of the metal pad. The fluctuation of the cell voltage was also
found to be roughly proportional to the oscillation. Based on their results, Matsui and Era
stated that measuring the anode stem current can be an alternative way to estimate the
metal turbulence.

Cherchi and Degan [52] used measurements of the anode stem current to estimate the
oscillation of the metal pad in 150 kA side by side prebake cells with and without magnetic
compensation. The uncompensated cells were exposed to a mean vertical magnetic field
of about -20 Gauss, while the compensated ones were exposed to a mean vertical field of
3-5 Gauss. Three main types of oscillation were found in the uncompensated cells: small
amplitude oscillations with fluctuations of about 1-2 kA in each of the 16 anode stems,
which did not influence the cell voltage and dampened spontaneously; medium amplitude
oscillations, which did influence the cell voltage and could easily be handled by the
process computer; and strong oscillations with current fluctuations greater than 5 kA,
where intervention to remove the disturbance took longer and was more complex.
Interpretation of the anode current measurements gave a wave-like phenomenon with
two peaks that moves clockwise with a period of about 40-50 seconds. The velocity was
found to be greatest at the upstream side, while the average amplitude was higher on the
downstream side. Magnetic compensation reduced the oscillation drastically. While about
half of all the uncompensated cells exhibited regular oscillations, only about one out of
ten compensated cells showed regular oscillation. Also the amplitude was reduced with
magnetic compensation. The average amplitude of the cells with compensation showing
regular oscillations was about 0.5 cm, while the average for the uncompensated was 1—
3cm.

2.3.3 Sodium uptake

Mittag et al. [53] used registered values for consumption of sodium fluoride and
aluminium fluoride in 100 kA cells to plot the sodium uptake electrolysis time. The sodium
uptake was initially very high, declined fast and stabilised after some months. A clear
difference could be seen between pots with semi-graphitic carbon cathodes and pots with
anthracite and 50% graphite. The anthracite based cathode both started and stabilised at
higher levels of sodium uptake than the semi-graphitic cathode. In both cases the sodium
consumption was much too high to be attributed solely to uptake in the carbon blocks,
indicating sodium penetration all the way through the cathode and into the isolation
materials. Measurements of the forces acting on the pot shell revealed a thermal
expansion during the preheating, followed by a relaxation of the forces due to a rise of the
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temperature in the pot shell. As electrolysis proceeds and sodium penetrates the cathode,
the carbon blocks expand and the forces acting on the pot shell increase.

2.3.4 Cathode wear rate

Taberaux et al. [54] measured changes in the top level of cathode blocks due to erosion in
180 kA prebake cells for three consecutive years in order to determine the wear rate for
different types of cathode blocks. Two anodes on the upstream side and two anodes on
the downstream side were removed, and the measurements were made using a sidewall
ledge profile rod attached to a levelling arm and a measuring board. The results indicated
high, linear wear rates (2 to 3 cm/year for the first four years) for graphitized blocks, with
the rate slowing after 1600 days. The average wear rates for the first four years were 1.2—
1.8 cm/year for graphitic blocks and about 0.9-2.2 cm/year for semi-graphitic blocks with
15-30% graphite aggregate. All the mentioned rates were measured beneath anodes,
where the maximum wear areas occur. Some of the areas were more worn than others
and the wear pattern was found to be rougher and more pitted in these areas. The ram
carbon seams between the cathode blocks were generally less eroded. Indications of
initially higher wear rate at the tap hole was found, but it tended to stabilise after several
years and thereafter progress similar to the wear of the block under the anode. The
measured wear rate at the tap hole varied significantly for different cells and plants.

Reny and Wilkening [55] studied the cathode wear in AP30 pots at Aluminerie Alouette
Inc. A surveyor’s laser was used to accurately measure the depth of which a rod could be
lowered into the pot at certain positions, allowing measuring of the wear on operating
pots during normally scheduled anode change. One of the surveyed pots was stopped
during the study and was thus used to validate the accuracy of the measurements of the
live pot. The wear measurements performed during the delining of the pot showed that
the wear measurements during operation were within 1.5 cm of the real value.

A typical W wear patter was documented on the long axis of the carbon blocks, and an
unsymmetrical U pattern was found on the short axis. The ramming joints between the
blocks were the least eroded areas and the most eroded areas seemed to be over one of
the two upstream cathodic steel bars. From this Reny and Wilkening [55] could tell that
mechanical abrasion caused by the dust grab and other machinery cannot be the main
wear mechanism, as the ramming joints would then have been shaved off. The higher
wear over one of the cathodic bars indicates that the cathodic current distribution plays
an important role, and that higher local current accelerate cathode wear. The presence of
small rounded holes in the cathode in the stopped pot was explained by mechanical
erosion from small eddies, implying that both chemical and mechanical wear mechanisms
erode the carbon.
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In the deepest worn blocks, Reny and Wilkening [55] reported to have found that ledge or
muck had formed in the bottom of the holes. They could tell simply by that a rough
surface would be graphite and a smooth surface would be something else. This finding
could explain the levelling of the wear rate observed by Taberaux et al. [54] after about
1600 days. There is a high heat flow through the collector bars, and the carbon close to
the bars will therefore be colder. As a hole is eroding closer to the collector bar, the
carbon may eventually be cold enough to freeze some bath or alumina sludge which
would protect against further downwards erosion. Such an insulating layer would force
current further in toward the centre, spreading the wear onto a larger area of the cathode
surface.

2.3.5 Structural changes in the cathode material

Bacchiega and Letizia [56] investigated the changes in the physical properties of a
(anthracitic) carbon block after 44 months of electrolysis in a 70 kA cell with current
density of approximately 0.8 A/cmz. They found significant changes in the electrical and
thermal properties, as well as the mechanical properties. The apparent density of the
carbon block was increased by 40% due to sodium impregnation. The compressive
strength and the flexural strength were found to be much greater in the impregnated
carbon than the original before electrolysis, in both transversal and longitudinal direction.
The electrical resistivity was decreased with more than 50% and the electrical anisotropy
of the original carbon seemed to have disappeared during electrolysis and sodium
impregnation. After eliminating impregnation compounds by chemical purification the
electrical resistivity increased, but it was, however, still lower than in the original carbon.
This indicates that the carbon had been chemically graphitized to some extent during
operation. The thermal expansion coefficients, measured between 20 and 200°C,
increased up to three times after electrolysis, and the thermal conductivity measured at
40°C increased up to five times. Chemical purification, however, brought the thermal
conductivity back to the normal value of the original carbon material.

The catalytic graphitization occurring in the carbon cathodes throughout the operative
lifetime of the pot was studied by El-Raghy et al. [57]. Core drilled samples of different
types of anthracite based cathodes in 155 kA Sgderberg cells of different ages, were
analysed by x-ray diffraction, differential thermal analysis (DTA), thermal gravimetric
analysis (TGA), and inductively coupled plasma (ICP). Their results showed that the
graphitic content in the cathodes increased significantly with electrolysis time and a linear
decrease of electrical resistance versus cathode life time. The sodium content increased
rapidly during the first year of operation and continued to increase more and more slowly
afterwards. They concluded that amorphous cathodes are catalytically graphitized mainly
due to sodium intercalation and that graphitization and melt penetration results in

49



Chapter 2

decreased electrical resistivity. The DTA results indicated that the sodium also acts as a
catalyst for the oxidation of carbon.

2.3.6 Variable resistivity graphite cathode

Dreyfus et al. [58] has investigated the possibility of increasing the pot life by introducing
variable resistivity graphite (VRG) cathodes. The idea behind such cathodes is that a higher
resistivity at the ends of the cathode blocks will give a more uniform current distribution
throughout the cathode surface, thereby obtaining a more even wear profile. Success will
mean longer lifetime for the pots and less SPL when they eventually are terminated. As
VRG cathodes had been used in industrial cells for only a short time, no definitive
conclusions could be drawn when Dreyfus et al. published their paper in 2004 [58]. They
did, however, report perfect behaviour of the VRG cathodes to all stresses induced during
casting, preheating and start-up, and also normal thermal balance in the cells. The change
in cathode voltage drop was found to be negligible and in situ measurements of the
erosion rate showed a tendency of decreased wear rates compared to standard graphite
grades.

2.3.7 Ridged/grooved cathode blocks

In China, at Chongging Tiantai Aluminium Co., Naixiang et al. [59] followed the
performance of three tests cells with a novel cathode structure, started in 2008. The
surface of the cathode blocks were ridged, as can be seen from the illustration in Figure
2.32. The cells were operated with a metal level of 5-6 cm and a bath level of 18-20 cm. It
was assumed that the ridges would stabilize the aluminium metal pad, giving less vertical
fluctuations and make it possible to lower the anode cathode distance. As a consequence,
this would lead to lower cell voltage and reduced power consumption.

Figure 2.32: Schematic diagram of ridged cathodes from F. Naixiang et al. [59].
The results after one year of operation were positive. Compared to the average

performance of 127 traditional 168 kA cells at the same plant, the average cell voltage of
the test cells was reduced by 0.334V and the power consumption was reduced by
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1260 kWh/t-Al. Furthermore, the current efficiency was increased with 1.4 percentage
points, from 91.8 % to 93.2 %.

2.3.8 Observations from Qatalum after power outage

Qatalum produced its first metal in December 2009 [60]. In August 2010 the aluminium
plant experienced a serious power outage, leading to solidification of the bath in most of
the electrolysis cells. The metal and bath had to be mechanically removed before
restarting of the cells could commence. Disastrous as this event may have been, it also
gave a unique opportunity to inspect the wear of modern industrial cathodes after only
months or weeks of operation. The following information and picture was provided by
Hydro employees that have been on site [61].

Figure 2.33: Solidified metal pad removed from a terminated cell at Qatalum. The picture was
taken from beneath the metal pad, held up by a crane. The metal and bath remnants act as a cast
of the cathode surface, showing the inverted pattern. The bumps in the lower right area on the
photograph correspond to the holes or dimples in the cathode surface. Yellow flakes and dust, i.e.
aluminium carbide, can also be seen. Photo: S. Jarek, Hydro.

Many of the cathodes that had been operated for just a few days were found to have a
coarsened surface with many small holes or dimples. A kind of pitting erosion seemed to
have taken place on the entire cathode. Crates after pre-heating and start-up were visible
on the surface of cathodes after about one month of operation. In cells operated for more
than a month the surface was rougher and the initial crates eroded away. In general, there
was found few cathodes with evident erosion zones with considerable wear, but
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coarsened and dimpled cathode surfaces was often seen. Cathodes run for six months and
longer were more prone to have this coarse surface, and some were found to have begun
to develop shallow erosion holes at corners and the tapping area.

The cathodes at Qatalum were, to a wide extent, found to be covered by a yellow layer,
i.e. aluminium carbide. Yellow scaling was also observed on the side lining in some cells.

2.4 Theoretical work on cathode wear mechanisms

Solheim [62] has written a paper where he discusses three possible chemical and
electrochemical wear mechanisms: stationary mass transport of carbon into the metal,
non-stationary dissolution of carbon into a sludge layer that periodically forms and
disappears, and electrochemical formation and dissolution of aluminium carbide within an
aluminium carbide layer containing bath-filled pores.

In his model for stationary mass transport of carbon, Solheim [62] estimates the carbon
flux through metal and bath; from carbon saturated metal at the bottom of the cell to
zero carbon concentration at the interface between bath and the anode (or anode gas
bubbles). For a typical aluminium reduction cell the cathode wear rate due to stationary
mass transport of carbon was calculated to 2.0cm/y. This value is reasonably
representative for the average cathode wear, but due to the highly varying wear rates
seen from industrial cathodes, Solheim [62] argued that there must be other important
mechanisms. Though non-uniform wear in principle may be explained by assuming the
mass transfer coefficient at the cell bottom is non-uniform due to variations in the metal
flow, it is not reasonable that the flow variation is large enough to explain the typical “W”
wear pattern.

For the model of non-stationary dissolution of carbon, Solheim [62] considered carbide
diffusion into a stagnant sludge layer at the cell bottom which is periodically removed and
renewed. The amount of carbide dissolved during one event, i.e. the covering by and
removal of sludge, decreases with decreasing time per event. Decreasing duration of each
event does, however, give a higher number of events per unit of time, and it was found
that frequent removal and renewal of the sludge layer gives more rapid cathode wear
than slowly occurring events. If the sludge is removed and renewed only at long intervals,
sludge may act as a protection against cathode wear. An overview of the relation between
the event duration (t.) and the expected wear rate is given in Table 2.4.

In modern cells using cathodes with high electrical conductivity excessive wear has been
observed at the periphery of the cathode blocks. Solheim and Tscope [62, 63] related this
high wear to high local current densities, and proposed a conceptual wear model, a
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“carbon pump”, based on electrochemical formation and dissolution of carbide in bath
filled pores in a solid aluminium carbide layer.

Table 2.4: Amount of carbon removed from the cathode by non-stationary dissolution of
aluminium carbide into a stationary layer of alumina sludge. The density of the cathode was
assumed to be 1650 kgm'3. From Solheim [62].

Time t, N m mN Wear rate
[s] [ [Events/y] [kgm*/event] [kem™/y] [cm/y]
1 1s 31536000 0.00010 3154 191
60 1 min 525600 0.00077 407 25
600 10 min 52560 0.0024 129 8
3600 1h 8760 0.0060 53 3.2
36000  10h 876 0.019 17 1.0
86400  1day 365 0.029 11 0.7

It is assumed that the cathode is covered by a solid layer of aluminium carbide, at least
spot-wise or during certain periods. As aluminium carbide is non-conductive, electrical
current passes into the cathode either through metal-filled pores in the carbide layer or
around the carbide spots. This leads to a potential gradient along bath-filled pores in the
carbide layer, from the metal at the top to the carbon on the bottom. The potential
gradient may enable electrochemical crystallisation of aluminium carbide at the bottom of
the pore and dissolution of aluminium carbide at the top of the pore, as illustrated in
Figure 2.34.

“HaLc;

 eme
Al,C; T

|
Na*
i L ALCq

C e C

Figure 2.34: Schematic illustration of electrochemical formation and dissolution of aluminium
carbide in a bath filled pore in the carbide layer [62].
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According to Solheim and Tschope [62, 63], the reactions occurring at the carbon-carbide
interface and the carbide-metal interface are, respectively, reactions (2.5) and (2.6). As
the species on the reactant and product side of the total reaction are the same, the
standard cell voltage is zero. The reversible voltage is thus dependent on the activity
difference of NaF and AlF; between the top and bottom of the pore, as well as the activity
of carbon dissolved at the metal interface. In addition to the reversible potential, the total
voltage drop across the carbide layer is dependent of the ohmic voltage drop along the
pore. Based on a cathode wear rate of 5cm/y, Solheim and Tschope [63] estimated
corresponding values of porosity of the carbide layer, i.e. fraction of carbide layer filled
with bath, thickness of the carbide layer, and voltage drop across the layer (Figure 2.35).

4AIF,(diss) + 3C(s) + 12Na* + 12e~ - Al,Cs(s) + 12NaF (1) (2.5)

AL, C5(s) + 12NaF (1) » 4AlF,(diss) + 3C(in Al) + 12Na* + 12e~ (2.6)

\ \ .
0 0.02 0.04 0.06 0.08 0.10
AE/V

Figure 2.35: Corresponding values of porosity (¢) of the carbide layer, thickness of the layer, and
voltage drop across the layer at a wear rate of 5 cm/y. The density of the carbon was taken to be
1650 kg/m3 and the NaF/AIF; ratio (r) at the top of the pore was assumed to be 2.6. From Solheim
and Tschope [63].

Solheim and Tschope [63] modelled the current density and potentials around a circular
aluminium carbide “island”, shown in Figure 2.36. High local current densities can be seen
on the edges of the layer, and the current shielding effect results in a lower potential
directly underneath the island than at the same horizontal level outside the island. The
maximum potential difference between the top and the bottom of the carbide island was
found to behave linearly with the horizontal dimensions. As an example, an aluminium
carbide island of about 100 um thickness and 30 mm” diameter on the cathode in an area
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with current density in the order 10° A/m’ (corresponding to the high wear areas in
industrial cells), the maximum voltage drop was estimated to be in the order of 0.01 V.

Max:1.95-106
[1.0-108

—09:10¢

—0.1-10*

Min: 0.60

Figure 2.36: Current density around an aluminium carbide island (2 cm dia, 100 pm thick). The
electrical conductivities were assumed to be 3.6x10° S/m for molten aluminium, 8.0x10" S/m for
carbon, and 1.0 S/m for the carbide layer containing bath filled pores. From Solheim and Tschépe
[63].
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Thermodynamics of the AlI-C and the
Al-C-0 system

Most studies of the AI-C and the AI-C-O systems have been performed at high
temperatures, above 1600°C. For lower temperatures there are large discrepancies
between the various thermochemical data presented [64]. At the temperatures relevant
for aluminium smelting one should therefore be aware that the available data are rather
uncertain.

3.1 The Al-C system

Except for gaseous compounds, the only known compound in the AI-C system is
aluminium carbide, Al,C; [65]. Al,C; is an ionic carbide with discrete c* ions. Pure
hexagonal Al,C; crystals are colourless [66] but the carbide usually has a pale yellow or
brown appearance. Al,C; decomposes in water and acids yielding methane. Hydrolysis
proceeds in water at room temperature and is rapidly accelerated at increased
temperatures.

Thermochemical data for Al,C; at temperatures between 298 and 1800 K according to
Barin [67] are listed in Table B.2 in Appendix B. Lihrmann et al. [68] proposed the following
equation for the standard Gibbs energy of formation of Al,C; for 1000 K < T < 1500 K:

AfGO = —209944.693 — 282.185012T + 51.158268TInT — 153.16705 X 107*T?

+3.633 x 1071073 — 955148271 + 7.929 x 10872 — 3.6 x 101073 (3.1)

There are only minor differences between the two data sets in the relevant temperature
region, as can be seen from the chart in Figure 3.1. In addition, data have been collected
from the thermochemical software and database, FactSageTNI [69] and VLab [70]. Here the
Gibbs energy of formation deviates from the data given by Barin [67] and Lihrmann et
al. [68] by about -10 kJ/mol. In the case of electrochemical formation of aluminium
carbide at 1000°C according to reaction (3.12), the deviation amounts to approximately
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10 mV. Further thermochemical calculations performed in this work are mainly based on
data from Barin

-110

° Barin (1989)
Lihrmann (1999)
— — — FactSage VLab

-120 A

-130 -
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Figure 3.1: Comparison of the Gibbs free energy of formation for aluminium carbide, Al,C; (s),
given by Barin [67], Lihrmann et al. [68], and from FactSage VLab [69, 70].

The phase diagram for the system Al-C as reported by Motzfeldt et al. [65] is shown in
Figure 3.2. The reported carbon solubility in aluminium at temperatures of about 960—
980°C varies from 6 ppm [71] to 300 ppm [72].

It is clear that Al,C; is stable at the temperatures found in aluminium electrolysis cells and
at room temperature (in absence of oxygen). However, the oxide layer on the aluminium
surface prevents wetting of aluminium on carbon [20], and this layer must be broken for
the Al,C; formation reaction to proceed.
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Figure 3.2: Phase diagram for the system Al-C. From Motzfeldt et al. [65]. Filled triangles: as
reported by Baur and Brunner [73]. Open triangles: as reported by Stroup [74]. Filled circles: as
reported by Ginsberg and Sparwald [75]. Open circles: as reported by Gjerstad [76]. Squares: as
reported by Oden and McCune [77].
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3.2 The Al-C-0 system

Two solid aluminium oxycarbides are known, Al,0,C and Al,OC, of which only the first is
stable at temperatures below 1715°C [78]. A schematic diagram of the system AlI-C-O is
given in Figure 3.3, and phase diagrams for the system Al,0;—Al,C; are shown in Figure 3.4
and Figure 3.5. The oxycarbide, Al,0,4C, is stable at temperatures relevant for aluminium
smelting and can be formed by reacting alumina with aluminium carbide (3.2).

Al,C5 + 4A1,05 & 3A1,0,C (3.2)

According to Lihrmann et al. [68], the standard Gibbs energy of formation of Al,0,C
follows equation (3.3) in the temperature interval 1000 K< T < 1500 K.

AfGO = —2352531.936 + 3888.627099T + 13.959135TInT — 123.56643 x 10~*T?

+3443.7 x 107173 4+ 12253419.34T1 + 2.643 x 10872 — 1.2 x 101973 (3:3)

C

Figure 3.3: Schematic diagram of the Al-C-O system (at temperature < 1905°C). Redrawn from
Motzfeldt et al. [65].
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Figure 3.4: Phase diagram of the system Al,0;— Al,C; [65], as reported by Sandberg [64]. Circles: as
reported by Gjerstad [76]. Triangles: as reported by Ginsberg and Sparwald [75].
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Figure 3.5: Calculated phase diagram of the Al,0;-Al,C; system in comparison to experimental
observations [78]. From Qui and Metselaar [79].
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3.3 Aluminium carbide and oxycarbide in cryolitic melts

Aluminium carbide can occur as a solid or as dissolved specie in the cryolite melt. Based
on reaction (2.3), @degérd [25] estimated thermodynamic data for the dissolved specie,
NasAl;CFg(diss). These data are given in Table 3.1. To the author’s knowledge, no data for
dissolution of oxycarbide are available.

Al,C5(s) + 5AlF;(diss) + 9NaF(l) < 3Na3Al;CFg(diss) (2.3)

Table 3.1: A,G° and AH° for NasAl;CFg(diss) as reported by @degard [25].

T [K] AH° [kJ/mol] AG° [kJ/mol]
1100 -4273.370 -3614.092
1200 -4555.761 -3548.806
1300 -4544.207 -3465.363
1400 -4532.816 -3382.799

Several reactions have been proposed for the formation of aluminium carbide and
oxycarbide in the aluminium electrolysis cell. Some of the possible reactions, and their
respective Gibbs free energies, are listed in Table 3.2. Gibbs energies of formation for the
species involved in the reactions are listed in Table B.1 in Appendix B.

The potential (E) and the Gibbs energy of a reaction is proportionally dependent
according to the following equation:

AG = —nFE (3.4)
where n is the number of electrons transferred and F is the Faraday constant.
Thus the standard potential (EO) for various electrode reactions can be calculated based on
the Gibbs formation energies. Table 3.3 shows half-cell reactions based on the reactions

listed in Table 3.2, and their respective standard potentials relative to the aluminium
formation/dissolution potential.
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Table 3.2: Possible aluminium carbide and oxycarbide formation reactions with the Gibbs free
energy of reaction, AGO, at 1000°C.

Eqgn. Reaction AG° [kJ]
(2.1) 4AL(L) + 3C(s) = AlLC5(s) -135.42
(3.5) 4AlF;(diss) + 12Na(C) + 3C(s) —» Al,C5(s) + 12NaF (1) -643.31
(3.6) 8Al,05(s) + 12Na(C) + 3C(s) = Al,C5(s) + 12NaAlO,(s) -75.99
(3.7) 3AlF;(diss) + 4Na(C) + C(s) » Na3Al;CFg(diss) + NaF (1) -385.40
33) 1.33AlF, (d_i)sz)l zl&i?%%},&;}z)ﬁlNa(C) + C(s) P
4Us
(3.2) Al,C5(s) + 4Al,04(s) » 3A1,0,C(s) -33.30

For reactions including sodium in carbon, Na(C), data for Na(l) was used. The real AG° for these
reactions should therefore be somewhat more positive.

Table 3.3: Possible cathode reactions with standard potentials relative to AI/AI3+ at 1000°C.

Eqgn. Half-cell reaction E° [V]
(3.9) NaF(l) + e~ -» Na(l) + F~ -0.439
(3.10) 841,05(s) +3C(s) + 12e™ — Al,C5(s) + 124105 -0.373
(3.11) APY +3e™ = Al(D 0
(3.12) 4A13% + 3C(s) + 12e™ — Al,C5(s) 0.117
(3.13) 1.33A83% + C(s) + 1.3341,05 + 4e~ - AL, 0,C(s) 0.146
(3.14) 3AlF;(diss) + C(s) + 4e~ - Al;CF3™ + F~ 0.560
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3.4 Thermodynamic calculations with Factsage™

FactSage is an integrated database computing system for chemical thermo-dynamics and
a convenient tool for prediction of occurrences of species at various conditions. With the
addition of the database Virtual Lab (VLAB), created specifically for the aluminium industry
[70], the software can be used to estimate carbide and oxycarbide stabilities in cryolite
melts.

From the standard potentials in Table 3.3 we can expect formation of dissolved carbide
(NazAl;CFg) first, and then solid carbide and oxycarbide before aluminium, whilst
increasing the potential in cathodic direction. FactSage has been used to model the
stability of the carbides at varying potentials and oxide concentrations in a typical
industrial bath composition, and the results correlate well with the manually calculated
values in Tables 0.05 and 0.06. As potential is not a valid parameter in the FactSage
calculations, the activity of aluminium (aa) is used instead, as it is directly related to the
potential.

Figure 3.6 shows an activity diagram in cryolitic melt with carbon, aluminium and alumina
at 1000°C, with the logarithms of Al activity and Al,O; activity along the axes. According to
this diagram, Al,Cs(s) is stable at aluminium activities larger than 10™°. At ap = 10" the
Gibbs free energy of the aluminium carbide formation reaction (2.1) is zero, AG(, 4y = 0.
At unit aluminium activity, i.e. standard conditions, AG, 1y = AG?ZD. Thus, the reversible
potential at which Al,C5(s) is formed, relative to AI3+/AI, is the same as the standard
potential for the reaction, E(3%) = E?z_l) = E?3_12) =117 mV (or 127 mV when calculated
with data from FactSage and VLab). At lower aluminium activities carbide will only be
stable as dissolved species. In the right topmost corner, with oxide activity above 10°%,
Al404C(s) is the stable carbide specie. This activity corresponds to about 9 wt% Al,0; in
cryolite smelt with CR = 2.2 at 1300 K [80].

Figure 3.7 shows various carbon containing species’ dependency on the aluminium activity
in oxide free bath. The dissolved carbide species reaches a maximum at about ay = 10'1'5,
where solid aluminium carbide is formed and carbon in its pure form is no longer stable
with presence of aluminium. Figure 3.8 shows a similar diagram for oxide saturated bath.
Compared to the previous diagram the stability of carbon has been shifted somewhat in
anodic direction, i.e. lower aluminium activity, and Al,0,C(s) is the stable carbide species
at high activities. This can be seen more clearly in Figure 3.6. At very low aluminium
activities, or high anodic potentials, carbon exists in the form of CO,(g) and various
carbonates.

A phase diagram of the Al,O; — Al,C; system modelled with FactSage is shown in Figure
3.9.
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Figure 3.6: Activity diagram illustrating the stability regions of Al,C; and Al,0,C in cryolitic melt at
1000°C. “BBath” is bulk bath, i.e. cryolitic melt, and “gas_ideal” is mainly CO,(g).
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Figure 3.7: Diagram showing the mass of species i, m;, as a function of aluminium activity, a,,
in NazAlFg (85 wt%) — AlF; (10 wt%) — CaF, (5 wt%) melt at 1000°C. Initial mass of carbon and melt
is 1 g and 100 g, respectively.
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Figure 3.9: Phase diagram of the Al,O; — Al,C; system calculated with Factsage and VLab.
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Laser scanning of cathode surface

4.1 Introduction

After shutting down an electrolysis cell and cleaning the cathode of residual electrolyte
and aluminium, the exposed cathode surface shows a wear pattern that can provide
information about the wear mechanisms in the cell. Documentation of the wear is
important for successive analysis and assessment of the cathode and lining materials
performance. At present, the wear pattern is measured and documented manually,
usually with levelling rod and telescope, measuring 3—7 points on each cathode block. For
rough measurements, this is convenient, but the workload increases dramatically when
there is need for a more detailed documentation of the wear pattern.

Laser scanning is a well-known technology used for creating 3D models of buildings,
bridges and other structures. This technology can also be used for creating 3D models of
the cathode, thus documenting the wear pattern in superior detail compared to manual
measurements.

A method for laser scanning of cathode surfaces was developed, and two cells at Hydro
Sunndalsgra (cells D105 and D107) were successfully scanned and modelled. A thorough
description of the method and discussion about the results are published in two papers
written by Skybakmoen et al. [81, 82]. These papers can be found in Appendix A.

4.2 The method development
The idea of implementing laser scanning technology for mapping of cathode wear was
conceived while discussing the possible wear mechanisms from looking at topographic

plots of a worn cathode measured by the current method. With a resolution of 7 data
points per cathode block, it was evident that a lot of information was lost in these plots.
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Prof. K.R. Holm (Department of civil and transport engineering, NTNU) was contacted for
his extensive experience in laser scanning, to discuss the feasibility of creating 3D models
of cathode surfaces in the primary aluminium industry. After a visit at Hydro’s plant in
Sunndalsgra, planning of the first laser scanning campaign could commence.

Figure 4.1: Picture of the laser scanner (Riegl LMS-Z420i) used in this work. Dimensions without
camera: length 463 mm, diameter 210 mm, weight 16 kg.

As Hydro Sunndalsgra has a separate building for disassembly of worn cathodes, problems
with equipment being affected by the magnetic fields in the electrolysis halls was avoided.
This was one of the main arguments for doing the laser scanning there. Alf Engen a.s., a
contractor located in Sunndalsgra, was engaged to construct a tall rack for the laser
scanner, and also to assist in practical matters during the measurement campaign. The
rack was placed on the steel shell of the cathode and the laser scanner mounted in the
rack about 5 m above the cathode surface. To achieve reliable data for the entire cathode
and avoid shadow effects, three overlapping scans were made from different positions
above the cathode. Reflecting markers were placed on the steel shell and on the cathode
surface as reference points for data processing. A camera was mounted on the laser
scanner to supplement the XYZ coordinate data with RGB colour values. The collected
data were treated with suitable software to generate plots such as those shown in Figures
4.4-4.7.

Performing the laser scans, including on-site preparations, took the better part of a work
day, while the actual scanning lasted about 15 minutes for each scan. With a permanent
movable rack for the laser scanner, e.g. mounted from the roof, it should be possible to
perform a cathode scan within an hour.
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Figure 4.2: Prof. K.R. Holm and the author inspecting the cathode while Hydro employee, dr. J.
Hajasova, vacuum-cleans the cathode before laser scanning.

Figure 4.3: Mounting of the laser scanner on the rack, about 5 m above the cathode.
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Figure 4.4: A 3D model of cell D105, where the coordinate data points have been ascribed RGB
colour values from the photographs taken by the camera mounted on the laser scanner.

4.3 Some results and discussion

The topographic plots of the two cathode surfaces, shown in Figures 4.6 and 4.7, display a
typical wear trend for high current density cells. For most of the cathode blocks the
highest wear is found at the sides while very little wear can be observed at the middle.
Between the highly worn sides and the much less worn middle, a local high point and a
local low point can be seen. This wear pattern has been named as “WW wear profile”, as
topographic line plots in the longitudinal direction of the cathode blocks looks like two w’s
(Figure 4.5).

Wear depth [cm]
o

8

-25

30

Figure 4.5: A topographic line plot of cathode block 8 in cell D105 in longitudinal direction,
showing the characteristic WW wear profile. Data from the laser scanning.

70



4.3. Some results and discussion

Cell D105
Cathode block No.

Figure 4.6: Topographic plot from laser scan of cell D105, shut down after 2088 days of operation.
The legend on the right show the relative height difference compared to the initial level of the
cathode surface. Cathode heave is not taken into account, and the actual wear of the cathode may
therefore be higher.
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Figure 4.7: Topographic plot from laser scan of cell D107, shut down after 2184 days of operation.
The legend on the right show the relative height difference compared to the initial level of the
cathode surface. Cathode heave is not taken into account, and the actual wear of the cathode may
therefore be higher.
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If the carbon cathode is allowed to be worn down to the current collector bars, an
uncontrolled tap out will occur, i.e. the metal flows out beneath the cell. To avoid this, the
cathodes are regularly controlled for critically worn areas. Such areas are identified by a
higher current pull at the respective current collector bars, a higher temperature of the
steel shell at the respective area and by probing the cathode surface with a rod. Increased
concentration of Fe in the produced metal is the final indication of cathodes worn down to
their collector bars. When critically worn areas are detected, two measures can be taken
to protect this area from further wear and prolong the cell lifetime; filling with corundum
or cutting the steel current collector bars to the respective cathode block. Corundum
filling is done by tossing bags with corundum (a-alumina) into the bath where pothole
formations have been located at the cathode. A metal rod is then used to ram the
corundum into the pothole where it sinters and creates a low-soluble protective layer.
About 50 kg corundum is typically used per filling. Information about corundum fillings
and cutting of current collector bars for the two investigated cells is provided in Figure 4.8.

The 3D model of a cathode surface gives a much better foundation for prospective
investigations and statistical analyses of cathode wear than the current method.
Supplemented by models and measurements of metal flow, current distribution, sludge
distribution and extent of side/bottom ledge, the value of the 3D model would be greatly
enhanced.

Operational data for the two investigated cells, such as temperature, bath composition
and anode effect occurrences, was provided by Hydro. These data indicated normal cell
lives and no significant differences were found between the two cells [83].

Although detailed data for metal flow, current distribution, sludge distribution and extent
of side/bottom ledge for the cells studied here are not available, some assumptions can
be made based on previous experience and generally accepted hypotheses. The bottom
ledge of frozen bath is expected to cover the edges of the cathode blocks and protect
against wear. The current density, and consequently the metal flow, is highest at the long
sides of the cathode, which corresponds well to the highly worn areas. Almost no current
passes through the considerably less worn middle section of the cathode [84]. The less
conductive anthracite based ramming paste used in the joints between the cathode blocks
carries little current as well. These ramming joints are notably less worn and protrude by
several cm.

As it is known that the bottom ledge protects the edges of the cathode blocks from wear,
the plots from the laser scanning (Figures 4.6 and 4.7) can be used to assess and quantify
the ledge thickness. With detailed plots for a sufficient amount of cells of the same
technology, trends may be observed regarding this ledge. If the non-worn area at the
cathode block edges is found to be too large or too small, something may have to be done
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with the cell design and the heat transmission. In such a case, the laser scans provide a
good assessment tool for optimization.

Cell D105
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Figure 4.8: Overview of corundum fillings and cutting of current collector bars during operation for
cells D105 and D107 at Hydro Sunndalsgra. Corundum filling is done during anode change. The
dark rectangles with white numbering represent the anode positions in the cell.

The high wear at the sides and the low wear at the middle of the cathode are generally
ascribed to differences in current density and metal flow, but the local high and low points
in between demands a more complex explanation. Solheim [62] has proposed a model
based on non-stationary dissolution of aluminium carbide into a layer of sludge that
periodically forms and disappears according to the alumina feeding cycles. He suggests
that stationary sludge protects the cathode while mobile sludge enhances wear by rapid
dissolution of carbide. This hypothesis calls for further investigations and modelling of
metal flow and sludge movement at the cathode surface.
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A tap-hole can be found in the middle of cathode block 19. This is where metal is tapped
out of the cell at regular intervals, giving rise to high local metal flow. At the opposite end,
i.e. the suction end, cathode block 1 and 2 are clearly less worn than the rest of the
cathode blocks. This may be explained by a slightly lower temperature, an increased
bottom ledge, less metal flow and sludge build-up.

Assuming the extent of cathode heave is known, very precise estimates can be made for
average wear rates and carbon consumption, locally or as a whole. For the cells in this
work the total carbon consumption was estimated to 8024 kg and 8940 kg for D105 and
D107, respectively. That is about 30% of the entire carbon cathode. In addition to the
deterioration of the cathode and the economic consequences of having to replace cells,
the carbon loss also affects the productivity of the cell. Assuming that all the carbon has
been removed as Al,C;, one can easily calculate the amount of aluminium metal lost in the
same process. For cell D105 and D107, respectively, the metal losses amount to 24 and 27
tonnes of aluminium. This corresponds to about 0.5% loss in current efficiency in a 300 kA
cell.

A 300 kA cell running at 100% current efficiency will produce about 5.3 kilotonnes Al in 6
years. Assuming the solubility of carbide in aluminium is 35 ppm [85], corresponding to a
carbon solubility of 8.76 ppm, the maximum amount of dissolved carbon that can have
been removed with the metal in the same period is less than 50 kg. This is negligible
compared to the total amount of carbon lost at the cathode and a good indication that
carbide is transferred into the electrolyte where it is oxidised at the anodes.

Both cells in this work were taken out due to elevated Fe contents in the produced metal.
As stated previously, this indicates that the carbon cathode has been worn down to the
current collector bars. Thus, the collector bars can be assumed to be on level with the
maximum wear observed. As the cathodes of cell D105 and D107 were not removed to
examine the cathode heave, the point of zero wear was determined on the basis of this
assumption. l.e. the maximum wear, added with the distance between the current
collector bars and the surface in fresh cathode blocks, was set as zero wear.

The cathode can easily be divided into sectors to compare the wear between different
areas of the cells. Table 4.2 shows the wear at each quadrant of the two cells, divided
between upstream and downstream side, and between tap end and suction end. It is
obvious that the suction end is less worn than the tap end, which can be interpreted as an
indication of that a cold zone exists in the suction end of the cells, resulting in an extensive
bottom ledge. Table 4.2 also shows that the quadrants on the downstream side have both
the highest wear and the lowest wear. At the suction end, the upstream side is somewhat
more worn, while it is the opposite at the tap end. This diagonal wear is illustrated in the
plots in Figures 4.9 and 4.10.
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Table 4.1: Wear and wear rates for the two cells, D105 and D107, calculated from laser scanning
data.

Age Avg. wear Avg. wear Max. wear Max wear
Cell [days] [em] rate [cm] rate
¥ [cm/year] [em/year]
D105 2088 12.4 2.1 27 4.7
D107 2184 13.8 2.3 27 4.5

Table 4.2: Wear and wear rates in the different quadrants of cells D105 and D107, calculated from
laser scanning data.

Position Downstream Upstream
Avg. wear Wear rate Avg. wear Wear rate
Cell [em] [cm/year] [em] [cm/year]
Suction end 11.2 2.0 11.9 2.1
D105
Tap end 13.8 2.4 125 2.2
Suction end 12.2 2,0 12.8 2,1
D107
Tap end 16.1 2,7 14.1 2,4

Average wear at upstream side vs downstream side
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Figure 4.9: Plot of the difference in average wear between upstream and downstream side for
each cathode block of cell D105. Positive values means the cathode block is more worn at the
upstream side, negative values means more wear at the downstream side.
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Figure 4.10: Plot of the difference in average wear between upstream and downstream side for
each cathode block of cell D107. Positive values means the cathode block is more worn at the
upstream side, negative values means more wear at the downstream side.

In modern prebake cells, the alumina is fed through multiple point feeders placed along
the centreline of the cell. The placement of the feeders and the amount of alumina fed
through each feeder per feeding cycle have been determined on the basis of alumina
dissolution rates and bath circulation. In areas with high bath circulation, the alumina will
be readily spread and dissolve faster. In low convection areas, there is a bigger risk that
alumina sink to the bottom as sludge. Before feeding, an automated pneumatic hammer
breaks a hole in the bath crust to allow the alumina to flow freely into the bath. The crust
that is broken off and the feed alumina do not always dissolve completely, even in the
areas with high bath circulation. Thus, sludge will form beneath the point feeders.
Assuming the sludge beneath the feeders protects the cathode from wear, it should be
possible to reveal the position of the point feeders by studying the topographic plots of
the cathode surfaces. The actual positions of the point feeders, according to Hydro, are
shown on top of the topographic plots in Figure 4.11. The areas close to the feeders do in
fact seem to be less worn. This supports the earlier mentioned hypothesis of Solheim [62].

Just as the approximate positions of the point feeders could be revealed by the wear
pattern on the cathodes, the topographic plots may also give some indications for the
metal flow. It is generally accepted that high current densities and high metal velocities
tend to coincide with high cathode wear. With this in mind, one can produce relative
estimates of the metal velocities based on the amount of wear at different positions in the
cell, as shown in Figure 4.12. This, together with occasional flow measurements, provides
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valuable information that could be implemented in the magnetohydrodynamic flow
models most modern aluminium smelters are developing for each new cell design.
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Figure 4.11: The positions of the point feeders marked as white circles on top of the topographic
plots of the cathode surfaces of cell D105 and D107. The areas close to the feeders may be
protected against wear due to sludge formation.
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Figure 4.12: The author’s suggestion of how the metal flow may have been in the investigated
cells. The blue arrows represent low velocity flow at the suction end. The orange and red arrows
represent higher velocities, of which red the highest velocity. The grey arrows illustrate one of
many possible flow patterns in the central part of the cell and are very uncertain. The suggestion
is based on earlier flow measurements, similar to those of Johnson [48] and Tabereaux and Hester
[49], and the wear pattern revealed by the laser scanning method.
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Microscopy investigation of industrial
cathodes

5.1 Introduction

A number of cathode samples from various aluminium electrolysis cells at three different
Hydro Aluminium smelters have been investigated by optical and scanning electron
microscope. The main objective of this investigation was to identify possible differences
between cathode samples taken at different areas of the same cells and between different
cells with different cathode materials. Any findings could potentially shed light on the
cathode wear mechanism. Furthermore, the microscopic studies also give a detailed

general picture of the surface wear.

Table 5.1: Overview of the investigated cathodes.

Plant Cell Cathode Sampling Operational Technology
type date lifetime
Karmgy C070 SGZi 23.01.2008 1795 days End-to-end
Sunndalsgra A044 Gz 17.11.2008 2168 days Side-by-side
Sunndalsgra D095 GZ 21.03.2009 1725 days Side-by-side
Sunndalsgra LO06 SGv 15.09.2009 2431 days End-to-end
Sunndalsgra D105 SGZi 08.04.2010 2088 days Side-by-side
Sunndalsgra D107 SGZi 11.08.2010 2184 days Side-by-side
Ardal 1-31 SGZv 24.05.2011 2200 days End-to-end
Sunndalsgra C106 GZi 14.10.2011 2631 days Side-by-side
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Table 5.2: Explanation of cathode type abbreviations.

GZ Graphitized

GZi Graphitized and impregnated

SGZi Semi-graphitized and impregnated

SGZv Vibrated, semi-graphitized with anisotropic coke filler
SGv Vibrated, semi-graphitic with graphitized petrol coke filler

5.2 Sample extraction and preparation

Aluminium carbide is a key factor in discussions about cathode wear phenomena. It was
therefore important to prevent deterioration of any carbide present on the extracted
cathode samples. As aluminium carbide is prone to react with water to form aluminium
hydroxide and methane, efforts were made to avoid contact with water and limit
exposure to moisture during sample extraction and preparation.

Samples were extracted from the cathode with an angle grinder as shown in Figure 5.1.
Slots were cut and the samples were broken loose with a chisel. The samples were
mounted in epoxy at low pressure (Figure 5.2) and stored in a glove box with argon
atmosphere, pending microscopy investigation. Grinding and polishing of the samples
were performed directly prior to microscopy to avoid problems with oxidation of the
surface. Grinding and polishing were performed with ethanol (299.8%, Sigma-Aldrich) as
coolant/lubrication.

Figure 5.1: The author extracting samples from the cathode with an angle grinder. The sides of the
cuboid samples were typically 3-5 cm.
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(b)

Figure 5.2: (a) The samples were mounted in epoxy at low pressure in a Struers Epovac. (b) A
cathode sample during preparation for microscopy, about halfway in the polishing procedure.

Samples that have been stored in glass jars outside of the glove box (after microscopy
investigation) are depicted in Figure 5.3, clearly showing the challenges with oxidation of
species in the samples. Storage of samples in glove box with argon atmosphere gave a
satisfactory protection against oxidation for several months.

(b)
Figure 5.3: Some samples were stored in glass jars in ambient atmosphere. (a) A cathode sample
mounted in epoxy after about four months in ambient atmosphere. (b) A cathode sample, not
mounted in epoxy, after about six months in ambient atmosphere. Oxidation of sodium and
carbide has disintegrated the sample completely.
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Sampling was typically conducted a week after shutdown of the respective cells. In the
meantime the cell was allowed to cool and remnants of bath and metal were removed. In
this period of time, some sodium and aluminium carbide at the surface will have
undergone oxidation. In order to investigate intact layers of aluminium carbide, some
samples were always taken from areas still covered by a thin layer of sludge or aluminium.

The sampling from cell 1-31 at Hydro Aluminium Ardal deviated from the other sampling
campaigns. Samples were extracted from this cell only one and a half day after shutdown,
i.e. before it was cooled properly. The surface temperature was measured to be about
500°C, and it was not considered safe to extract samples as described above. Instead an
excavator with a pneumatic hammer was used to break of some pieces of the cathode.
Due to the risk of damaging the pneumatic hammer, the sampling was concluded after
extracting only four samples.

5.3 Microscopy techniques

5.3.1 Optical microscopy

A Reichert-Jung MeF3A inverted metallographic microscope was used for optical
microscopy of the cathode samples. Two optical microscopy techniques, bright field
(Figure 5.4(a)) and polarised light (Figure 5.4(b)), were used to obtain informative
micrographs of the cathode samples. The bright field technique makes use of reflection
and absorption to create contrast. Surfaces perpendicular to the ingoing light will reflect
the light back into the objective lens, while inclinations will reduce the amount of light
reaching the objective. The amount of light reaching the objective also depends on the
reflectivity of the materials; polished metal will reflect most of the light and appear bright,
while particles that absorb light will appear dark.

Light can be described as a transverse wave where the electric and magnetic vector
oscillates perpendicularly to the propagation direction. In natural light from the sun and
most artificial light sources the oscillation direction change frequently and irregularly, and
within any measurable amount of time all possible oscillation directions will occur. In
polarised light, on the other hand, the oscillation directions are repeated regularly. With a
polariser one can obtain light with only one oscillation direction, so-called planar polarised
light. Planar polarised light can be used in microscopy to identify optically isotropic and
anisotropic materials.

Amorphous materials and materials with cubic symmetry are optically isotropic [86].
These materials have identical optical properties in all directions. In optically anisotropic
materials the optical properties are dependent on the oscillation direction of the incoming
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light. When rotating an anisotropic sample in the microscope, using polarised light, the
operator will experience that the intensity and colour of the reflected light varies.

Figure 5.4: A (a) bright field and a (b) polarised micrograph of a carbon grain, clearly showing the
anisotropy of carbon. At a closer look, bright spots can be seen at the grain boundary in the bright
field micrograph. The corresponding spots in the polarised micrograph have a purple appearance.
This indicates aluminium carbide. The dark pores contain bath.
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In the polarised micrographs in the present work, graphite, which is anisotropic, will
appear orange or blue, depending on the orientation of the graphene sheets. Amorphous
materials and other isotropic compounds will appear purple. In the magnification range
relevant for this work, metal, aluminium carbide, aluminium oxide and amorphous carbon
falls into the latter category. As with the bright field technique, the metal reflects the light
effectively and shines brightly in the micrographs. Furthermore, it has been found that
aluminium carbide also appears relatively bright, while the more transparent bath often
appears dark.

Optical microscopy has proved to be convenient and useful for the investigation of
cathode samples. It is possible to differentiate between metal, aluminium carbide,
aluminium oxide and bath. It also provides a good overview of the carbon material itself,
showing coke grains, filler material and porosity.

5.3.2 Electron microscopy

A Hitachi S-3400N VP SEM (Variable Pressure Scanning Electron Microscope), with BSE
(backscatter electron) and EDS (energy-dispersive X-ray spectroscopy) detectors, was used
to differentiate and identify the different compounds within the cathode samples. Phases
with high mean atomic number appear bright on BSE micrographs as heavy elements
backscatter electrons more strongly than lighter elements. Qualitative and semi-
quantitative element analysis was obtained by EDS, making it possible to identify the
different phases. The SEM analyses were done at low vacuum (6-10 Pa) to reduce
polarisation effects.

The list of arithmetic mean atomic numbers (Z) shown in Table 5.3 gives little reason to
believe there will be any atomic number contrast between the fluoride species, aluminium
oxide, and aluminium carbide. The signal intensity from the backscattered electrons is,
however, not perfectly proportional to the mean atomic number. A root mean square of
the atomic number (Zzvs) might be a better fit [87]. The micrographs in Figure 5.5 show
that there is in fact a distinguishable contrast between the mentioned species.

n
Z= Z Xi Z; (5.1)
i=1

l

(5.2)

x; and Z; are the atomic fraction and the atomic number of element i in a species with n
elements.
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Table 5.3: Mean atomic numbers for relevant species.

Mean atomic number

Species _ _
Z Zrvs

C 6.00 6.00

o 8.00 8.00

F 9.00 9.00
NaF 10.00 10.05
Na3AlFg 10.00 10.09
AlF3 10.00 10.15
Al,05 10.00 10.30
Al,Cs 10.00 10.58
Na 11.00 11.00

Al 13.00 13.00
CaF, 12.67 13.69
Si 14.00 14.00
Ca 20.00 20.00
Fe 26.00 26.00

As mentioned the EDS analyses were only semi-quantitative, and especially for the light
elements, such as carbon, oxygen and fluorine, the results are inaccurate. Nevertheless,
the analysis method gives a good indication of the species present. A high reading of Al
and C, and small amounts of other elements, would for instance indicate presence of
aluminium carbide. Some examples of typical EDS results for different species found in
cathode samples are given in Table C.1 in Appendix C.
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Figure 5.5: SEM BSE micrographs of different components at the surface (a) and in a pore (b) in a
cathode sample. The difference in mean atomic number makes it possible to differentiate
between the components.
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5.4 Observations and discussion

5.4.1 Aluminium carbide layer

Aluminium carbide has been found at the surface and/or in superficial pores of all
investigated cathodes. Some samples were deliberately taken from areas with large
amounts of carbide, obvious from the yellow dust covering the cathode surface. These
samples show a continuous aluminium carbide layer with a thickness of about 50 um up to
more than 200 um. The thick layers seem to be stratified, with bath enclosed between the
sub layers. Samples taken from areas where there has been less yellow dust have also
been found to have a carbide layer at the surface, but not as continuous and much
thinner.

The areas with large amounts of carbide were, seemingly, located randomly on the
cathode. The extent of the visually observable carbide layers varied from small specks in
the size of a fingernail to areas of close to 1 m’.

Figure 5.6 shows a picture of a sample taken from a yellow, carbide rich area on a GZ
cathode. A thick and continuous bright layer, i.e. aluminium carbide, was observed at the
carbon interface. At higher magnification such layers appeared to be stratified, illustrated
by the micrographs in Figure 5.7. Figure 5.8 shows micrographs of a thin carbide layer at
the surface and in a superficial pore on a SGZi cathode. This sample was taken from an
area with a hue of white and yellow, but not as obviously carbide rich as the areas where
the samples in Figures 5.6 and 5.7 were extracted.

Figure 5.6: An overview picture of the surface of a sample from a GZ cathode block, put together
by several optical micrographs. A thick continuous layer of aluminium carbide covers the surface.
A layer of sludge (bath, alumina and some metal) covers the carbide layer.
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Figure 5.7: (a) Optical micrograph of a thick stratified aluminium carbide surface layer on a sample
from a SGZi cathode block. The dark areas within the carbide layer were found to contain bath.
(b) SEM micrograph of a thick stratified aluminium carbide surface layer on a sample from a GZ
cathode block. The darker grey compound over the carbide layer is cryolite, and aluminium metal
can be seen at the upper left corner.
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(b)

Figure 5.8: Optical micrographs of a thin aluminium carbide surface layer on a sample from a SGZi
cathode block. (a) Bright field lens. (b) Polarising lens.

The thick stratified aluminium carbide layers that have been observed have always been

found beneath a layer of bath, aluminium or corundum, which will have protected the
carbide from oxidation. In areas where aluminium and bath remnants have been
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completely removed and the cathode surface has been exposed for several days, layers of
aluminium carbide have not been found. Fresher samples extracted shortly after cell shut
down, from areas where bath and metal were completely removed, did show a thin non-
continuous carbide layer. It is quite possible that these thin layers were in fact thick and
stratified before cleaning, and that most of the carbide was removed along with metal and
bath. This theory is supported by the picture of the solidified metal pad in Figure 2.33,
showing flakes of aluminium carbide attached to the removed pad.

No noticeable differences have been observed between samples from different areas of
the cathode regarding the presence of aluminium carbide. The thick surface layer is
typically found on samples taken from areas that appear yellow upon cathode
investigation, and the occurrence of this yellow dust does not seem to have any
preference to any specific areas on the cathode. The amount of aluminium carbide does,
however, vary between different cells. For example a side-by-side cell with graphitized
cathode blocks was found to have a thick and dense layer of aluminium carbide at several
areas of the cathode, while the investigation of an end-to-end cell at another aluminium
plant, using vibrated semi-graphitic cathode blocks, revealed only a very thin layer of
aluminium carbide. Variation in the carbide amount on the surface was also found
between neighbouring cells with the same technology, same cathode material and roughly
the same age. This indicates that the amount of aluminium carbide found on the surface
of the cell after shut down is dependent on something else than the three mentioned
parameters, i.e. technology, cathode material and age.

The aluminium carbide layer on the cathode surface is either formed during operation or
by precipitation of carbide dissolved in metal and bath remaining in the cell during
cooling. In situ investigation of aluminium carbide formation in the electrolysis cell is
challenging, and to the authors knowledge the formation of carbide layers during
operation has yet not been proven. However, estimations of the maximum amount of
aluminium carbide that is available for precipitation during cooling may give an indication
whether or not the carbide can be solely the product of precipitation.

The ratio between the thickness of the aluminium pad (t;;) and the precipitated
aluminium carbide layer (t4;,c,(p)) from carbon dissolved in metal is estimated from
equation (5.3). Assuming the precipitated carbide layer has similar density as pure
aluminium carbide (pa;,c,(p) = Patyc, = 2-36 g/cm?), the molten aluminium has a density
of 2.3 g/cm’, and that the concentration of carbon in the aluminium (Catycsinat) is at
saturation (35 ppm Al,C; [85]), the ratio between aluminium and carbide is 2.93 cm Al per
pm Al,Cs. Similarly for carbide saturated bath, assuming a density of 2.1 g/cm3 [5] and a
carbide concentration of 2.0 wt% [25], the ratio would be 56.2 um bath per um Al,Cs.
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Figure 5.9: Graph showing the amount of aluminium and bath needed for precipitation of a dense
aluminium carbide layer of thickness t 4, ¢, )-

It is evident that the aluminium carbide observed cannot solely be a product of
precipitation from aluminium remnants. A carbide layer of 50 um would require almost
1.5 m of aluminium, which is more than five times the typical thickness of the metal pad
during operation. The final tapping of metal and bath when the cell is shut down leaves
much less liquid from which carbide can precipitate.

In the bath, the solubility of aluminium carbide is much higher. A carbide layer as shown in
Figure 5.10 requires about 1 cm of carbide saturated bath. Based on this, it cannot be
ruled out that much of the aluminium carbide observed on the cathode surface has
precipitated from bath and sludge.

There are other factors making the precipitation route less likely, however. During
operation the heat is evolved from the electrolysis and the thermal gradient is negative
downwards the cathode and into the insulation materials. After shutdown the gradient is
reversed, i.e. heat is best preserved in the insulation and the remaining bath and metal is
cooled from the surface and down. Based on this, it may be expected that carbide would
precipitate first in the upper area of the bath or metal layer.

Furthermore, the relatively rapid cooling would more likely result in needle-like
precipitations rather than an even and dense layer at the interphase. In the middle of the
superficial pore/crack in Figure 5.8 and the pore in Figure 5.23 such needle-like carbide
can be seen. Thus, it is not likely that carbide layer observed at the carbon interphase has
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Figure 5.10: SEM micrograph of a thick aluminium carbide surface layer.

been formed by precipitation, which means that the layer is probably formed during
operation.

It is known in the aluminium industry that the carbide layer can cause problems when
restarting a cell that has been shut down. An insulating carbide layer hinders current flow
through the cathode during pre-heating, i.e. before electrolyte is added to the cell, and
aluminium carbide is therefore mechanically removed from the cathode surface before
restarting can commence [88]. According to the data of King and Dorward [23], the
specific resistivity of Al4C; is about 250 Qcm at temperatures around 950-960°C. This
value is 6 orders of magnitude higher than the resistivity of the carbon blocks, but still far
from an electrical insulator. Assuming a current density of 1 A/cm, the voltage drop
through a dense carbide layer would amount to 25 mV for every um of Al,C;. The thick
carbide layers may thus be considered to be non-conductive, and it can be concluded that
the cathode is not covered by a thick, dense and continuous carbide layer during
operation. It is, however, possible that the cathode is covered by a continuous carbide
layer of a few microns thickness, yielding a voltage drop of about 100 uV.

If there is in fact a thick carbide layer (e.g. 20 um or thicker) covering the entire surface of
the cathode during operation, the layer cannot be dense. The current must somehow flow
through pores or cracks possibly filled with aluminium and bath. Pores and cracks in the
carbide surface layer have been found to contain bath (Figure 5.11), but aluminium metal
has seldom been observed within the carbide surface layer.
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Figure 5.11: Optical micrograph (polarised) of a bath filled crack in the aluminium carbide surface
layer on a sample from a GZ cathode block.

5.4.2 Aluminium carbide in cathode porosity

Aluminium carbide has also been found in pores, even in the cases where there has been
found little or no carbide at the surface (Figures 5.12 and 5.13). Carbide is most abundant
in the pores close to the surface, i.e. in open macro porosity, but has also been found in
deeper pores.

Aluminium carbide in pores throughout the sample, as in Figure 5.14, was observed
exclusively in samples from the mid-section of cell I-31 from Ardal. This cell was the only
investigated cell with vibrated semi-graphitic cathode blocks, and also the one cell that
was investigated very short after shutdown. Only four samples were extracted, two from
the mid-section and two from the side of the cathode. The two samples from the side
were similar to samples from other cells with regard to the depth of where carbide could
be observed, i.e. aluminium carbide was restricted to the first centimetre beneath the
surface. Both samples from the mid-section of the cathode were found to have carbide in
pores throughout the sample.
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Figure 5.12: An overview picture of a sample from a GZ cathode block, put together by several
optical micrographs. The deepest pores where aluminium carbide could be observed were about
5 mm below the surface, marked by the red circle. The barely visible bright spots are aluminium
carbide. No carbide surface layer could be observed.

a )

Figure 5.13: Optical micrographs of the same sample as in Figure 5.12, showing aluminium carbide
(with a blue appearance) in pores. (a) The deepest pores where aluminium carbide could be
observed, marked by a red circle in Figure 5.12. (b) Pore about 2 mm below the surface.

The author has not been able to detect any differences between the middle and the sides
of the cathode blocks regarding the microstructure of the carbon material. Differences in
e.g. porosity could potentially explain variations of carbide “penetration” depth. There
might also be a thermodynamic explanation to the finding, i.e. that aluminium carbide is
more stable at the mid-section of the cell than at the sides.
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Figure 5.14: An overview picture of a sample from a SGv cathode block, put together by several
optical micrographs. Bright spots, which are aluminium carbide, can be seen in pores throughout
the sample. A rather continuous carbide layer could be seen on the cathode surface.

The electrochemical carbide formation reaction (3.5) is dependent on the activity of
sodium fluoride and aluminium fluoride. Al,Cs(s) is more stable at low cryolite rates (CR =
mol NaF/mol AlF;). It is known that the aluminium formation reaction gives rise to
concentration gradients in the diffusion layer between bath and aluminium, resulting in a
high CR at the interface [89], as illustrated in Figure 5.15. High current densities will give
greater differences in the CR between bulk and the interface.

4AlF;(diss) + 12Na(C) + 3C(s) » Al,C5(s) + 12NaF (1) (3.5)
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Assuming that there is a bath layer between the cathode and the metal pad and the
correlation between CR and current density can be transferred to the interface between
the carbon cathode and the bath layer beneath the aluminium pad, this would mean that
aluminium carbide is more stable at the middle of the cathode blocks where the current
density is lower.
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Figure 5.15: Concentration profile in the cathodic diffusion layer by electrolysis at 0.6 A/cm’ and
bulk melt CR = 3. Redrawn from Thonstad and Rolseth [89].

Due to the small amount of samples and the fact that the sampling procedure deviates
from the standard, the observations from cell I-31 have questionable statistical value.
Therefore it cannot be decisively concluded that there is a correlation between carbide
occurrence in deep porosity and specific areas of the cell. Nor can it be concluded whether
it is typical for SGv cathode blocks that aluminium carbide exists in the deeper cathode
porosity.

Large amounts of carbide were found in cracks in between the rammed joints and the
cathode blocks, as can be seen from Figures 5.16 and 5.17. Large cracks were often found
in the rammed joints which have a lower resistance against thermal shock and sodium
expansion. The bath transport within these cracks, and pores in general, is lower than at
the cathode surface. The dissolution of the formed carbide should thus be slow, with thick
carbide layers as a result.

Large amounts of carbide can be expected in carbon materials with a high amount of
cracks and pores, i.e. a high surface area where carbide dissolution is slow. This finding is
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in good agreement with the results of Grjotheim et al. [21] who found that the amount of
Al,C; formed increased with the pore volume (Figure 2.3(b)).

Large cracks with
o %“ S e Carbide covered

surfaces

Figure 5.16: An overview picture of a sample from the joint between ramming paste and cathode
block in a GZ cathode, put together by several optical micrographs. Large cracks in the rammed
part and between the ramming and the cathode blocks are covered by carbide.
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Figure 5.17: Polarised micrographs of (a) a vertical crack between the rammed joint and the
cathode block and (b) a horizontal crack in the rammed part.
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5.4.3 Aluminium oxycarbide

As mentioned in section 3.4, aluminium oxycarbide will be the stable phase in oxide rich
systems, and Lebeuf et al. [90] found evidence of C-O-Al bonds by XPS analysis of a
cathode sample from an experimental cell. One may therefore expect to find oxycarbide in
industrial cathode samples, at least where alumina sludge is present. The microscopy
techniques in this work are probably not suitable for identifying aluminium oxycarbide. It
is not known whether oxycarbide is distinguishable from carbide or bath by optical
microscopy or SEM, and the EDS measurements only indicate the elements present
without information about chemical bindings. Thus, analysed areas containing Al, C, and O
might be a mixture of Al,0; and Al,C; as well as aluminium oxycarbide.

Figure 5.18 shows a pore containing various bath compounds, including what might be
aluminium oxycarbide. Assuming the EDS analysis (Table 5.4) is reliable and that all
fluoride is in the form of NasAlFg, the ratios of the remaining Al, C, and O are Al/C=2.4 and
Al/O =1.1. The Al/O ratio is close to that of aluminium oxycarbide, Al,0,C, but the Al/C
ratio is 40% lower. This deviation may be attributed to the low accuracy of the EDS
analysis, or that the compound is a mixture of Al,O; and Al,C; rather than aluminium
oxycarbide.

I X
N L :!l‘l

10.0kV 10.0mm x5.00k BSECOMP = 10.0um

Figure 5.18: SEM micrograph showing the area for the EDS results shown in Table 5.4, marked by
red dotted circle. Assuming all fluoride and sodium is in the form of NasAlFg, the approximate
ratio of the remaining elements Al, C, and O is Al/C=2.4 and Al/O = 1.1, according to the EDS
measurement. This might be Al;0,C or a mixture of alumina and carbide.
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The micrographs in Figure 5.19 show a pore surrounding an aggregate grain. The content
of the pore is clearly divided into three zones, with Al,03 in one, Al,C; in another, and bath
in between. The clear segmentation of oxide and carbide may indicate that Al,0,C does
not form readily in the cathode, even with abundance of oxide.

Table 5.4: Selected EDS results showing indications of oxycarbide or lack thereof.

From Probable compounds EDS results [at%]
fig. C 0 F Na Al
NasAlFg and
0.23 ALOLC / ALO; / AliCs 7.3 16.0 35.5 179 23.3
0.24 Al,O4 5.5 58.4 3.1 33.0
0.24 NaF and AIF; (CR>3) 2.9 54.7 33.9 8.5
0.24 Al,Cs 43.1 4.8 1.2 50.9

5.4.4 Metal in cathode porosity

Aluminium does not wet carbon and has not been observed directly at the carbon
interface. At the surface Al was enclosed in bath or corundum, or there was a layer of
aluminium carbide between the carbon and the metal. In pores Al was typically found
enclosed in aluminium carbide (Figure 5.20). Most of the metal found in the porosity was
found to be rich in iron with aluminium as a secondary component. Small amounts of
silicon, probably from dissolved side lining, were also found in many of these metal
droplets.

As can be expected, iron rich precipitations could be found in the remnants of the
aluminium pad in cells which had been shut down due to elevated iron content in the
tapped metal. The amount of iron found in the porosity was also highest for these cells,
and within the same cells iron was most abundant in samples from the most worn areas
close to the side walls. l.e. iron was most abundant where only a few centimetres of
carbon separated the aluminium pad from the steel current collector bars. This could
indicate that the iron is somehow introduced by the steel bars, possibly by dissolution of
the bars, or during the cast in process before installation. The mechanism behind the
occurrence of iron in cathode porosity has not been investigated further in this work.
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500um

Figure 5.19: (a) SEM and (b) optical micrographs showing a pore with alumina, bath and
aluminium carbide, according to EDS analysis (Table 5.4). Though alumina is present in abundance,
no clear indication of aluminium oxycarbide was found.
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Figure 5.20: Optical micrographs of pore with aluminium carbide (blue) and bright metal droplets.
According to EDS measurements the metal droplets consisted of iron, about 20 wt% aluminium
and small amounts of silicon. The samples came from a (a) SGv and a (b) SGZv cathode.
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5.4.5 Bath film and bath penetration

The solidified bath found on the cathode surface (Figure 5.21), often covering aluminium
carbide layers, on a large amount of the cathode samples indicates that bath exists
between the carbon cathode and the metal pad. The bath seemed to have solidified as
continuous films at the cathode surface rather than being separate precipitated particles.
The cracked appearance is probably due to thermally or mechanically induced stresses
during cooling and cleaning of the cathode.

Bath penetrates the entire cathode and can be found in most of the cathode porosity.
Upon solidification it seems to have precipitated into distinct phases: NasAlFg, NaF, CaF,,
and Al,03;. The micrograph in Figure 5.22 shows bath penetration close to the cathode
surface. The amount of bath in the porosity seemed to be similar throughout the samples.
In the cases where both aluminium carbide and bath was found in a pore, the carbide
tended to occur dense along the pore walls with crystallites growing into the bath phase in
the middle, as can be seen in Figure 5.23.

The precipitation of NaF as a separate phase, and the lack of a separate AlF; phase,
indicates that the cryolite ratio (CR) of the bath penetrating the cathode was greater than
3. This indicates that the CR in the bath film between the metal pad and the carbon
cathode was also greater than 3, which is in accordance with the concentration profiles
with raised concentrations of NaF and depletion of AlF; that are known to occur at the
bath-metal interface Figure 5.15.

Figure 5.21: Polarised micrograph of the surface of a SGZv cathode block. The sample surface was
covered by a layer of solidified bath.
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Figure 5.22: (a) SEM micrograph showing the extent of bath penetration in a sample from a GZ
cathode block. (b) Higher magnification of one of the pores show bath precipitated into different
phases.
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(b)

Figure 5.23: Optical micrographs of a pore with aluminium carbide and bath in a sample from a
SGv cathode block. (a) Bright field lens. (b) Polarising lens.
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5.4.6 Non-preferential wear of cathode blocks

In the case of preferential wear, the wear proceeds faster at one of the cathode material
components, resulting in a rough surface. This is a common sight at the anodes, where
preferential consumption of binder pitch coke leads to detachment of aggregate coke
particles [5]. Similarly, a rough cathode surface would indicate detachments of aggregate
particles. A smooth surface would indicate that the wear is non-preferential, i.e. that the
wear rate is the same for filler material and aggregate.

For the cathodes investigated, samples have been found to have both crude and smooth
surface areas, as can be seen in Figure 5.24. The smooth surfaces shown in Figures 5.25
and 5.26 clearly indicate non-preferential wear. The coarse areas must therefore have
another explanation than preferential wear.

It is believed that the coarse areas are created by bath penetration and formation of
aluminium carbide in the superficial porosity (Figure 5.26). Pores often exist around
aggregate particles, and as these pores are worn (similarly as the rest of the cathode
surface) the aggregate particles may detach from the cathode (Figure 5.27). Non-
preferential wear and detachment of particles due to wear in the superficial porosity
allows for coexistence of smooth and coarse surfaces at the cathode.

Figure 5.24: An overview picture of the surface of a sample from a GZ cathode block, put together
by several optical micrographs. The rough surface is probably a result of particle detachment due
to carbide formation and wear in the superficial porosity.
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(b)

Figure 5.25: Optical micrographs (with polarising lens) of the cathode surface of a GZi cathode
block. The smooth surface indicates non-preferential wear.
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Figure 5.26: Optical micrographs of smooth cathode surface from a SGZv cathode block.
Aluminium carbide has formed in superficial porosity around a carbon aggregate particle (marked
by red box), which may eventually have detached from the cathode if the cell had not been taken
out of operation. (a) Bright field lens. (b) Polarising lens.

110



5.4. Observations and discussion

Figure 5.27: lllustration of bath penetration and aluminium carbide formation in superficial
porosity, giving rise to wear around an aggregate particle and eventually detachment of the
particle. The illustration is based on the micrograph in Figure 5.26(a).

5.4.7 Differences between high and low wear areas

One difference between the low wear area in the mid-section of the cell and the highly
worn sides has been observed. In cells taken out of operation due to increased levels of
iron in the metal, the iron content in the cathode porosity seems to be highest at the
sides, close to the current collector bars.

Beyond this, the surface (the two or three upper centimetres of the cathode), has not
been found to differ noticeably between different areas of the cell. It is likely that there
would have been visible differences if e.g. abrasive wear was completely dominant in
some areas, while chemical wear was dominant in other. A more likely case in the
industry, however, is several competing mechanisms, complicating diagnostics
dramatically. The lack of significant differences indicates that there are no fundamental
differences in the cathode wear mechanism in different areas of the cell, though there are
significant variations in the wear rate. Whether the high wear rates are caused by
abrasion, chemical reactions or both, the current microscopy investigation does not
provide any conclusive evidence. The presence of aluminium carbide does prove that
chemical wear occur, though.
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5.5 Summary

Thick layers of aluminium carbide, up to more than 200 um thick, have been observed
under protective layers of bath and metal. The amount of carbide is too large to have
been formed by precipitation of carbon from the metal. Precipitation from the bath, which
has much higher carbide solubility, cannot be ruled out, but the appearance of the carbide
layer suggests it was formed during operation.

Aluminium carbide has been found in cracks and open porosity close to the surface. In the
samples from the mid-section of cell I-31 with SGv cathode blocks, where the sampling
deviated from the standard sampling method, aluminium carbide was observed in pores
throughout the samples. In all the rest of the investigated cathode samples, the carbide
seems to be restricted to the first centimetre beneath the surface.

The methods used are not suitable for identification of aluminium oxycarbide, though EDS
results showing a mix of Al, O and C may possibly indicate the presence of Al,0,C.

Smooth surfaces on the cathode samples indicate that the wear is non-preferential and
that aggregate particles and filler material is worn alike. Carbide formation in superficial
pores, which often surrounds aggregate particles, leads to particle detachment and a
coarse surface. Non-preferential wear and detachment of particles due to wear in the
superficial porosity allows for coexistence of smooth and coarse surfaces at the cathode.

Bath have been found on the surface of a large amount of the cathode samples,
supporting the assumption that there exists a bath layer between the carbon cathode and
the metal pad.

Bath found in pores throughout the cathode samples seem to have precipitated into
relatively distinct phases: NasAlFs, NaF, CaF,, and Al,Os. The precipitation of NaF indicates
CR > 3 in the penetrating bath, and also the bath film at the carbon cathode surface.

Small metal droplets, mostly consisting of iron and aluminium, have frequently been
observed enclosed in carbide in the cathode porosity of cells shut down due to increased
levels of iron in the tapped metal. The amount of iron seemed to be higher at the sides,
close to the current collector bars.

No significant differences have been observed between samples from high wear and low
wear areas of the cathode. This can be interpreted as an indication of that wear occurs
according to the same wear mechanisms in all areas of the cell, but at different rates.

Furthermore, no significant differences were observed between samples from different
types of cathode blocks.
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Laboratory scale experiments

6.1 Introduction

A series of laboratory scale electrochemical experiments were conducted to study the
behaviour of aluminium carbide in melts of similar composition as industrial bath, of
which two are presented in this chapter. Open circuit voltage and steady state current-
voltage measurements, cyclic voltammetry, and electrolysis were tested as possible
techniques to obtain information about carbide formation and oxidation. More
specifically, establishing whether aluminium carbide can be formed by an electrochemical
reaction without the presence of aluminium, as well as any information about the kinetics
of such a formation reaction, was the main objective of the experiments.

The two experiments treated in this chapter were performed in oxide depleted and
alumina saturated melt, respectively. The oxide depleted melt introduced difficulties
regarding choice of insulating materials for the reference electrode. Attempts were made
to construct a stable Al/AP*" reference electrode that would not introduce any foreign
species to the melt. As this did not succeed, experimental techniques such as cyclic
voltammetry and open circuit voltage (OCV) measurements were not performed in the
oxide depleted melt. For the experiment with alumina saturated melt, alumina stands out
as an obvious insulating material and the construction of a functional reference electrode
is quite straightforward. For electrochemical measurements, the availability of a reference
electrode greatly improves the premises for obtaining informative and credible data.

Due to the different premises for the two experiments, where only one was run with a
functioning reference electrode, the results and discussion from the two experiments are
treated separately. Furthermore, the different techniques are treated one by one in order
to elucidate the informative value of the methods.
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6.2 Theory of the electrochemical techniques

A typical electrode reaction, expressed by equation (6.1), involves a charge transfer
between the electrode and a species in solution.

O+ne” <R (6.1)
The reaction mechanism can be divided into a series of steps:

Mass transport of reactant (O) to the interface.

Electron transfer between electrode and reactant close to the electrode.

Mass transport of product (R) away from the electrode to allow fresh reactant to
the surface.

These steps proceed in sequence, and the slowest step is rate determining for the
reaction. In many cases electron transfer is rapid, and the reaction rate is limited by mass
transport. The effective mass transport is the sum of three transport mechanisms,
convection, migration, and diffusion. Convection is mechanically induced movement and
usually the fastest mass transport mechanism in a solution. Mass transport by convection
is confined to the bulk solution, so the rate limiting transport step is likely to be diffusion
or migration through a thin layer at the electrodes where convection does not contribute.
Migration is movement of charged species due to a potential gradient. The forces leading
to migration is purely electrostatic and the charge can be carried by any ionic species in
the solution. If the solution contains a large excess of inert electrolyte, this carries the
most of the charge, and transport of electroactive species by migration can be neglected
[91]. Thus, diffusion through a thin layer at the electrode(s) can be considered as the rate
determining mass transport mechanism in many electrochemical measurements. The thin
layer, appropriately called the diffusion layer, typically has a thickness ranging from a few
nanometers to several microns. Forced convection, i.e. stirring, is often used to reduce the
thickness of the diffusion layer and consequently increasing the reaction rate.

Diffusion is movement of species due to a concentration gradient, and is explained by
Fick’s laws. Fick’s first law describes the flux of specie, i, while Fick’s second law describes
the concentration change over time due to diffusion.

dCi

Fick’s first law: Flux = —D;— (6.2)
dx
. 2.,
Fick’s second law: % = ia i (6.3)
at dx?

where D; is the diffusion coefficient and x is the distance from the electrode.
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Considering a reaction where diffusion of reactants, O, to the electrode surface is the
limiting step, the current flow is proportional to the flux of reactants at the electrode
interface.

. deo
i =-—nFD, (_dx ) . (6.4)
xX=

6.2.1 Open circuit voltage measurements

The open circuit voltage (OCV) can be defined as the potential between two electrodes
when there is no net current flow, i =0. Consequently, there should not be any
concentration gradients in the system. Considering reaction (6.1), the potential can be
predicted by the Nernst equation:

RT a,
E=E'——In— (6.5)
nF ap

where the activities a, and ag are products of the species’ concentration and an activity
coefficient, y;. In an ideal solution, when the activity coefficient is close to unity, the
activity can be substituted with the dimensionless value of concentration.

It may be worth noting that the activity can be defined by several terms of concentration,
whether it be as mass percent (C; o), Mol percent (C;,010,), Or mole fraction (x;). The
activity coefficient is adapted accordingly, and must not be interchanged between
different definitions of the concentration.

a; = YicCiwew = VicCimon = VixXi (6.6)

Yic * Vic * Viy

6.2.2 Steady state current-voltage measurements

In the case of a diffusion controlled reaction, the current flow can be found from equation
(6.4). Equilibrium will be established at the electrode interface, following the Nernst
equation (6.5). As the cell voltage is increased, the equilibrium shifts to a decreased
concentration of reactants, illustrated in Figure 6.1. When the concentration is close to
zero at the electrode interface, further increase of the voltage does no longer affect the
steady state concentration gradient, and the reactions diffusion limited current is reached.
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Figure 6.1: Steady state concentration profile for the reactant O in reaction (6.1) at increasingly
cathodic electrode potentials. The sudden transition from pure diffusion to pure convection at 6 is
a simplification; in reality there must be a gradual change from a linear profile to a constant value.

If the electron transfer reaction is insufficiently fast to maintain Nernstian equilibrium, and
the process can be regarded as irreversible, reaction kinetics can be obtained from steady-
state current-voltage measurements. The current flow is dependent of a reaction rate
constant and the activity of the electroactive species at the electrode surface.

{ = —nFka, and T = nFkag (6.7)

where the rate constants, k, vary with the applied electrode potential. Eventually, this
leads to the Butler-Volmer equation.

o aunF ) (acnP )]
6.8
i=1ig [exp( exp |~ (6.8)

where n is the overpotential, i.e. the difference between the electrode potential and the

reversible potential of the reaction, and i, is the exchange current density, i, = —7 =T at
n=0.

Electrochemical electrode reactions, so-called faraday processes, are not ohmic. There is
not a linear relation between voltage and current. If, however, there is an electronic
contact between the electrodes, i.e. if the charge is carried by electrons in addition to
ions, there will at least be some ohmic contribution to the current. In molten salts for
example, dissolved metal can give rise to electronic conduction that may lead a significant
amount of current between the electrodes. This current can be called ohmic current, as it
follows Ohm’s law:

U=IR (6.9)

Consequently, ohmic current behaves linearly in a current-voltage plot.

116



6.2. Theory of the electrochemical techniques

When applying a voltage, the measured current is the sum of all contributions, faradaic
and ohmic. The current-voltage plot in Figure 6.2 shows an example of how the measured
current is affected by the ohmic and the faradaic contributions in a simple system with a
diffusion controlled electrochemical reaction and relatively high electronic conductivity.
When the reaction reaches its diffusion limiting current, further voltage increase will give
a linear behaviour of the total current, parallel to the ohmic contribution.

Faradaic current
— — —  Ohmic current
Total current P

IA]
\

n [V]

Figure 6.2: lllustration of how the faradaic and ohmic currents contribute to the total current in an
electrochemical system.

6.2.3 Cyclic voltammetry

Cyclic voltammetry is a potential sweep technique widely used for qualitative and
quantitative characterization of electrochemical systems. The technique is described in
various text books, e.g [91]. The method requires a reference electrode and a counter
electrode in addition to the working electrode. The potential is controlled between the
working electrode and the reference electrode, while the current is measured between
the working electrode and the counter electrode.

Figure 6.3(a) illustrates a typical potential-time profile where the voltage is swept
between two values, E, and E3, at a fixed rate, v, starting at E;. The starting potential, E4, is
normally set at a potential where there is no net current flow, e.g. the system resting.
Figure 6.3(b) shows the resulting voltammogram for an electrochemical reduction of O to
R, as shown in reaction (6.1). Given that the rate of electron transfer is fast compared to
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the potential sweep rate, equilibrium will be established at the electrode interface,
following the Nernst equation (6.5).

E.

E

E;

(a) (b)
Figure 6.3: (a) Typical potential — time curve for a single cyclic voltammetry sweep. The slope of
the curve is given by the sweep rate, v. (b) Cyclic voltammogram for a reversible process.

As the potential is swept in cathodic direction, O is reduced to R and the concentration
gradient between the electrode surface and the bulk bath increase. This gives rise to
increasing current, according to equation (6.4). The maximum current, or peak current, IS,
is reached when the concentration gradient of O is at a maximum. This typically occurs
when the concentration approaches zero and the relaxation of the gradient outweighs the
concentration decrease at the electrode interface. The concentration gradient at the
electrode surface decrease until a stable diffusion layer is established, as shown in Figure
6.4. Accordingly, the current decreases towards a limiting current and steady state. When
the scan is reversed, the equilibrium shifts to the left and R is converted back to O. The
anodic peak current, Ig, is obtained at the potential, EZ, at which the concentration of R
at the electrode surface approaches zero.

The characteristics of the recorded voltammogram is dependent of a number of factors,
such as the chemical reactivity of the electroactive species, the rate of electron transfer,
and the potential scan rate, v, to name a few. The following tables list characteristics for
three different cases, a reversible, a totally irreversible, and a quasi-reversible system. The
latter can be regarded as a system that behaves as a reversible system at low sweep rates
and as an irreversible system at high sweep rates. The transition from reversible to
irreversible is called the quasi-reversible region, and it occurs when the rate of the
electron transfer reaction is insufficient to maintain a Nernstian equilibrium at the
electrode surface.
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Figure 6.4: Concentration profile for the reactant O in reaction (6.1) illustrating relaxation of the
concentration gradient after a sudden onset of external voltage. As a result of the relaxation, the
diffusion limited current decreases until steady state is reached.

Table 6.1: Diagnostic tests for cyclic voltammograms of reversible processes, rewritten from [91].

A ¢ _ RTIn(10)
1. AE, = Ef —E; = —r (6.10)
_ RTIn(10)
2. |Ep = Epjo| = —— (6.11)
3. |Ia/15| =1 (6.12)
4. L, <\v (6.13)
5. E, isindependent of v
6. I7% o t at potentials beyond E,,
Table 6.2: Diagnostic tests for totally irreversible systems, rewritten from [91].
1. No reverse peak
2. IS < lv (6.14)
3 EC = K — 2009 50(1) (6.15)
’ P 2acngF 8 ’
1.857RT
4. |E,/E, 2| = p— (6.16)
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Table 6.3: Diagnostic tests for quasi-reversible systems, rewritten from [91].

1. |I,| increases with, but is not proportional to Vv
2. |14/15| = 1 provided a; = a, = 0.5
3. AE, > % and increases with increasing v

4, Eg shifts negatively with increasing v

(6.17)

(6.18)

(6.19)

(6.20)

6.3 Experimental

6.3.1 Experimental set-up

A water cooled vertical tube furnace [92, 93] with inner diameter of 170 mm was used for
the electrochemical experiments (Figure 6.5). The furnace was evacuated and flushed with
argon prior to each experiment, and an argon flow of 0.3-0.5 L/min was maintained

during operation. The furnace temperature was measured with a Pt-Pt10Rh thermocouple

(outside the Pythagoras tube) and controlled by a PID temperature controller connected

to a thyristor. Another thermocouple was used to log the temperature within the

Pythagoras tube. The temperature gradients were measured with and without bath (see

Appendix E).

A manually controlled DC power supply was used in experiments with oxide depleted

melts, and a potentiostat was used in the experiment with alumina saturation. The

equipment is listed in Table 6.4.

Table 6.4: Equipment used in electrochemical experiments.

Equipment Description/Producer Range
Thermocouple Pt-Pt10Rh 0-1500°C

PID temperature controller Eurotherm 2404

Thyristor Eurotherm 7100A

Data acquisition unit HP Agilent 3497A

DC power supply Hewlett-Packard 6269 B 0-40V,0-50 A
Potentiostat Autolab PGSTAT 30
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Figure 6.5: A picture of the vertical tube furnace used in the electrochemical experiments and a
schematic drawing of the furnace interior, excluding electrodes, thermocouples, etc.

The graphite crucible (Svensk Specialgrafit, @ 160 / 145 mm; h 150 / 140 mm) was placed
on an alumina disc and held in place in the furnace by a steel support. A graphite lid was
used to minimize loss of bath from the crucible. The holes for electrodes etc. were
insulated with alumina rings to avoid stray current.

6.3.2 Electrolyte

A NaF-AlF;-CaF, melt with composition similar to typical industrial bath was used as
electrolyte in all electrochemical experiments. The chemicals used for the base electrolyte
and additions are listed in Table 6.5, and the composition of the base electrolyte is given
in Table 6.6. In molten state the depth of electrolyte in the carbon crucible was about
5.5 cm, about 6 cm with electrodes lowered to operational depth.
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Table 6.5: Chemicals used in experiments.

Chemical Supplier/Quality Pre-treatment

NasAlFg Sigma-Aldrich, 297.0 % Kept at 100°C for >24 h

AlF; Norzink, 93 % Kept at 100°C for >24 h
CaF, Alfa Aesar, 99.5 % Kept at 100°C for >24 h
Al,Cs Sigma-Aldrich, 99 % Stored in argon atmosphere
Al,Cs Alfa Aesar, 99+% Stored in argon atmosphere
Al,05 Merck, 99 % Heated to 1200°C for 5 h

Al Vigeland Refinery, 99.99 %

Table 6.6: Composition of base electrolyte.

Base electrolyte NaszAlFg AlF; CaF,
=1.9kg 85 wt% 10 wt% 5 wt%

For the experiment with alumina saturated melt, about 13 wt% Al,O; was added to the
base electrolyte. Al,C; was added to the melt during the experiments.

The oxygen content in the melts was established by combustion analysis of samples from
the solidified melts after the experiments. The analyses were kindly performed by A. Stgre
at SINTEF, Trondheim, with a LECO® TC-436. The alumina depleted melt was found to
contain about 0.8 wt% Al,O;, the low purity AlF; being the source of alumina. About
10 wt% Al,O3 was found in the alumina saturated melt.

XRF (X-ray fluorescence) analysis was performed on a selection of bath samples taken
during the experiments to determine the presence of impurities, qualitatively and
guantitatively. These analyses were kindly supplied by L. P. Lossius at Hydro Aluminium
Technology Centre, Ardal. The results are shown in the tables below. Minor elements, as
well as oxygen and carbon (which are not detectable with this analysis method), are
omitted in these tables.

Table 6.7: XRF results for bath samples from the alumina depleted melt.

Experiment F Na Al Ca Si Mg Fe
duration [wt%] [wt%] [wt%] [wt%]  [ppm]  [ppm] [ppm]

1 14.5 hours 53.8 26 14.3 2.55 847 58 93

2 67.5 hours 49.6 23.3 20.1 2.36 223 267 88
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Table 6.8: XRF results for bath samples from the alumina saturated melt.

Experiment F Na Al Ca Si Mg Fe
duration [wt%] [wt%] [wt%] [wt%]  [ppm] [ppm] [ppm]

1 5.5hours 485 24.6 16.8 2.37 855 190 52

2 31.5hours 483 24.2 16.6 2.37 357 202 23

3 187 hours  47.9 22.4 17.9 2.45 335 285 55

6.3.3 Electrodes

A three electrode system, composed of working electrode, counter electrode, and
reference electrode, was used in the electrochemical experiments. Details about the
various electrodes are presented in the following.

Working electrodes

Graphite rods (Svensk Specialgrafit, CMG) of three different dimensions (@ 1, 6, and
8 mm) and tungsten wire (Alfa Aesar, 99.95%, @ 0.5 mm) were used as working electrodes
in the experiments. The graphite rods were threaded on stainless steel rods insulated with
alumina tubes. The 1 mm graphite electrodes were made by cutting the tip of 3 mm rods
on the lathe. The tungsten electrodes were simply made by treading tungsten wire
through alumina tubes.

Counter Electrode

The largest of the graphite rods (@8 mm and @6 mm) were also used as counter
electrodes.

Reference electrode in alumina saturated melt

An Al/AP* reference electrode was used in the experiment with alumina saturated
electrolyte. It consisted of an alumina tube (@ 12 /8 mm) with liquid aluminium in the
bottom and a tungsten wire as current lead. A slit was made in the tube to attain electrical
contact between the aluminium inside the tube and the electrolyte on the outside.

Reference electrode in oxide depleted melt

The reference electrode used in the alumina saturated melt could not be used in oxide
depleted melt, as the alumina tube would corrode and ad oxide to the melt. Thus, a
different design was composed (see Figure 6.6). A graphite vessel (Svensk Specialgrafit,
FE250) with threaded transition to a stainless steel tube made up the outer shell of the
electrode, so that only graphite would come in direct contact with the bulk electrolyte. A
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small alumina crucible was filled with aluminium and placed in the bottom of the graphite
vessel. A tungsten wire (Alfa Aesar, 99.95%, @ 1.4 mm) insulated with an alumina tube
was placed in the alumina crucible as current lead. To obtain electrolyte inside the
graphite vessel, a hole was drilled in the wall about 5cm above the bottom. When
lowering the reference electrode entirely to the bottom of the graphite crucible (with
about 6 cm deep bath), electrolyte would flow into the graphite vessel. The electrode was
then raised so that the hole was above the bath level, hindering flow of electrolyte
between bulk bath and the inside of the reference, which after a while would become
oxide saturated due to dissolution of the alumina components. The theory being that the
graphite vessel would provide electrical contact via electrolyte impregnation but hinder
oxide flow from the reference into the bulk bath.

An analogous design with a graphite current lead was tried in preliminary experiments.
Problems with poor contact between the graphite and the liquid aluminium led to the use
of tungsten wire.

Stainless
steel rod
Threaded
Open end graphite
alumina transition
tube
Tungsten
wire
Graphite
vessel
Alumina
crucible
with
aluminium

Figure 6.6: lllustrative picture of the components for the reference electrode used in the
experiments with oxide depleted electrolyte.
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6.3.4 Experimental procedure

The electrolyte was mixed in the graphite crucible and placed in the most temperature
stable region of the furnace. Prior to heating, the furnace was evacuated with a rotary
vacuum pump and flushed with argon. A stable argon flow of about 0.3 L/min was kept
during the experiments. When the furnace reached the programmed temperature, the
thermocouple was lowered into the melt (or right above in the experiments with oxide
depleted melt). As the temperature stabilized at 1000°C, the electrodes were lowered into
the melt and allowed to soak for some minutes before starting the measurements.

Steady state current-voltage plots were recorded manually by increasing the potential
step-wise, letting the current stabilise for 2-5 minutes between each step. In the
experiment with alumina saturated melt, slow potential sweeps (1 mV/s) were performed
in addition. Graphite electrodes of the same size, @ 6 or 8 mm, were used as working and
counter electrodes for these measurements, as well as the electrolysis tests. The
electrodes were taken out for inspection after each run. Wear was measured with a slide
caliper/micrometer at 15 positions on the electrode (at 5 evenly distributed heights and 3
positions along the circumference), yielding an average change in diameter, A@, and an
estimate for the volumetric change of the electrode, AV. In cases where no wear was
observed, the electrodes were cleaned mechanically and reused. The electrode immersion
depth was 30—40 mm during the current-voltage measurements and electrolysis.

Cyclic voltammetry was performed on tungsten (@ 0.5 mm) and graphite (@1 mm)
electrodes with an immersion depth of 3 mm and surface areas of approximately 0.05 and
0.1 cm’, respectively. A @ 8 mm graphite electrode, with immersion depth of about 40
mm, was used as counter electrode. The bath level was determined by slowly lowering a
polarised electrode towards the melt. As the electrode came in contact with the melt, it
created a closed circuit and a current response was observed. This approach gave less
than 1 mm variance between the immersion depth reading and the observed bath line on
the electrodes after removal.

Al,C; was added to the melt batchwise through a feeding tube (alumina, @ 24 / 19 mm)
mounted in the centre hole of the lid. The carbide additions were weighed in a glove box
with argon atmosphere and transported to the experimental furnace in a glass vessel,
where it was attached to the feeding tube with a short rubber hose. This allowed the
feeding tube to be sealed between and during carbide feedings, though the system was
exposed to ambient atmosphere for a few seconds when the glass vessel with carbide was
being attached to the feeding tube.

Bath samples were collected between every carbide addition by dipping a cold graphite
rod into the bath, and rapidly removing it from the furnace with a layer of frozen bath
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attached. The frozen bath was secured into a small glass container and placed in a
glovebox with inert atmosphere, pending analysis.

After the experiments were shut down and the furnace had cooled down, the crucible and
the frozen electrolyte were inspected.

6.4 Results and discussion

6.4.1 Experiment with oxide depleted melt

The results from the experiment with oxide depleted melt comprise steady state current-
voltage plots for different Al,C; concentration values, electrolysis results, and subsequent
analysis of bath samples, electrodes and crucible. A brief assessment of the reference
electrode is also given. In Table 6.9, a chronological overview of the measurements and
carbide additions is given.

6.4.1.1 Assessment of the reference electrode

When not in use, the potential of the reference electrode was monitored against a
graphite vessel with liquid aluminium inside. Figure 6.7 shows the fluctuation of this
potential, illustrating the non-stable behaviour of the reference. All fluctuations cannot be
directly attributed the reference electrode, though, as the graphite vessel with aluminium
also constitute a dubious reference. Clear evidences of that the reference electrode had
not worked as intended was shown during the subsequent autopsy. Not only had the
aluminium disappeared, but the alumina crucible had also been completely dissolved
(Figure 6.8). In addition, the tungsten current lead had been corroded, breaking the
electronic contact at some point during the experiment.

6.4.1.2 Steady state current-voltage measurements

Steady state current-voltage plots were made manually for each carbide addition, shown
in Figure 6.9. With a few exceptions it is clear that the current increases as carbide is
added to the melt. The currents measured in series 3 are significantly higher than in series
4, though the measurements have been performed with the same amount of carbide.
From Table 6.9 it can be seen that electrolysis has been performed in between the two
current-voltage measurements. It is probable that some of the carbide has been oxidized
during this electrolysis, lowering the actual Al,C; concentration before the measurements
for series 4. For series 7 and 8, however, this is not the case. These measurements were
also performed with the same amount of carbide, but the currents are higher for series 8,
after electrolysis. At this point the added carbide amounted to 1.7 wt% and saturation
have probably been reached. It can thus be assumed that the concentration of Al,C; is
similar for the two series. There is another way the electrolysis can have led to increased
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Figure 6.7: Graph showing the potential between the reference electrode and a graphite vessel
containing liquid aluminium in oxide depleted melt. The coloured bar beneath shows the different
Al4C; concentration regimes over time. It was evident that the reference electrode did not work as
intended, and the instability rendered it virtually useless for electrochemical measurements.

Figure 6.8: The bottom of the reference electrode during autopsy. A cross-sectional cut revealed
that some parts were corroded away during the experiment. The alumina crucible which should
have been at the bottom was gone, as was the aluminium inside it. Furthermore it was found that
the tungsten current lead was corroded several cm up into the insulating alumina tube, which
means that the electrical contact probably has been broken at some point during the experiment.
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current densities in series 8. As electrolysis is performed, Al,C; is oxidized, and carbon dust
is introduced to the melt. If significant amounts of carbon dust attaches to the electrodes,
the active electrode surface would increase, leading to higher currents and higher
apparent current densities.

180
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Series 2 (0 wt% Al,C,)
Series 3 (0.15 wt% Al,C;)
Series 4 (0.15 wt% Al,C;)
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Figure 6.9: Steady state current-voltage plots for oxide depleted melt at various Al,C;
concentrations.

As can be seen from Figure 6.9, the current seems to increase proportionally to the
applied voltage over the range investigated. The faradaic current from an electron transfer
reaction would be expected to be low at low voltages and increase exponentially as the
reversible potential of the reaction was reached, according to the Butler-Volmer equation
(6.8). In the case of a diffusion controlled reaction, one would expect to observe a limiting
current at some point, where further increase of the applied voltage gives no considerable
effect on the current flow. The observed linear behaviour seems to be a result of ohmic
current rather than an electrochemical reaction. Thus, an attempt to estimate the specific
conductivity of the melt was made. The specific conductivity, k, is simply expressed by the
following equation.

k= (6.21)

where G is the geometric factor of the electrochemical cell and R is the ohmic resistance
of the electrolyte. The deduction of the geometric factor for the present cell can be found
in Appendix F. The ohmic resistance was found from the slope of the current-voltage
plots, R = AU/AI. The resistance through the electrodes and cables are assumed to
negligible.
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Table 6.9: Chronological overview of the electrochemical experiment with oxide depleted
electrolyte. The values provided with the electrolysis operations are cell voltage, electrolysis time,
and total charge passed. The values given with the Al,C; additions are the accumulated total
amount of carbide added, i.e. including previous additions.

Elapsed Elapsed
time Operation Comment time Operation Comment
[hh:mm] [hh:mm]
Stable Current-
0:00 Start temp. 50:30 voltage plot Series 6
1000°C gep
Current- . Al,Cs 34g
0:50 S 1 54:00
voltage plot eres addition 1.7 wt%
150 mv Current-
3:10 Electrolysis 9h 55:40 Series 7
voltage plot
83C
Current- >00mVv
12:10 voltage plot Series 2 57:00 Electrolysis 11h
gep 27.2 kC
) Al,Cs 3g ) Current- .
15:15 addition 0.15 wt% 68:10 voltage plot Series 8
. Current- : . Al,Cs 50g
17:05 voltage plot Series 3 69:30 addition 2.5 wt%
1oV Current-
18:00 Electrolysis 22 h 71:45 voltage plot Series 9
12.2 kC gep
Current- 700 mv
42:15 voltage plot Series 4 73:55 Electrolysis 14 h
gep 69.7 kC
. Al,Cs 6g . Current- .
44:40 addition 0.3 wt% 90:15 voltage plot Series 10
Current- 250 mV
47:05 voltage plot Series 5 92:00 Electrolysis 16 h
e 40.7 kC
) Al,C; 20g )
49:00 addition 1 Wi 108:00 End

Measured anodic and cathodic potentials were not reliable due to difficulties with the reference

electrode, hence they are not included. Measured potentials for the experiment in oxide depleted

electrolyte refer to the cell voltage.

129



Chapter 6

The resulting conductivities were plotted against the accumulated amount of Al,C; added
to the melt, shown in Figure 6.10. The ohmic behaviour indicates that the conductivity can
be regarded as electronic conductivity, as ionic conductance will be negligible and effects
such as double layer charging can be disregarded in steady state DC measurements.

0.16
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0.10 | °

0.08

Kq [S/cm]
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0.04 -

000 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0
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Figure 6.10: Conductivity of the oxide depleted melt at varying Al,C; concentrations.

There is an increasing trend with increasing carbide concentration, and the estimated
conductivities vary from about 0.002 S/cm2 to about 0.15 S/cmz. These values are
comparable to the electronic conductivity in alumina saturated cryolite with sodium
activity of 0.02 or less [94] (see Figure 6.25). The increase of the conductivity as the Al,Cs
concentration increases in the lower scale is clear. At higher concentrations, above 1 wt%,
the correlation between conductivity and Al,C; concentration is less clear. Saturation is
probably reached, and there might be something else contributing to the fluctuations of
the current densities. Impurities introduced with the carbide additions, carbon dust
formed by oxidation of carbide, and sodium intercalation/deintercalation are possible
causes. Electrolysis tests, treated below, also give reason to believe that the estimated
conductivities are too high, as the measured currents probably were partly associated
with faradaic processes.

6.4.1.3 Electrolysis

Electrolysis was performed five times during the experiment, and the electrodes were
investigated for wear and carbon deposits after each run. An overview of the electrolysis
parameters is given in Table 6.10, as well as information about cathode wear and anode
deposits.
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It is obvious from Table 6.10 that higher concentrations of Al,C; led to higher current.
Even at half the cell voltage and half the electrolysis duration, the charge transferred in
test 3 is more than double of test 2. The correlation between increasing current and
increasing carbide concentrations, together with the deposited carbon on the anode
(Figure 6.12a), indicates that electrochemical oxidation of aluminium carbide occurs at the
anode.

Table 6.10: Overview of electrolysis tests in oxide depleted melt.

Electrolysis test

No. 1 2 3 4 5
Duration 9h 22 h 11h 14 h 14 h
Ca,cs 0 0.15wt% 1.7 wt% 2.5 wt% 2.5 wt%
Cell voltage 150 mV 1000 mV 500 mV 700 mV 550 mV
Charge passed 83C 12.2 kC 27.2 kC 69.7 kC 40.7 kC
AP -0.5 mm AP -1.1 mm AP -0.2 mm
Cathode wear ) AV -0.18 cm’ ) AV-0.4cm®  AV-0.08 cm’
CE =99.5% CE=38.7% CE=13.3%
8.2 mm’/h 28.6 mm’/h 5.7 mm’/h
Anode deposit - Much Some Much Dense layer *
(carbon dust)
Al found on Al found on
Comments
cathode cathode

* The thickness of the carbide layer (described later in Section 6.4.1.5) corresponded to an anodic CE
of about 69%.

Assumed that cathode wear is caused by a carbide formation reaction involving 4
electrons per carbon atom, the current efficiency (CE) for this reaction was calculated on
the basis of the volume change and density of the cathodes. As shown in Figure 6.11,
there is a clear trend of increasing CE with increasing cell voltage from 500 mV and up.
Thus there seems to be a correlation between cell voltage and the current efficiency of
the wear reaction, i.e. that higher polarization of the cathode enhances the carbide
formation reaction.

For electrolysis test 2, with 1V cell voltage, the CE was found to be 99.5%. This is an
unexpectedly high value, and is probably caused by inaccurate estimation of the electrode
volume decrease. Likewise, the CE values for electrolysis test 4 and 5 should only be
regarded as estimates.
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Figure 6.11: Estimated CE for cathodic dissolution of tetravalent carbon, C(-1V), as a function of
the applied cell voltage.

After test 5 a dense carbon layer was found deposited on the anode, which made it
possible to estimate the CE for the anodic carbon deposition, reaction (6.22). The
thickness of the layer was found to correspond to a CE of about 69%. This is much higher
than the CE for the cathodic carbide formation reaction, which was found to be about
13%. This reveals that at least 69% of the charge passed during this test was related to
faradaic processes, of which the main cathodic reactions must have been aluminium
reduction, sodium reduction and/or other reactions not contributing to cathode wear.
Most of the deposited carbon thus originated from the Al,C; previously added to the melt
and not dissolved carbon from the cathode.

The results from the electrolysis tests, indicating that most of the current is associated
with faradaic processes, are not in accordance with the ohmic behaviour observed from
the steady state current-voltage plots (Figure 6.9). Even though the current-voltage plots
display a linear behaviour, it seems that a significant amount of the measured current
must have been related to faradaic processes.

For the electrolysis tests with cell voltage above 500 mV, cathode wear was observed. It is
likely that this is due to formation and dissolution of aluminium carbide. Aluminium
droplets were found on the surface of the cathode after test 4 and 5 (Figure 6.12b),
proving that the cathode have been sufficiently cathodic for aluminium deposition (3.11).
Some of the aluminium formed may then have reacted with the graphite cathode and
produced carbide (2.1), which dissolves and gives rise to wear. Wear was not observed
after electrolysis at 500 mV and less. At these low voltages, the main part of the observed
currents was probably ohmic.
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Anode: C* > C(s) + 4e” (6.22)
Cathode: ABT +3e” - Al(D (3.11)
Cathode: 4AL(D) + 3C(s) » Al Cq (2.1)

(b)

Figure 6.12: Electrodes after electrolysis at 700 mV for 14 hours, electrolysis test 4. (a) Anode with
carbon deposits. (b) Visibly worn cathode with aluminium droplets attached to the surface.

Test 4 and 5 were performed with the same bath composition, and besides increased CE,
increasing the cell voltage from 550 to 700 mV have led to a significantly increased wear
rate. Test 2 was run with low carbide concentration at 1000 mV cell voltage, 300 mV more
than test 4, but with less than a third of the wear rate, though the CE was very high. The
amount of Al,C; added to the melt obviously affects the wear mechanism, somehow
increasing the rate of the wear. This seems peculiar, as one would normally not expect the
rate of a reaction to increase by adding more of the reaction product to the electrolyte.

An explanation to why adding aluminium carbide to the melt increases the wear rate, i.e.
the formation and dissolution of carbide, could be decreased anodic polarization, and
hence increased cathodic polarization. For an electrochemical process to proceed there
must be a reduction reaction at the cathode and an oxidation reaction at the anode.
Considering a pure oxide free NaF-AlF;—CaF, melt, possible anode reactions would be
oxidation of dissolved Na and Al, and at sufficiently high anodic polarization, formation of
perfluorocarbon gases (CF, and C,Fs). The latter is known as anode effect in the aluminium
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industry, and occurs when the melt is depleted of alumina. In this experiment, with fixed
cell voltages, there is little risk of such an anode effect. The low solubility of metal in the
bath effectively limits the current obtainable by oxidation of Na and Al. l.e. in a pure oxide
free melt, very little faradaic current will flow at the cell voltages relevant in this work, 0—
1.2 V. But, by introducing Al,C; to the melt, deposition of carbon can occur at the anode at
relatively low anodic polarization. Such a lowering of the anode potential could have been
readily identified with a functioning reference electrode.

As Al,C; is a reactant in the anodic reaction, increased faradaic currents with increasing
carbide concentrations can be expected. This, of course, implies that the anode reaction is
the rate determining step. With low concentrations of anodically electroactive species it is
likely that the limiting step is found at the anode. In industrial cells, however,
decomposition of alumina allows large current flow at the anodes and the wear will
therefore not be inhibited by a slow anode reaction.

6.4.1.4 Inspection of crucible and solidified bath

After the experiment, when the furnace had cooled down, the crucible and the solidified
bath were investigated. A simple pH indicator test [95] gave alkaline readings on the entire
crucible, indicating presence of sodium. Underneath a thin layer of soot, the bulk bath had
a vyellow, cream coloured appearance. On the bottom a thick sludge layer of what
appeared to be aluminium carbide was found together with droplets of aluminium (Figure
6.13). XRD analysis of the sludge, shown in Figure 6.14, confirmed the presence of Al,Cs.

Figure 6.13: A picture of aluminium carbide and metal droplets at the bottom of the crucible.
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Figure 6.14: XRD profiles for pure Al,C; and the aluminium carbide sludge found on the bottom of
the crucible. Peaks related to Al,C; are evident in both diffractograms. Bath components in the
sludge give some extra peaks.

6.4.1.5 Anodically deposited carbon layer

A curious observation was made after electrolysis test 5, at 550 mV cell voltage. Carbon
had deposited as a dense layer at the anode (Figure 6.15), rather than the typical
particulates found after the other electrolysis tests (Figure 6.12a). The deposited layer was
harder and more brittle than the electrode material (graphite).

N T
.'-i"-;u)!‘ ol

Figure 6.15: Anode after electrolysis test 5, 550 mV cell voltage for about 14 hours. Carbon has
deposited as a smooth and dense layer rather than the usual particles as seen in Figure 6.12a.

The average thickness of the layer was measured to be 0.5 mm, corresponding to a
volume of about 0.4 cm®. Assuming the carbon deposition occurs according to reaction
(6.22) and that the deposited layer had the same density as the graphite electrode,
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2.1 g/cma, the CE of the anode reaction was 69%. As mentioned earlier, this is much
higher than the CE of the carbon dissolution reaction estimated from the volumetric
cathode wear (13%), which means most of the deposited carbon must have originated
from the Al,C; added to the melt prior to the electrolysis.

Cross-sectional cuts were made for microscopy investigation of the anode, and some
pieces of the layer were broken off with pliers in order to run XRD analysis. The XRD
diffractogram, shown in Figure 6.16, indicated amorphous carbon.

Intensity (Counts)

0 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90

20
Figure 6.16: XRD profile for the anodically deposited carbon layer. With exception of two small
defined peaks at 32 and 39 degrees (probably from bath inclusions in the layer), the pattern is
typical for amorphous carbon [96, 97].

Figure 6.17: Optical micrograph of the anode surface after electrolysis test 5, at 550 mV cell
voltage for about 14 hours.

The optical micrograph of the anode surface in Figure 6.17 shows that the surface is made
up of a multitude of spherical shapes. Micrographs of a cross-section of the anode (Figures
6.18 and 6.19) show a clear transition between the initial electrode surface and the
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deposited layer. Furthermore it seems that the layer can be divided into two zones, albeit
the difference between these zones has not been investigated further. From the purple
appearance in the polarized micrographs, it seems the layer is made up by amorphous
carbon.

(b)
Figure 6.18: Optical micrographs of a cross-sectional area of the anode after electrolysis test 5. (a)
Bright field. (b) Polarized.
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(b)
Figure 6.19: Optical micrographs of the deposited anode layer after electrolysis test 5.
(a) Bright field. (b) Polarized.
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6.4.2 Experiment with alumina saturated melt

The results from the experiment with oxide saturated melt comprise open circuit potential
measurements, steady state current-voltage measurements, electrolysis and cyclic
voltammograms for different Al,C; concentration values, and also subsequent inspection
of crucible and solidified bath. A chronological overview of carbide additions, current-
voltage measurements and electrolysis tests are given in Table 6.11.

6.4.2.1 Open circuit voltage measurements

The open circuit voltage (OCV) between graphite and the Al reference electrode was
registered at different Al,C; concentrations. The measured values were expected to
correspond to the reversible potential of cathodic dissolution of carbon, according to half-
cell reaction (3.14). With addition of the other half-cell reaction (3.11) occurring at the
reference electrode, the reversible potential of the total reaction (6.23) can be estimated
from the Nernst equation (6.24).

3AlF;(diss) + C(s) + 4e~ & Al;CF§~ + F~ (3.14)

4AT + 3e” o Al(D) (3.11)

5AlF;(diss) + 9NaF () + 3C(s) + 4Al(l) - 3Na3Al;CFg(diss) (6.23)
o RT als\'la3Al3CF8

E623) = E623) — ﬁln (m> (6.24)

Aluminium and carbon exist in standard state with unit activity, and can thus be omitted.
The activities of NaF and AIF; were calculated based on work of Sterten et al. [98]
Appendix G, and are treated as constants in the present system.

The activity of NasAl;CFg is not known, but @degard [25] calculated the thermodynamic
data for the dissolved carbide species based on the following definition of the activity:

Anazatscry = Calycs [WE%]/1wt% (6.25)

This gives 1 wt% dissolved Al,C; as standard state for NasAl;CFg. He stressed that the
obtained thermodynamic data should only be regarded as estimates, but argued that the
values probably are of the right order and that the deviation from eq. (6.25) is small over
the entire aluminium carbide concentration range.
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Table 6.11: Chronological overview of the electrochemical experiment with oxide saturated
electrolyte, with exception of cyclic voltammetry. The values provided with the electrolysis
operations are cell voltage, electrolysis time, and total charge passed. The values given with the
Al,C; additions are total amount of carbide added, i.e. including previous additions.

Elapsed Elapsed
time Operation Comment time Operation Comment
[hh:mm] [hh:mm]
Stable 247g
0:00 Start temp. 77:20 Al,Cs 1.2 wt%
1000°C ST
3:15 current: - series 1 80:45 current - series 7
voltage plot voltage plot
. 24¢g ) 32.1g
5:35 Al,Cs 0.1 Wt% 93:10 Al,Cs 1.6 Wt%
. Current- . . 41.8¢g
10:00 voltage plot Series 2 96:35 Al,Cs 2.1 wit%
. 4.7g i Current- .
11:15 Al,Cs 0.21 wt% 102:10 voltage plot Series 8
Current- 25mv*
23:40 voltage plot Series 3 104:45 Electrolysis 12 h
gep 5.2 kC
ov*
24:55 Al,C; 9-lg 119:15  Electrolysis 5h
: o :
0.46 wt% 32 KkC
Current- >mvV*
30:20 voltage plot Series 4 126:00 Electrolysis 14 h
gep 10.7 kC
450 mV 500 mV *
32:35 Electrolysis 10h 143:35 Electrolysis 20 h
1.6 kC 27.6 kC
13.1g Current- .
46:20 Al,C 143:35 S 9
a3 0.67 wt% voltage plot eres
Current- S0mv*
53:45 voltage olot Series 5 169:15 Electrolysis 17 h
gep 9.1 kC
*
167 g . 500 mV
69:30 Al,Cs 0.86 Wi% 170:35 Electrolysis 24 h
' ° 18.6 kC
73:45 Current- Series 6 188:30 End
voltage plot

* Potential between working electrode and AI/AI3+ reference electrode.
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The potential can then be written as a function of the carbide concentration:

RTIn10
E(6.23) = Eth% AlyCs — T lOg CA[4C3 (6.26)
where
RT
Evwiop atc; = E(es) + mln(afua ARar) (6.27)

The standard potential, E(°6_23), is obviously the same as for the half-cell reaction (3.14).
E(06.23) = E(03.14) =560 mV (6.28)

Figure 6.20 shows the measured potentials as a function of the logarithm of the carbide
concentration. The dash line represents the potentials estimated from eq. (6.26).
Evidently, there is a significant deviation between measured and estimated values.

400 T T T T

y = 178.5 - 132.7x ° OCV (C s Al)
Linear regression of OCV

———  Eq.(1.30)

Potential vs. Al [mV]

0 1 1 1 1
-1.5 -1.0 -0.5 0.0 0.5 1.0

log(Wt% Al,C,)

Figure 6.20: Open circuit voltage between graphite and the Al reference electrode as a function of
Al,C; concentration. The dash line represents the reversible potential of cathodic dissolution of
carbon according to equation (6.26).

Linear regression of the measured OCV values yields the following relation between
potential and carbide concentration:

E =0.1785-0.1327 log Cyy, ¢, [V] (6.29)
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Assuming that the potential is correlated to a reaction where the activity of the
electrochemically active species, a;, is proportional to Cyy, ¢,, there will be a linear relation
between the potential, E, and log Cy,, ¢, with a slope defined by:

RT In(10)
nF
Inserting the value of the slope from the linear regression of the OCV measurements, i.e. -

slope = — (6.30)

0.1327, into eq. (6.30), yields n =1.9 ~ 2. This could imply that the measured potentials
are related to a two-electron transfer reaction. Perhaps carbon is dissolved as a divalent
species, C(-II), instead of the tetravalent C(-IV) in NasAl;CFg.

Another explanation for the discrepancy between the measured values and equation
(6.26) may be that the activity coefficient for aluminium carbide is concentration
dependent, i.e. that the definition in eq. (6.25) is erroneous. In that case the activity of the
dissolved carbide must be redefined:

ANasalscFy = Yarycsweon Catycs [WE%]/IWt% (6.31)

From equation (6.24), the activity coefficient can then be written as a function of the
potential and the carbide concentration.

(EaC(—IV):1 - E(6_23)) 4F

6.32
log Yaiycawen = RT In 10 —log Carycy ( )
where Eac<-1v>=1 = Evwto a1,c, from eq. (6.27).
Inserting E from eq. (6.29) as E( »3) gives:
E -, —0.1785)4F
10 = ( ace-1v) 1 ) 05308F _1 10 c (633)
B VaLacswis RTIn 10 RTIn 10 & Salacy
or
lOg'yAl4C3‘wt% =—-0.7671 + 1.1015 lOg CAl4C3 (6.34)
Yatycswen = 01710 C/}iig;s (6.35)

With this definition of y4y, ¢, weo,, the model fits the regression line in Figure 6.20 perfectly.
Such a strong concentration dependence at the relatively low carbide concentrations used
is not usual, however.

A third, and more likely explanation of the deviation between measured and estimated
values, is inaccuracy of the measured potential and carbide concentration. The carbide
concentration is estimated from the amount of Al,C; added to the bath. As the experiment
progressed, carbide will have been formed and oxidised, and there may have been
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significant variance between the estimated and the actual carbide concentrations,
especially at low concentrations. The measured potential may have been affected by Na
intercalation in the graphite. If the graphite electrode has not been soaked in the melt for
a sufficient amount of time, equilibrium will not have been established between Na in the
melt and intercalated Na.

6.4.2.2 Steady state current-voltage measurements

Similar to the experiment with oxide depleted electrolyte, steady state current-voltage
plots were made for each carbide addition. A potentiostat was used to sweep the cell
voltage at a low sweep rate, v =1 mV/s, over a set range while logging the current output.
Manual measurements were also performed to ensure that the sweep rate was low
enough to obtain steady state currents.

The resulting plot, Figure 6.21, show that the current increases with increasing amounts of
carbide added. The increase seems slow at the lower carbide values, but becomes more
pronounced at higher concentrations. Compared to the oxide depleted melt (Figure 6.9),
the currents seem to be somewhat lower in the alumina saturated melt. It is well known
that additions of alumina reduces the ionic conductivity in cryolitic melts [99-102], but to
the author’s knowledge, the effect on the electronic conductivity has not been
established. Based on the reduced currents in the alumina saturated melt, it seems
reasonable to assume that alumina also reduces the electronic conductivity.

120

e  Series 1 (0 wt% Al,C;)
——— Sweep 1 (0 wt% Al,C;)
m  Series 2 (0.1 wt% Al,Cy)
——— Sweep 2 (0.1 wt% Al,C;)
Sweep 3 (0.21 wt% Al,C,)
Series 4 (0.46 wt% Al,C,)
Sweep 4 (0.46 wt% Al,C,)
4  Series 5 (0.67 wt% Al,C;)
——— Sweep 5 (0.67 wt% Al,C,)
A Series 6 (0.86 wt% Al,C;)
Sweep 6 (0.86 wt% Al,C,)
——— Sweep 7 (1.2 wt% Al,C,)
——— Sweep 8 (2.1 wt% Al,C;)
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Figure 6.21: Steady state current voltage plots for alumina saturated melt at various Al,C;
concentrations. Manual measurements marked with symbols and slow potential sweeps
(v =1 mV/s) marked with coloured lines.
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The plots in Figure 6.21, at least those at low Al,C; concentrations, seem to be fairly linear
at cell potentials less than 1 V. Similarly to the experiment with oxide depleted melt, a
significant amount of the measured current seems to be ohmic. The sweeps performed at
higher Al,C; concentrations (sweep 7, 8 and 9) do show signs of a faradaic contribution
from a diffusion controlled reaction. An initial steep current increase seems to be
succeeded by a relatively linear behaviour between 400 and 1000 mV. In the steep region,
the main portion of the current is probably faradaic, i.e. related to an electrochemical
reaction. In the linear region, this reaction may have reached its diffusion limiting current,
and the current increase is thus defined by the ohmic current. Above 1000 mV, another
steep current increase indicates the occurrence of another electrochemical reaction
(formation of CO/CO, at the anode).

Faradaic contribution

Sweep 8 is replotted in Figure 6.22. By subtracting the ohmic contribution, defined by the
linear region, a limiting current of about 20 mA/cm’ becomes apparent. Assuming that the
rate determining reaction is formation or oxidation of aluminium carbide, the diffusion
coefficient, Dy, ¢,, can be estimated from the following equation.

, Chulk

ftim = —4F Datyc, —5— (6.36)
where ¢y is the bulk concentration of Al,C; in mol/cm?®, and & is the thickness of the
diffusion layer. Sweep 8 was performed with 2.1 wt% Al,C;, which correlates to about
3x10™ mol/cm? (assuming ppam = 2.05 g/cm’). The diffusion layer thickness is assumed to

be about 0.08 cm [89]. This yields Dy, ¢,= 1.4x10° cm?/s.
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Figure 6.22: Sweep 8 from the steady state current-voltage measurements with alumina saturated
melt, replotted from Figure 6.21.
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Similar treatment of the other sweeps yielded varying diffusion coefficients, ranging from
6.9%10° cm?/s to 3.5%10° cm?/s.

Electronic conductivity

As for the oxide depleted melt, the ohmic resistance of the electrolyte was found from the
slope of a linear section in the current-voltage plots. The specific conductivity was
estimated and plotted against the carbide concentration, shown in Figure 6.23.
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Figure 6.23: Conductivity of the alumina saturated melt at varying Al,C; concentrations.

It is clear that that the electronic conductivity has increased with aluminium carbide
additions. Electronic conductivity in cryolite melts is usually correlated to dissolved metal,
more specifically sodium. The sodium activity at the electrode is dependent on the
electrode potential according to the following equilibrium.

3NaF (1) + Al(l) & 3Na(diss/C) + AlF;(diss) (6.37)

Previously the measured OCV was related to aluminium carbide. Assuming equilibrium
between sodium and carbide in the melt, the OCV can also be used to estimate the
sodium activity. As the reference is Al, i.e. ay; = 1, the Nernst equation for reaction (6.37)
yields:

a EY . —E F
NaF_ (( (6.37) ocv) ) (6.38)

a =
Na 3 '_aAlF3 p RT
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Estimates for the NaF and AIF; activities can be found in Appendix G, the standard
potential E (¢ 37) is -439 mV (Table 3.3), and the correlation between the OCV and the Al,C;
concentration was given by reaction (6.29). Accordingly, the corresponding sodium activity
can be calculated (Table 6.12).

Table 6.12: Corresponding values of Al,C; concentration, OCV and sodium activity for the oxide
saturated melt.

Car,c, (Wt%) 0 0.1 0.21 0.46 0.67 0.86 12 2.1
Eocy [mV] 597 311 268 223 201 187 168 136
Ay 0.0001 0.0015 0.0023 0.0034 0.0042 0.0048 0.0057 0.0076

In Figure 6.24 the conductivity is plotted against sodium activity. In the same graph is
plotted the electronic conductivity as a function of sodium activity in NazAlFs— Al,O; melt
at 1000°C, as reported by Haarberg et al. [94]. It can be seen that the conductivity values
from this work is somewhat lower than that of Haarberg et al. [94] at the low sodium
activities, but at the highest activities there seems to be good agreement. It should be
stressed that the range of the sodium activity investigated in this work is very small and
does not provide a substantial basis for a thorough discussion about the relation between
electronic conduction and the activity of sodium and aluminium carbide. The results,
however, clearly indicate that the observed increase of current, seen in Figure 6.21, can be
correlated to an increased activity of sodium as a consequence of aluminium carbide
additions.

The short sodium activity range becomes more obvious when it is compared with the
entire data set of Haarberg et al. [94], as seen in Figure 6.25.
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Figure 6.24: Electronic conductivity in the alumina saturated melt as a function of sodium activity,
as a consequence of Al,C; additions. The solid line represents electronic conductivity as a function
of Na activity in NasAIFg — Al,05(sat) at 1000°C as reported by Haarberg et al. [94].

0.8 T T

—%— Haarberg et al.
O Present study

Ko [S/em]

'0.00 0.02 0.04 0.06 0.08

Figure 6.25: The same plot as in Figure 6.24, but the scales have been augmented to fit the entire
data set from Haarberg et al. [94].
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6.4.2.3 Electrolysis

Seven electrolysis tests were performed during the experiment. Two were run at constant
cell voltage, the rest with a constant potential between the working electrode and the
Al/AP* reference electrode. Table 6.13 gives an overview of the electrolysis parameters
and observations of cathode wear and carbon deposition.

The first test, run at 450 mV cell voltage, did not result in any visible wear of the cathode
and only small amounts of carbon deposits on the anode. During the electrolysis the
cathode potential was more than 95 mV anodic of the Al reference electrode. Test 6 was
run at constant cathodic potential of 50 mV, and similarly did not show any signs of
cathode wear, though there was a considerable amount of carbon deposited on the
anode. Cathode wear did occur in tests 2, 3, and 4, which were run between 0 and 25 mV
anodic of the reference. In test 5 the working electrode was kept constant at 500 mV of
the reference, which means the counter electrode worked as the cathode. The cathode
potential was initially anodic to the reference electrode but drifted to -150 mV at the end
of the electrolysis, with an average potential of 45 mV cathodic of aluminium. The
reference electrode broke at the end of the experiment, and the last electrolysis test was
performed with 500 mV cell voltage. The cathode potential during this test is thus
unknown, but it has probably been well cathodic of the Al deposition potential. The cell
potential during the preceding electrolysis test, where the cathode potential was kept at
50 mV, was about 200 mV.

Wear starts to occur at a potential between 25 and 50 mV anodic of the Al reference,
which means the overpotential needed for carbide formation is about 100 mV. As
aluminium is not likely to be deposited at these potentials, the wear mechanism is
probably electrochemical formation of carbide, e.g. cathodic dissolution of carbon as
proposed by Gudbrandsen, Sterten and @degard [33]:

C(s) + 3AlF;(diss) + 4Na* + 4e~ - NazAl;CFg(l) + NaF (1) (2.4)
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Figure 6.26: Current efficiency and wear rate plotted against cathodic potential for electrolysis
tests in alumina saturated cryolitic melt at 1000°C.
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From Figure 6.26, it seems the CE is highest at potentials close to this initial potential of
wear occurrence, and decrease at increasingly cathodic potentials. This is not unexpected,
as higher cell voltages will give an increase of current related to other reactions and
electronic conductivity. It was, however, unexpected that the wear rate in the test
performed at a cathodic potential of O V (test 3) was lower than for the tests with 5 and
25 mV cathode potential. Test 3 was run for only 5 hours and the change in the electrode
radius was small, which means there may have been significant measurement errors in
this case. It may therefore be reasonable to omit the quantitative results of test 3. The
results from test 2 and 4 indicate that the CE decrease and the wear rate increase with
increasingly cathodic potentials beyond 50 mV anodic of Al deposition.

As mentioned earlier, the cathode potential in test 5 drifted in cathodic direction, and was
cathodic of the Al deposition potential for most of the electrolysis duration. The wear rate
in this test was more than double of the rates estimated for cathode potentials anodic of
Al. The CE of the wear during this electrolysis run was found to be about 63%. According
to the trend seen from the three preceding tests it should have been lower. It is highly
likely that aluminium has formed on the cathode, which would then have reacted with the
graphite. The wear mechanism may thus have changed from solely direct dissolution of
carbon to also include aluminium deposition with subsequent carbide formation.

6.4.2.4 Cyclic voltammetry

Figure 6.27 shows a voltammogram for a graphite electrode in alumina saturated melt,
obtained by starting the sweep from 0.5 V in cathodic direction at a sweep rate of 0.2 V/s.
As aluminium was used as reference, aluminium deposition was expected at about 0V,
which corresponds well with the cathodic region A. The reverse peak, A*, is attributed to
stripping of the cathodically deposited aluminium. In region X, there is a steadily
increasing cathodic current. This is most likely due to intercalation of sodium.
Correspondingly, sodium deintercalation gives rise to anodic current in region X*. Peak B is
similar to the peak shown in Figure 2.17 (also labelled B) from one of the voltammograms
of Raj and Skyllas-Kazacos [37]. They explained the broadness of the peak by stripping of
partly soluble Al and/or as Al-Na alloy of varying activity, and possibly simultaneous
oxidation of aluminium carbide and aluminium.

By reversing the potential sweep at a less cathodic potential, 0 V, and lowering the sweep
rate, the voltammogram shown in Figure 6.28 was obtained. As little or no liquid
aluminium is formed on the electrode, the aluminium stripping peak, A*, is not present on
this voltammogram. A new peak, D, can be observed at about 450 mV. In the previous
voltammogram (Figure 6.27), this peak is difficult to see, as it is “hidden” under the
dominating peak B and current related to sodium deintercalation. Peak B may be
correlated to oxidation of dissolved aluminium and sodium or aluminium carbide, while
peak D may be correlated to reoxidation of the species reduced at peak C. Peak C was not
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Figure 6.27: Cyclic voltammogram for graphite electrode (@ 1 mm) in Al,O; saturated cryolite melt
with 10 wt% excess AlF; and 5 wt% CaF, at 1000°C. Sweep rate = 0.2 V/s, starting potential =0.5 V,
cathodic sweep direction.
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Figure 2.17: Cyclic voltammogram for graphite electrode against a tungsten reference electrode in
Al,O;-saturated cryolite melt with 5 wt% excess AlF;, sweep rate 0.1 V/s at 990°C [37].

observed by Raj and Skyllas-Kazacos [37] when using a graphite working electrode. Two
peaks related to reduction of dissolved titanium and boron species were observed anodic
to aluminium deposition, however, when using a TiB,/C composite electrode (Figure 2.18).
Peak Cin this work is probably also related to impurities in the melt.

The voltammogram in Figure 6.29 is recorded on tungsten with a sweep rate of 50 mV/s.
Peak A is somewhat distorted due to limiting current settings on the potentiostat, but it
can clearly be related to aluminium deposition. Accordingly, peak A* is stripping of
aluminium from the electrode surface. Peak B may be related to oxidation of a tungsten
alloy. In a similar voltammogram (Figure 6.30), Sum and Skyllas-Kazacos [103] attributed a
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peak similar to peak C to formation of W-AIl alloy. The broad anodic peak (or series of
peaks) denoted D (A’ in Figure 6.30) was assumed to result from stripping of a number of

W-Al alloys.
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Figure 6.28: Cyclic voltammogram for graphite electrode (@ 1 mm) in Al,O; saturated cryolite melt
with 10 wt% excess AIF; and 5wt% CaF, at 1000°C. Sweep rate=50mV/s, starting

potential = 0.5 V, cathodic sweep direction.

1000
500
«— ot —7
£
o
<
£
-—  -500
-1000 |
1500 L L L L L
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Potential vs. Al [V]

Figure 6.29: Cyclic voltammogram for tungsten electrode in Al,0; saturated cryolite melt with
10 wt% excess AlF; and 5 wt% CaF, at 1000°C. Sweep rate = 50 mV/s, starting potential = 0.5V,

cathodic sweep direction.
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Figure 6.30: Cyclic voltammogram for tungsten electrode against a similar tungsten quasi-
reference electrode in cryolitic melt with CR = 4.3 and 4 wt% Al,0; at 1029°C and a sweep rate of
50 mV/s [103].

Cyclic voltammograms of aluminium deposition on tungsten in cryolite based melts
produced by e.g. Duruz and Landolt [104] (Figure 6.31) and Brynjulfsen [38] Figure 2.19
did not show any signs of cathodic peak currents prior to aluminium deposition. Based on
their findings it is likely that the peak currents, C and D, are related to impurities in the
melt rather than W-AI alloys.
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Figure 6.31: Voltammograms with tungsten electrode against a Ni/Ni*" reference electrode in
cryolite (CR = 3) at a sweep rate of 10 mV/s [104].

XRF analysis was performed on three bath samples taken during the experiment. The
results, given in Table 6.8, show that Si stands out as the most abundant impurity. The
concentration of Si early in the experiment was above 850 ppm, about 30 hours into the
experiment the concentration had dropped to about 360 ppm. Figure 6.32 shows

153



Chapter 6

voltammograms recorded about 2, 10, and 22 hours after start-up, at Al,C; concentrations
of 0, 0.1, and 0.2 wt%, respectively. It is evident that peak C and D have decreased during
the experiment, which correlates well with the decrease of Si in the bath.

20
a L
— 20}
£
S
<
E
= 40
ot | — OWHAC,
— 0.2WRALC,
— 0. 24wt ALC
&w 'l 'l 'l 'l i 'l
0.0 a2 04 08 0.8 10 12

Potential vs. AI[V]

Figure 6.32: Cyclic voltammograms for tungsten electrode in Al,0; saturated cryolite melt with
10 wt% excess AlF; and 5 wt% CaF, and varying Al,C; concentrations at 1000°C. Sweep
rate =0.2 V/s.

Peak C and D observed in voltammograms on both graphite and tungsten is thus
attributed to impurities in the melt, probably reduction and oxidation of Si species. A
more comprehensive discussion on this matter can be found in Appendix H.

Upon additions of aluminium carbide the voltammograms became difficult to interpret.
The shape of the voltammograms was not consistent and the effect of carbide additions
could not be established. Except for the disappearance of peak C and D, the only
consistent change in the voltammograms with increasing Al,C; concentrations, was a
general increase in the anodic current, illustrated by a few selected voltammograms
shown in Figures 6.33 and 6.34.

The possibility of ohmic current being the cause of the increased anodic currents in the
voltammograms was investigated. Previously, the electronic conductivity in the melt was
estimated on the background of steady state current—voltage measurements. As the
conductivity, k., is inversely proportional to the electrolyte resistance, it should be directly
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proportional to the slope of the voltammograms, assuming that the slope is caused by
ohmic current. A modification of equation (6.21) gives:
Ai K
- - (6.39)
AU  G*
where G* is the geometric cell factor, G, divided by the surface area of the working

electrode.

The slope of the voltammograms, illustrated by grey dash lines in Figure 6.34, were
plotted against the conductivity, k.. As can be seen from Figure 6.35, there seems to be a
linear correlation, indicating that the increasing anodic currents in the voltammograms
can be related to increased electronic conductivity of the melt.
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Figure 6.33: Cyclic voltammograms for graphite electrode in Al,O; saturated cryolite melt with
10 wt% excess AlF; and 5 wt% CaF, and varying Al,C; concentrations at 1000°C. Sweep
rate =0.2 V/s.

The results did not give any substantial basis for further investigation of the behaviour of
aluminium carbide in cryolitic melts. The difficulties finding a clear “electrochemical
fingerprint” of aluminium carbide could be attributed to a slow and/or a complicated
reaction mechanism. The formation reaction may be a chemical reaction between
aluminium and carbon, and would consequently not be identifiable by voltammetry. If
electrochemical formation of carbide occurs, it does so close to the aluminium deposition
potential. Thus, if the reaction is slow, distinguishing it from the aluminium deposition
peak and the sodium intercalation will be difficult.
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Likewise, for the anodic carbide oxidation, if the reaction is slow, the resulting current

peaks may have been too low and broad to be distinguished in the conducted experiment.
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Figure 6.34: Cyclic voltammograms for tungsten electrode in Al,O; saturated cryolite melt with

10 wt% excess AlF; and 5 wt% CaF, and varying Al,C; concentrations at 1000°C. Sweep

rate = 0.2 V/s. Grey dash lines illustrate the slope of the voltammograms close to the starting

potential where i = 0.
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Figure 6.35: The slope of voltammograms recorded on tungsten at sweep rate 0.2 V/s plotted

against previously estimated conductivity, K,.
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6.4.2.5 Inspection of crucible and solidified bath

After the experiment, when the furnace had cooled down, the crucible and the solidified
bath were investigated. As with the experiment with oxide depleted melt, a simple pH
indicator test indicated presence of sodium in the crucible walls. Also after this
experiment, a layer of soot lay on top of the solidified bath. The bulk bath had a grey,
granulated appearance. On the bottom, a dense white layer was observed, which had
probably been alumina sludge. On top of this layer, some undissolved aluminium carbide
was observed.

(a) ()

Figure 6.36: Photographs showing (a) soot on the top of the solidified bath and (b) a strip of
universal indicator paper turning blue, indicating alkalinity and thus presence of sodium in the
crucible wall.

6.5 Summary

Electrolysis experiments showed that cathode wear requires cathode potentials less than
50 mV anodic of the reversible aluminium deposition potential. Wear was observed after
electrolysis with a cathode potential of 25 mV, and the current efficiency of the wear
mechanism decreased as the cathodic potential was reduced towards, and increased
when it surpassed the aluminium deposition potential, indicating a shift in the mechanism.
At potentials anodic of Al, cathodic dissolution of carbon can be regarded as the wear
mechanism. The wear rate did increase with decreasing cathode potential, but it is likely
that the rate of formation of dissolved Al and Na increased more, yielding lower current
efficiency for the wear reaction. As Al(l) started to deposit at the cathode, formation of
Al,C; by chemical reaction between Al(l) and C(s) probably became a significant wear
mechanism, giving a rise in both wear rate and current efficiency.

At the anode, electrochemical oxidation of dissolved carbide leading to carbon deposits
has been proven.
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Open circuit voltage (OCV) measurements did not fit the estimated model for carbide
formation or cathodic dissolution of carbon. Three possible reasons for the discrepancy
have been listed:

e Carbon may dissolve as a divalent C(-II) specie in the cryolitic melt, rather than the
tetravalent C(-IV) found in Al,C.

e The activity of dissolved aluminium carbide is not directly proportional to the
concentration, but defined by a concentration dependent activity coefficient:

C1.1015

Yalcswtn = 0.1710 AlyCs

e The estimated carbide concentrations in this work are incorrect, especially at low
values. Furthermore, intercalated sodium and sodium in the bath may not have
been at equilibrium at all times, giving inaccurate potential measurements.

From steady state current-voltage sweeps, the diffusion coefficient of aluminium
carbide, Da ey in alumina saturated cryolitic melt of CR=2 and 5 wt% CaF, at 1000°C, was
estimated to be in the order of 10” cmz/s. Extraction of precise data related to the
faradaic processes was complicated by a significant ohmic contribution to the measured
currents.

The electronic conductivity in the melt, both oxide depleted and alumina saturated, was
found to increase with increasing aluminium carbide concentrations, which is believed to
be correlated with increased concentrations of dissolved sodium metal. The correlation
between aluminium carbide and sodium is given by the following equilibrium.

4AIF; + 12Na + 3C © Al,Cs + 12NaF (3.5)

Identifying carbide related reactions by cyclic voltammetry was proven to be difficult. No
evidence of aluminium carbide formation, or oxidation, could be established. It is believed
the reaction rates are slow, and that potential current peaks are effectively “hidden” by
currents related to aluminium formation, sodium intercalation and deintercalation,
impurities in the melt, and electronic conduction.

The currents measured in the alumina saturated melt seemed to be somewhat lower than
corresponding measurements in oxide depleted melt. An explanation to this may be that
alumina reduces the electronic conductivity in cryolite melts.
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Summarising discussion

In the present chapter the main observations made in this work, and also the literature
review, are recapitulated. An overview of the effect of various parameters with regard to
cathode wear is given and possible wear mechanisms are discussed. The author’s point of
view on the mechanisms behind the non-uniform wear resulting in a WW wear profile in
modern aluminium reduction cells is also presented, as well as industrial implications
based on these wear mechanisms.

7.1 Observations from the present work

The following observations have been made in the present work:

e Cathode wear has resulted in a “WW wear profile” of the cathode surface in the
aluminium reduction cells investigated in this work. The outermost periphery of
the cathode blocks is probably protected by a frozen bath ledge, and the area
with highest wear is found just inside this ledge. The lowest wear is found in the
middle of the cell, especially areas close to the point feeders, and also at the
suction end of the cells. At the tapping end a local high wear area is observed
where the tapping pipe is positioned, commonly referred to as a tap-hole.

e Estimates based on laser scans of two cathodes from Hydro Sunndal reveal that
the cathode wear may account for an aluminium production loss corresponding
to a CE loss of about 0.5%.

e An aluminium carbide layer up to more than 200 um thick is found on the
cathode surface, and it is likely that it is formed and exists during operation.
Whether the layer is continuous or only occurs spot-wise is not established, but
due to low conductivity it cannot be thick, dense and continuous. Aluminium
carbide is also found in open porosity close to the cathode surface.
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The cathode wear seems to be non-preferential, i.e. aggregate particles and
binder is worn at the same rate. Detachment of aggregate particles probably
occurs due to formation of aluminium carbide in pores surrounding the particles.

Findings of bath on the surface of cathode samples indicate presence of bath
between the cathode and the metal pad.

NaF was found as a separate phase in addition to Na;AlF¢ in the cathode porosity,
indicating CR>3 in penetrating bath and in the bath film between the carbon
cathode and the metal pad.

No significant differences are observed by microscopy between high wear and
low wear areas of the cathode surface, nor is there observed any significant
differences between samples from different cathodes. There does not seem to be
any correlation between the thickness or appearance of the carbide layer and
location in the cell.

Indications of electrochemical formation/dissolution of carbide have been found.
This occurs at potentials 25-50 mV anodic of aluminium deposition.

Electrochemical oxidation of aluminium carbide and carbon deposition occurs at
the anode, regardless whether aluminium carbide is formed chemically or
electrochemically at the cathode.

The diffusion coefficient of aluminium carbide in the alumina saturated melt was
found to be in the order of 10 cmz/s.

The electronic conductivity in cryolitic melts was found to increase with Al,Cs
additions, probably caused by the equilibrium between carbide and dissolved
sodium metal (3.5).

7.2 Parameter effects on cathode wear

In the following, various parameters relevant for the aluminium electrolysis are discussed

in regard to cathode wear.

7.2.1 Material properties

The properties of the carbon material are obviously an important factor when dealing with

cathode wear. Anthracitic carbon have been found to be highly resistant against abrasion

and mechanical wear [17, 19], but the low structural order gives rise to a higher reactivity

to sodium and other alkalis in the smelt, leading to expansion, crack formation and severe

deterioration of its mechanical strength [41, 43, 44, 46]. Graphite and graphitized carbons

have the lowest abrasion resistance [17, 19], but are superior in respect to low sodium
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expansion [41, 43, 44, 46], as well as higher electrical and thermal conductivity.
Furthermore, for graphitized carbon, it has been found that a small grain size has a
positive effect on the abrasion resistance [19]. The Semi-graphitic carbon seems to be an
“all-rounder”, ending up in the middle between the two extremities (graphite/graphitized
carbon and anthracitic carbon) in almost all respects.

There does not seem to be any significant dependency between neither type of carbon
material nor bulk density and the gravimetric rate of chemical wear [18, 27]. In terms of
volumetric wear, however, a high density and low porosity is preferable.

Electrolysis tests for investigation of electrochemical wear have shown a slower and more
uniform wear of graphite cathodes than of anthracitic ones, and that the amount of
carbide formed increases with the disorder of the carbon [31]. This advocates preferential
wear of the cathode, contrary to the indications of non-preferential wear seen in the
present study. Rafiei et al. [31] observed irregular wear and degradation of the anthracitic
carbon cathodes, and it is the current author’s belief that this is more likely due to sodium
intercalation and formation/propagation of cracks than preferential electrochemical wear.
With more cracks in the anthracitic carbon than in the graphitic carbon, there will also be
a larger area accessible for carbide formation, and thus higher wear rates can be
expected. Large amounts of cracks and porosity will also lead to particle detachment and
irregular wear, as illustrated in Figure 5.27 in Section 5.4.6.

The current density distribution on the carbon cathode is often broached as the main
reason for the uneven cathode wear. In this regard the electrical conductivity of the
cathode material, or more specifically, the difference between the conductivity of the
cathode block and the current collector bar, is of an essence. Amorphous carbon blocks
with low conductivity will yield a lower gradient in the current distribution along the
cathode block, while a highly conductive graphitized block will experience high current
densities at the periphery which rapidly decrease towards the mid-section. A schematic
illustration is provided in Figure 7.1.

7.2.2 Bath composition

The cryolite ratio has a great impact on the aluminium carbide solubility in the bath [25];
CR = 1.8 gives the highest solubility and laboratory wear tests have confirmed that the
cathode wear is at a maximum at this cryolite ratio [32]. Sodium penetration is also
affected by the cryolite ratio, as a high cryolite ratio will lead to higher sodium
concentration at the cathode interface and a larger driving force for the sodium to
penetrate into the cathode [41, 42].
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Figure 7.1: Schematic illustration of how the current density distribution may look like at the
surface of an amorphous carbon block with low electrical conductivity (K., < Kk.,) and a
graphitized cathode block with high electrical conductivity (k., < Kcp)-

Increasing concentrations of alumina results in reduced solubility of aluminium carbide in
cryolitic melts [25], and it has been found that the amount of carbide formed decreases
with increasing Al,0; concentrations up to 4 wt% [21]. Above 4 wt% Al,0; the carbide
formation does not seem to be affected by further increase of the alumina content [21].

Presence of dissolved Al,C; in the melt leads to higher wear rates at low current densities
in electrochemical wear tests, but has the opposite effect at current densities above
0.4 A/cm’. Liao and @ye [29] proposed three possible causes for the increased wear rate
at low current densities: destabilization of alumina colloids that may constitute a
protective layer on the carbon cathode, improved wetting between the melt and the
cathode, and that aluminium deposition from aluminium carbide requires a lower cell
voltage than deposition from alumina.

CaF, additions give a decrease in the aluminium carbide solubility [25], but any noticeable
effect on the wear rate has not been established. LiF increases the electrical conductivity
in the melt, and can give less sodium expansion due to reduced sodium activity. Reduced
sodium activity can also be obtained by substituting with KF, but intercalation of the larger
potassium atoms causes a much more detrimental expansion than sodium.

7.2.3 Bath, alumina and sludge at the cathode

The bath film at the cathode surface (which was reported in the microscopy
investigations, Section 5.4.5) plays an important role in the cathode wear by dissolving
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aluminium carbide. A high bath exchange between the bulk bath and the bath film will
yield rapid carbide transport and high wear.

Bath is introduced to the cathode surface by Marangoni flow between the frozen side
ledge and the metal pad, and also during alumina feeding, anode change and other
operations involving breakage of the bath crust. Another, less obvious, mechanism for
bath transport to the cathode surface is the crystallization of bath components at the
metal-bath interface and subsequent gravitational transport through the metal pad.
Indications of a solid material at the metal-bath interface has been observed in industrial
cells [105], and there have been several reports of a solid cryolite deposit at this interface
in laboratory cells [89, 106]. The theory behind this phenomenon is based on the
concentration gradients induced by the electrochemical deposition of aluminium, as
previously illustrated in Figure 5.15. The composition of the bath is changed at the
interface and the liquidus temperature changes accordingly. With sufficiently high current
density, the solidus temperature of the bath at the metal-bath interface may become
higher than the operational temperature, triggering crystallisation of cryolite. A
theoretical investigation by Solheim [107] showed that this crystallisation is likely to occur
in industrial cells at normal operation. Thin cryolite films or flakes are probably broken up
by waves in the metal surface and sink to the bottom of the cell.

Large amounts of undissolved alumina, i.e. abrasive particles, will naturally enhance
abrasive wear on a cathode in motion relative to the alumina particles [17]. It has,
however, been found, in laboratory experiments, that the wear rate drops with increasing
amounts of excess alumina [18, 28]. An alumina-rich fluoride protective coating has been
proposed as an explanation to this [28]. It is believed that stagnant layers of viscous
alumina-fluoride sludge protects the cathode surface in the mid-section of industrial cells.

7.2.4 Temperature

Increased temperature leads to increased solubility of metals and carbide in the cryolitic
melt [25], and have been shown to give higher chemical carbon wear in systems with
cryolitic melt and aluminium present [27]. Low temperatures, however, may result in
problems with increased sodium swelling in the carbon material [44, 45]. In industrial
cells, the most dramatic effect of temperature is related to the freeze lining of the pot,
which is crucial for protection of the cell lining materials and the cell lifetime.

7.2.5 Polarisation

The electrochemical experiments revealed that increased cathodic polarisation gives
higher cathode wear rates. Wetting and bath penetration in carbon increases with
increasingly negative polarisation [40, 42]. Obviously, higher cathodic polarisation leads to
increased sodium activity and sodium intercalation in the carbon. If cathode wear by
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formation of aluminium carbide occur according to reaction (3.5), increased sodium
activity will give increased wear. Similarly, an electrochemical wear mechanism according
to reaction (3.12) will also give increasing wear rates at increasingly cathodic potentials
(until the reaction’s limiting current is reached). If the wear mechanism is dependent on
the presence of aluminium metal, i.e. a chemical reaction between aluminium and carbon
(2.1), wear will not be affected by polarisation per se, but rather by the coverage and
wetting of aluminium.

4AlF;(diss) + 12Na(C) + C(s) —» Al,C5(s) + 12NaF (1) (3.5)
4AI3T +3C(s) + 12e™ - Al C5(s) (3.12)
4AL(D) + 3C(s) = Al,C5(s) (2.1)

7.2.6 Current density

Most laboratory scale studies show that the wear rate increases with increasing current
density [29, 30, 32, 33]. The wear per charge transfer seems to be reduced by increasing
current density, at least at current densities lower than 1 AJcm? [32]. A common similarity
for the experiments that is run with a vertical cathode and no initial molten aluminium is
that no wear is observed at zero current.

The laboratory studies correlate well with industrial observations. Higher current densities
are expected at the periphery of the cell, and indeed, this is where the highest wear is
observed. Even if not directly influencing the wear, increased current density gives rise to
other possible wear enhancing factors, e.g. increased convection due to electromagnetic
forces. In this regard the current distribution is an extremely important factor for the
cathode wear rate. As illustrated in the flow chart in Figure 7.2, a poor current distribution
will enhance all wear mechanisms, with exception of externally induced mechanical wear
of course.

7.2.7 Convection and metal flow

All cathode wear tests investigated in this work are all pointing to the positive correlation
between convection and wear. The wear rate increases with increasing stirring or rotation
rate [17-19, 27, 28, 32]. Increased convection and flow leads to increased abrasive forces,
increased mass transport in the melt and reduction of the boundary layer thickness at the
electrodes. Thus, increased convection and metal flow will yield higher wear rates
regardless of which wear mechanism is dominant.
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Figure 7.2: Flow chart illustrating how abrasive wear, chemical wear and electrochemical wear all
can be linked to poor current distribution.

7.3 Wear mechanisms

7.3.1 Abrasion

As long as there are solid particles at the bottom of the cell moving due to metal flow,
abrasive forces will act on the cathode surface. The question is how large these forces are
in an industrial cell and how much cathode wear they can account for.

Laboratory abrasion test are typically performed with extreme conditions at short
durations in order to rank different cathode materials. The results of the wear test of Liao
and @ye [18], performed with a cryolitic melt-alumina slurry, gives an idea of how large
effects abrasion can have. For slurry (cryolitic melt and alumina particles) velocities in the
range of what can be expected of metal flow in aluminium cells (up to 0.5 m/s), their test
showed wear rates of 0.65 cm/y and less. As can be seen from Table 2.1, however, Liao
and @ye [18] expected the wear rate in industrial cells to be about 17 times higher. This
because of the higher pressure acting on the industrial cathode, with about 45 cm of
electrolyte and metal, compared to the lab-scale test [18]. The present author, however, is
sceptical to this approach. If the alumina slurry was weighed down by solid particles or
viscous “semi-solid” slurry, the assumption made by Liao and @ye [18] would be valid. The
aluminium and bath surrounding the abrasive particles in industrial cells, however, are
liquid, and in that case the pressure applies forces in all directions, not only downwards
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against the cathode. From Archimedes’ principle we know that an upward buoyant force is
exerted on a submerged particle, dependent on the mass of the fluid displaced by the
particle. Assuming that both the abrasive particle and the liquid is non-compressible, it
doesn’t matter whether there is 1 cm or 1 km of liquid above the particle; the vertical
forces exerted on the particle, and thus the abrasive forces between the particle and the
cathode surface, would still be the same. On the other hand, the metal height does affect
the magneto-hydrodynamic metal flow in industrial cells and may thereby have an indirect
influence on the abrasive wear through flow velocity.

The extrapolated results from the wear test mentioned above are believed to be far more
reliable than the corresponding estimated wear rates for industrial cells. Any particular
area on the cathode surface is probably not continuously subjected to abrasive sludge
over the entire lifetime, though, and the wear rates reported by Liao and @ye [18] may be
regarded as a worst case scenario. Based on this, the cathode wear rates caused by
abrasion do probably not exceed 0.5 cm/y in industrial cells.

The extent of the aluminium carbide layers on the cathode surfaces investigated in the
microscopy study indicates that abrasion is probably not the main wear mechanism. If it
was, then one would not expect to find thick carbide layers as it would continuously be
polished away.

Even when considering the estimated abrasion wear in industrial cells (which was
considered to be 17 times higher), Liao and @ye [18] also concluded that chemical
corrosion is a stronger wear process than physical abrasion.

7.3.2 Chemical formation of aluminium carbide

Chemical formation and dissolution of aluminium carbide does occur in a system with
carbon, aluminium and cryolitic melt present at the temperatures relevant for aluminium
electrolysis [18, 20, 25, 27-29]. Due to the poor wetting of aluminium on carbon, and the
bath film present between the aluminium and the carbon cathode, formation of
aluminium carbide is probably a reaction between the cathode carbon and aluminium
dissolved in the bath (reaction (2.1)) [20]. An alternative reaction involving intercalated
sodium rather than aluminium may also occur (reaction (3.5)) [2].

4AL(l, diss) + 3C(s) = Al,C5(s) (2.2)
4AlF;(diss) + 12Na(C) + C(s) — Al,C5(s) + 12NaF (1) (3.5)
During electrolysis, when current runs through the system, concentration gradients exist

at the metal pad interface and also at the carbon cathode. The concentration of AlF; is
reduced and the concentration of Na and NaF is increased at these interfaces compared to

166



7.3. Wear mechanisms

the bulk bath. The changes in reactant concentrations may obviously have an effect on the
reaction rate; reduced concentration of AIF; reduces the rate of reaction (3.5), while
increased concentration of intercalated Na increases the rate. As the reaction order in
respect to the two species is not known, the total effect on the reaction rate cannot be
predicted. In an ideal case, however, the Na concentration would be of a higher
importance as reaction (3.5) contains 3 Na for every AlF;.

The microscopy study showed that aluminium carbide is seldom found in cathode pores
without aluminium metal, indicating that presence of aluminium may be a prerequisite for
carbide formation. This could mean that reaction (2.1) is the more probable, or simply that
the absence of Al is an indication of that the activity of AP’ ions and Na are too low for
reaction (3.5) to proceed. The electrochemical experiments in the current work showed
that cathode wear occurred only at potentials very close to, or cathodic of Al deposition.
The activities of Al and Na are closely linked by the equilibrium reaction (6.37), and if the
activities of Na and AIF; are too low to produce Al in a pore, the driving force for
producing Al,Cs is low.

3NaF (1) + Al(l) & 3Na(diss/C) + AlF;(diss) (6.37)

7.3.3 Electrochemical formation of aluminium carbide

The cathode wear rate has been found to increase with increasing current density,
suggesting electrochemical formation and dissolution of aluminium carbide [29, 30, 32,
33]. Electrochemical formation of Al,C; may proceed according to reaction (2.5), which is
based on reduction of aluminium fluoride in the bath film between the carbon cathode
and the metal pad. As illustrated in Figure 7.3, the mechanism relies on a steady supply of
A" jons from the metal-bath film interface.

4AlF;(diss) + 3C(s) + 12Na* + 12e~ & Al,C5(s) + 12NaF (1) (2.5)
Metal !
Al(l) = AP* +3e

Bath film /

Figure 7.3: Electrochemical formation of Al,C; at the cathode-bath film interface, with dissolution
of aluminium at the metal-bath film interface as the anode reaction.
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As the carbide formation creates a non-conductive layer on the cathode surface, Al,C;
must dissolve to allow fresh carbon at the interface and continued carbide formation.

T [T TALG
AlCs FNa;JF
3

| i #/,A|4c3

C e C

Figure 2.34: Schematic illustration of electrochemical formation and dissolution of aluminium
carbide in a bath filled pore in the carbide layer [62].

Figure 7.4: Optical micrograph (polarized) of a bath filled pore/crack in the aluminium carbide
layer on a cathode sample from an industrial cell. The bath filled pore can be recognised by the
yellow hue that is typically seen at the phase transition between carbide and the translucent bath.

Another mechanism, involving Al,C; formation in bath filled pores in the carbide layer and
anodic carbide dissolution into metal, has been proposed by Solheim [62]. In his model,
illustrated in Figure 2.34, carbide is formed at the cathode surface according to reaction
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(2.5) while carbide at the aluminium interface is oxidised according to the same reaction
in opposite direction. The wear reaction can be regarded as a concentration cell as the
species on the reactant and product side are the same, the only difference being location
and concentration. The total turnover of this mechanism is basically transport of carbon
from the cathode to the metal through an aluminium carbide layer with bath filled pores,
described by Solheim [62] as a “carbon pump”. In Figure 7.4, a micrograph of a cathode
sample from an industrial cell, investigated in the present work, shows an example of the
bath filled pore in Solheim’s model.

The potential gradient through the carbide layer would be the driving force for this
electrochemical wear mechanism. As the described reaction is a concentration reaction,
the standard potential (E°) is zero and the reversible potential is dependent on
concentration gradients in the bath. The potential between the bottom and the top of the
pore must be larger than the reversible potential in order for the reaction to occur,
overpotentials must also be overcome. If assuming the relevant concentration gradients
to be small within the bath filled pores, the reversible potential will also be small. In the
present work it was found that the cathodic overpotential needed for electrochemical
dissolution of carbon is close to 100 mV. The overpotential is linked to the polarization of
the cathode, however, and the results from the present work can be expressed in another
way: carbon dissolution require a cathodic potential of about 25 mV anodic of the
aluminium deposition potential. Both the carbon cathode and the aluminium pad in
industrial cells are polarized well cathodic of this, and the overpotential is thus already
overcome.

In @ more recent paper Solheim and Tschope [63] treats a model for the voltage drop
through a carbide layer. Considering an aluminium carbide “island”, surrounded by
aluminium metal, of about 100 um thickness and 30 mm” diameter on the cathode in an
area with current density in the order 10° A/m” (corresponding to the high wear areas in
industrial cells), the voltage drop was estimated to be in the order of 0.01V. The
maximum potential difference between the top and bottom of the carbide layer was
found to behave linearly with the horizontal dimensions of the layer. As mentioned in
Section 5.4.1, carbide layers much larger than 30 mm” were observed on the cathode
surface of shut-down cells. Assuming that there are no cracks in the carbide layer which
allows contact between aluminium and carbon, the voltage drop would be in the order of
100 mV at areas with extensive carbide layers (30 cm” and up).

Both the above electrochemical wear reactions assume that aluminium carbide is formed
as a solid. A third proposition assumes formation of dissolved carbide, based on the
anodic oxidation of carbide proposed by @degérd [25]. The present work and Gubrandsen
et al. [33] have demonstrated that the reaction proceed in the opposite direction, i.e.
cathodic dissolution of carbon into cryolitic melts according to reaction (3.14).
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3AlF;(diss) + C(s) + 4e™ —» Al;CFg~ + F~ (3.14)

Gubrandsen et al. [33] did not use a reference electrode and could thus not monitor the
cathode potential, but they assumed that aluminium deposition did not occur in their
experiment as the theoretical potential of carbide formation is about 125 mV less cathodic
than aluminium deposition.

In the current work it was found that the cathodic potential needed for cathode wear to
occur is about 25-50 mV anodic of Al deposition. Though closer to the Al deposition
potential than expected, it does strengthen the theory of electrochemical aluminium
carbide formation. That the reaction requires an overvoltage of close to 100 mV on top of
the theoretical reversible potential should perhaps not come as a big surprise. Many
reactions involving detachment of carbon atoms from a carbon electrode require large
overvoltages, e.g. the anodic overvoltage for CO, evolution in aluminium reduction cells is
in the range of 300-500 mV [5].

7.3.4 Dissolution of aluminium carbide

Dissolution of aluminium carbide in cryolitic melt is believed to proceed according to
reaction (2.3), as proposed by @degard [25].

Al,C5(s) + 5AlF;(diss) + 9NaF (1) = 3Na3Al;CFg(diss) (2.3)

The solubility of carbide is about 2.5 wt% in cryolitic melt with CR = 1.8 at 960°C [25]. At
the metal interface, where AIF; is reduced, the cryolite ratio is higher [ref]. In the
microscopy study bath in cathode pores was observed to have separated into cryolite and
excess NaF, which indicates CR > 3. This is probably also valid for the bath film present
between the metal pad and the cathode. In this bath film the carbide solubility can be
assumed to be 1 wt% or less.

The solubility in molten aluminium is much lower than in bath, about 105 ppm [108]. Due
to this, dissolution of aluminium carbide will probably be slower into metal than into the
bath. The metal pad may thereby constitute a protective layer against cathode wear. The
amount of carbide in the bulk bath and metal in industrial cells has been found to be well
below saturation [108]. From this it can be concluded that the limiting step in the cathode
wear mechanism is located at or below the metal pad interface towards the cathode.

7.3.5 Mass transport

Mass transport of dissolved carbide away from the cathode is an important step in the
chemical wear mechanism. A good indication of its importance can be found in the results
of Vasshaug’s [32] electrochemical wear tests, where the wear rate of rotating vertical
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cathodes in cryolitic melt (Figure 2.12(a)) were about 10 times larger than that of
horizontal cathodes covered with molten aluminium(Figure 2.12(b)). The most important
difference between the two test set-ups is the exposure to bath and the convection at the
cathode surface. The high wear rates observed on the vertical cathodes is due to the
steady supply of fresh bath and rapid transport of dissolved carbide away from the
cathode. On the horizontal cathode the molten aluminium pad acts as a barrier, hindering
free flow of bath to the cathode surface. As the solubility of carbon in aluminium metal is
low, dissolution and transport of carbon into and through the metal pad will be much
slower than in the bath.

As mentioned in the literature review, Solheim [62] estimated that stationary mass
transport of carbon through the metal pad could account for an average wear rate of
about 2 cm/year in a modern electrolysis cell. He argued that non-uniform mass transfer
coefficients, due to variation in metal flow velocities, in principle could explain non-
uniform wear of the cathode. It was stated that the flow variation is not likely to be large
enough to explain the strongly non-uniform wear in industrial cells, however. Solheim [62]
thus concluded that there have to be other mechanisms contributing to the cathode wear.

An illustration of aluminium carbide transport through the metal pad is shown in Figure
7.5, where the solid line represents the degree of saturation at various positions between
the cathode and the anode. At the metal interface, towards the carbon cathode,
saturation is assumed, while zero carbide is expected at the anode/anode gas interface
where it is oxidised.

Bath

Distance

Metal

o

Degree of saturation 1

Figure 7.5: Transport of carbide through the metal pad and the bath, from the cathode to the
anode where it is oxidised.

Transport of carbide via the bath film beneath the metal pad along the side ledge to the
bulk bath could possibly explain the high wear at the cathode periphery. Thonstad et al.
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[47] found that there is a fairly rapid exchange between sludge at the cell bottom and the
bulk bath. By adding large lumps of cryolite, alumina and BaO (at quantities corresponding
to 8 kg Ba) to the sludge layer at the bottom of a 140 kA prebake cell, they found that
about half of the initially added amount of Ba found its way to the bulk bath in the matter
of 2-4 days.

The bath flow in the thin film between the metal pad and the side ledge can be explained
by the Marangoni effect, where mass transfer along an interface between two fluids is
induced by surface tension gradients. Utigard and Toguri [109] calculated the flow rate
between the sludge layer and the bulk bath due to Marangoni flow. The modified
equation (7.1) based on their work gives an estimation of the volume flow rate between
the bath and the sludge layer.

VMf = dZ lledge X 1.115_1 (71)

where d is the thickness of the bath film and ;.44 is the length or circumference of the
side ledge.

Assuming a bath film thickness of 0.3 mm [110], the Marangoni bath flow in the cells D105
and D107, treated in Chapter 4, would amount to about 140 m3/y. Further assuming that
the bath flowing from the sludge layer to the bulk contains 1 wt% Al,C; (corresponding to
a carbon concentration of 5.1 kg/ms) the Marangoni flow could account for the loss of
about 700 kg carbon per year. This is more or less half of the yearly cathode wear found in
the mentioned cells, which was estimated to 8024 kg and 8940 kg over a period of 2088
and 2184 days, respectively.

In average the Marangoni flow may account for an average wear rate of about 1 cm/y,
though it is likely that this wear is unevenly distributed. The highest wear is expected at
the site of first contact between carbide and fresh bath from the bulk, i.e. at the cathode
periphery, at the end of the frozen side/bottom ledge. Aside from that, the movement of
bath and sludge on the cathode surface will be important for how the wear is distributed.
This movement is probably in close relation with the flow of the above metal pad.

A close to vertical current is assumed to flow from the anode to the metal pad. As this is
parallel to the direction of the magnetic field, bath flow due to Lorentz forces is believed
to be small. At the carbon cathode surface the current density is much larger at the cell
periphery, where the high wear areas are found [84]. This means that a large portion of
the current flow horizontally in the aluminium pad, from close to the mid-section of the
cell to the end of the frozen bottom ledge. This induces Lorentz forces and flow of metal,
and the highest velocities are naturally expected where the current density is highest. The
metal flow creates movements in the bath film and sludge layer on the bottom, and the
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high velocities at the cell periphery probably adds to the exchange of bath between the
bulk and the bath film.

7.4 The author’s point of view concerning the non-
uniform wear

It is the current author’s opinion that wear due to physical abrasion is of minor
importance, and that mass transport of aluminium carbide to the bulk bath is the rate
determining step in the cathode wear mechanism. The typical WW wear pattern can be
explained by metal and bath flow and bath exchange between the bulk and the film
present beneath the aluminium metal pad.

In the mid-section of the cell (zone A in Figure 7.6), under the alumina point feeders,
sludge will form at the cathode surface as undissolved alumina and pieces of the bath
crust sinks to the bottom. With regularly additions of alumina, it is likely that a dense
viscous alumina rich sludge will persist in this region. In this stationary and viscous sludge,
transport of carbide can be assumed to be slow, as there is no convection and the
diffusion coefficient of the bulky carbide complex is low. In the present work the diffusion
coefficient in bath at 1000°C was found to be in the order of 10° cm?/s, and it is probably
lower in viscous sludge.

At the cathode periphery (zone E) the freeze lining will protect a small part of the cathode
blocks. Right next to this protected zone, the most worn areas on the cathode is found
(zone D). As mentioned earlier, the high wear in this zone is likely due to it being the first
area of contact between cathode carbon/carbide and fresh bath transported through the
thin bath film on the sides. The carbide concentration in the bath film will thus be lower
here than closer to the middle and the carbide dissolution reaction may therefore proceed
more readily. In addition, the highest current density is expected in this area [84], giving
increased metal flow rate and mass transport, and also possibly increasing the rate of
carbide formation.

The local summit (zone C) next to the high wear zone show a moderate wear, about
2 cm/y according to the investigation of cells D105 and D107 (Chapter 4). This is similar to
the average wear rate Solheim [62] estimated based on stationary mass transport through
the metal pad, which thus is believed to be the limiting step for the cathode wear in this
zone.

Between the sludge protected mid-section (zone A) and the local summit (zone C), a local
low point (zone B) is observed. In addition to stationary transport of carbon through the
metal pad there is probably another transport mechanism causing the higher wear in this

173



Chapter 7

region compared to zone C. As mentioned earlier, alumina and bath crust regularly sinks
to the bottom close to the mid-section of the cell. While the most dense particles and
sludge deposits in a protective layer at the middle, lighter and less viscous bath probably
flows out to the sides, giving a reduced carbide concentration in the bath film in zone B.
The amount of bath introduced to the bath film by the alumina feeding is far less than by
the Marangoni flow and anode operations at the sides, but still enough to yield a
noticeable difference in the wear rate compared to zone C.

E E

Figure 7.6: Sketch illustrating the WW wear pattern across a cathode block in an industrial cell,
such as D105 and D107 from Chapter 4. With regard to the wear, the cross section can be divided
into four distinct zones, here denoted A-E.

Another high wear area, the tap hole, is located at the mid-section of a cathode block. This
is an area with low current density [84] and the high wear can thus not be explained by
electrochemical mechanisms. At regular intervals, however, during metal taping, this
region is subjected to high velocity flow in the metal. The tap hole is located at an end
block, where bulk bath is introduced through Marangoni flow, and it is likely that the
tapping results in increased bath exchange and thus increased dissolution rates and mass
transport of carbide. There is also a possibility that direct mechanical wear due to contact
between the tapping spout and the cathode block enhances the wear.

An observation that cannot be explained simply by bath or metal flow is the protruding
ramming joints between the cathode blocks. Also, in the high wear zone, the cathode
blocks seem to be more worn right above the steel current collector bars. In this work the
wear was found to be non-preferential, so the only plausible explanation for the
protruding ramming joints and the high wear above the current collector bars is that the
wear is enhanced by high current density. The ramming joints have a higher electrical
resistivity and thus lead less current. At the cathode blocks, the highest current density
will obviously be located where the distance to the collector bars are shortest.

During anode change, pieces of bath crust breaks off and sinks to the bottom of the cell
and a dredge is used to clean the cathode surface beneath the removed anode. During
this operation, a large amount of bath is introduced to the cathode surface. In this period
of time, it is likely that aluminium carbide dissolves rapidly, resulting in cathode wear
where the carbide formation reaction is the rate limiting step. The carbide formation will
thus occur more rapidly where the current density is highest. As the anodes have to be
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changed every month, and it may be assumed that two or three cathode blocks are
subjected to increased amounts of bath during each anode change, this could explain the
correlation between high wear and high current density.

7.5 Industrial implications

In the introduction, Section 2.1, it was mentioned that aluminium smelters have been
increasing the amperage of their cells in order to increase productivity. Simultaneously,
anthracitic cathode blocks have gradually been replaced by graphitic and graphitized
blocks, and the smelters have reported lower cathode lifetimes. Due to the correlation
between the decreased cathode lifetime and the transition to graphitic and graphitized
cathode blocks, perhaps together with reports of the superior abrasion resistance of
anthracitic carbons [17-19], it has in the industry sometimes been assumed that the
graphitic and graphitized cathode blocks have a lower wear resistance than anthracitic
blocks. This is an inaccurate assumption. It would be more correct to address the
aggravated current distribution as the cause of the increased cathode wear. As illustrated
in Figure 7.1, the higher electrical conductivity of the graphitic or graphitized cathode
blocks, relative to anthracitic grades, leads to a more uneven current distribution. The
result is very high current densities at the cathode periphery, which increases the rate of
carbide formation and leads to high metal velocities, and thus increased mass transport.

The rapid and non-uniform wear is believed to be related to the bath film beneath the
metal pad and the bath exchange between the film and the bulk bath. Due to the poor
wetting of aluminium, such a bath film can probably not be avoided on a carbon cathode.
It is also quite possible that it is necessary. If the aluminium carbide was not continuously
dissolved and removed, it might have formed a thick non-conductive layer on the entire
cathode surface.

Reducing the rate of bath exchange between the cathode surface and the bulk bath may
significantly reduce the highest wear rates. Marangoni flow along the frozen bath ledge is
probably unavoidable, but additional bath exchange due to metal flow may be hindered.
Anode changes, feeding and other operations should also be performed in such a way that
the amount of crust, bath and alumina introduced to the cathode surface is as low as
possible.

The transport rate of carbon through the metal pad may possibly be reduced somewhat
with lower metal flow velocities, resulting in thicker diffusion layers at the interfaces. It is
not believed that such a marginal reduction of the stationary mass transport through the
metal will significantly affect the total wear rate, though.
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Continued improvements on the magnetic compensation in order to reduce metal
movements is believed to be an effective way of reducing cathode wear, and also
rendering possible reduction of the cell voltage drop by lowering the interpolar distance.

A more even current distribution may yield significant improvements regarding the
cathode wear. By lowering the current density at the high wear zones, the carbide
formation reaction may proceed somewhat slower. In addition, the Lorentz forces due to
horizontal currents would be reduced, consequently leading to lower metal velocities.
With this in mind, the ongoing testing of variable resistivity graphite (VRG) cathodes, such
as reported by Dreyfus et al. [58], is very interesting.

The principle behind VRG cathodes is to design cathode blocks with low electrical
conductivity at the peripheries and higher conductivity towards the middle. This, of
course, yields a higher voltage drop compared to cathode blocks with uniformly high
electrical conductivity, which basically means higher energy loss. Another way to obtain
more uniform current distribution, and in addition lower the cell voltage drop, is to
improve the electrical conductivity of the current collector bars. This can be obtained by
low resistivity steel alloys or simply implementing a copper core in the current collector
bars. This is not a new idea, though. Already in 1970, a patent on copper and ferrous
metal current collector bars was registered [111], and several others have followed [112-
116].

Figure 7.7: Sketch of current collector bar with copper core. Redrawn from [116].

A third possibility to reduce the uneven current distribution is to design cathode blocks
with varying distance to the current collector bars. If the current must traverse longer
distances in the carbon material at the cathode periphery than closer to the middle of the
cell, the total resistance can be evened out along the cathode block, analogous to the VRG
cathodes. An example of a design that could potentially contribute to a more even current
distribution is given in Figure 7.8.
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Figure 7.8: Sketch of a cathode block and a current collector bar with triangular profile.

It should be noted that a certain cathode wear may be needed to avoid a thick non-
conductive carbide layer on the cathode surface. In the 1950’s, with cells running low
current and probably experiencing low metal velocities compared to modern cells, it was
reported that cells had to be taken out of operation due to elevated voltage drop [16].
Thus, if the cathode wear is reduced too effectively, formation of an insulating carbide
layer may become limiting for the operational lifetime of the aluminium reduction cells.
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Conclusions

The cathode wear in aluminium reduction cells has been investigated by means of visual
inspection and laser scanning of worn industrial cathodes, microscopy study of cathode
samples, and by laboratory experiments. Based on this work, the following conclusions
have been drawn:

e Laser scanning technology can successfully be implemented in cathode wear
investigations and give detailed 3D models of the cathode surface, which can be
used to assess the cell performance with regard to cathode wear.

e Estimates based on laser scans of two cathodes from Hydro Sunndal reveal that
the cathode wear may account for an aluminium production loss corresponding
to a CE loss of about 0.5%.

e No significant differences have been observed by microscopy between high wear
and low wear areas of the cathode surface that may be connected to variations in
the wear mechanisms. Nor have there been found any significant differences
between different cells. This can be regarded as an indication of that the wear
mechanisms are the same over the entire cathode, but at varying rates.

e  Aluminium carbide forms a layer on the cathode surface, up to more than 200 pm
thick. Within thick layers, numerous bath containing horizontal cracks were
observed. The thin layers (< 20 um) appeared dense.

e No correlation between the occurrence of aluminium carbide layers and location
on the cathode has been observed. Large portions of the carbide layer are
removed together with solidified metal, complicating the establishment of
whether the carbide layer is continuous or only occur spot-wise.

e  Aluminium carbide was found in abundance in superficial pores and cracks in the
cathode surface. Little carbide was found deeper than 5 mm into the cathode
material.
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The presence of bath at the cathode surface supports the assumption that there
exists a bath layer, continuous or spot wise, between the carbon cathode and the
metal pad during operation.

The cathode wear seems to be non-preferential. Aggregate particles and binder
matrix in the cathode blocks are worn alike.

Electrochemical oxidation of dissolved carbide at the anode, resulting in carbon
deposition, has been established.

Cathode wear in alumina saturated NasAlFg—AlIF; (10 wt%)—CaF, (5 wt%) melt at
1000°C (without presence of liquid aluminium) has been found to occur also at a
potential 25 mV anodic of aluminium deposition. This indicates electrochemical
formation of aluminium carbide.

The diffusion coefficient for dissolved aluminium carbide in NasAlFs—
AlF; (10 wt%)—CaF, (5 wt%) melt at 1000°C has been found to be in the order of
10 cm?/s.

Additions of Al,C; to the bath yields increased electronic conductivity, likely due
to increased sodium levels.

The reported increase in cathode wear accompanying the transition from
anthracitic to graphitic and graphitized cathode blocks is probably not related to
lower abrasion resistance of the graphitic and graphitized grades. The reason for
the increased wear is most likely the aggravated current distribution and
increased local current densities due to the higher electrical conductivity of the
cathode blocks. This is based on the finding that the cathode wear process is non-
preferential, on the assumption that abrasive wear is relatively slow, and on wear
tests reporting little difference in chemical wear resistance between different
carbon grades, or in fact marginally lower resistance of anthracitic carbon [31,
35].

The cell types investigated have been found to be worn in a WW pattern along
the longitudinal direction of the cathode blocks. A hypothesis for wear
mechanisms leading to the non-uniform WW wear profiles was proposed in
Section 7.4.

Obtaining a more uniform current distribution on the cathode surface and
reducing the metal velocity is believed to be important in order to prolong the
lifetime of aluminium reduction cells. Decreased metal velocities can be achieved
by further improvements of the magnetic compensation. Implementing cathode
current collector bars with lower electrical resistivity and/or profiled collector
bars with varying distance to the cathode surface will not only yield
improvements in the current distribution and the metal velocity, but may also
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result in energy savings due to reduced voltage drop. VRG cathodes are also likely
to be effective in order to obtain a more uniform current distribution, but with
this solution an increased voltage drop may be expected.
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Nomenclature

Abbreviations

BSED
CE
CR
cv
DTA
ECA
EDS
FEM
GCA
GZ
GZi
ICP
ocv
SEM
SGv
SGZi
SGZv
TGA
VRG
XRD
XRF

Symbols

Symbol

Roman symbols
aj

backscatter electron detector
current efficiency

cryolite ratio, nNaF/nAlF;

cyclic voltammetry

differential thermal analysis
electrocalcined amorphous carbon
energy-dispersive x-ray spectroscopy
finite element method

gas calcined amorphous carbon
see table 5.2

see table 5.2

inductively coupled plasma

open circuit voltage

scanning electron microscope

see table 5.2

see table 5.2

see table 5.2

thermal gravimetric analysis
variable resistivity graphite

x-ray diffraction

x-ray fluorescence

Meaning Unit

activity of species i 1
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Nomenclature

Greek symbols

o
Xi
o
Vi

concentration of species i

concentration of species i

thickness

diffusion coefficient of species i

electric potential

standard electrode potential

reversible electrode potential

Faraday constant 96485.34
geometric cell factor

Gibbs free energy of reaction

standard Gibbs free energy of formation
standard enthalpy of formation

current

current density

exchange current density

reaction rate constant

length

amount of species i

gas constant 8.314
resistance

Temperature

time

voltage

volume

volumetric Marangoni flow

atomic fraction of element i

atomic number of element i

charge transfer coefficient
mole fraction of species i
diffusion layer thickness

activity coefficient of species i
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mol%
wt%
m
m?/s
\

0 < <

J/mol
J/mol
J/mol

A/cm?

A/cm?

mol
J/K mol



Nomenclature

T < A £ =

Other symbols
@

overpotential
porosity

specific conductivity
sweep rate

density

diameter
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S/m
V/s

g/cm’
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Appendix A

Papers

The PhD candidate has participated in the two following papers:

e  “Measurement of Cathode surface wear profiles by laser scanning”, E.
Skybakmoen, S. Rgrvik, A. Solheim, K.R. Holm, P. Tiefenbach and @. @strem, Light
Metals 2011.

e “Investigations of cathode wear profiles obtained by the laser scanning method”,
E. Skybakmoen, S. Rgrvik, A. Solheim and @. @strem, presented at the 10"
Australasian Smelting Technology Conference, 2011.

The papers are quoted in their entirety in the following pages, p. 198-203 and p. 204-214,
respectively.
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Light Metals 2011 Edited fiy: Staphen J Lindsay
TME (The Minevals, Metals & Matevials Socieny), 2011

MEASUREMENT OF CATHODE SURFACE WEAR PROFILES BY LASER SCANNING

Stein Rarvik, Ashjpm Solheim,
Enut Ragnar Hobm*, Priska Tiefenbach* and @y vind @strm*

SINTEF M Is and Ct

MOT 465 T

BNomw ay

*Norwegian University ut'S:l:nmndTndmhﬂ MO-T450 NTNL, Trondbeim, Noreay

Keywords: Cathode wear, liser scanning, wesr profikes

Absiract

The: service: Fife ime for high amperzge aluminivm eduction cells
with graphitimed cathodes is limied by cathode wear, The wear is
nmﬂywm—mfmmudﬂum]yducmdhy

andfor  point In an pt i
mﬂﬁcwﬂrpﬂﬁ:n-lmnﬁhmdﬂﬂdu}',th:r
scanning procedon: was developed. A laser scanmer with 2 singhe
paint acouracy of 10 mm has been wed o prodoce 8 30 mode |
based on three overlapping scans with an averape msolution of
ohout | om. The same cathodes were also d iy for
comgarison. The method developed gives detmiled informabion
mﬁgﬂ:mliﬁmﬂpﬂmml'm&ﬂﬂll
may a valushle iool for inv g the mfuence of
difierent parsmeders on the cathode wear

Introduection

The very mon-uniformm wear cherved in aluminiom cells with
graphitired cathodes is todey limiting the cedl lide and it represenis
a great chaflenge for the: alumindom midwsry.

The: so-called w.wear profile is reparied by several sathors [L2]
“The: mechanism for the wear observed is still not fully imderstood.
It weems clear, however, thaot coment densities and metalbath
mavements play important rales ingether with the formation and
dissolution of slumimiom cerbide. Higher wear i oberved in
areas with high conent densities. The ramming paste between the
cathode blocks normmally shows less wear,

i 4

Thzdn-

vnl'ﬂz wear 15 nsually made by
E and ] point This gives o crude
mudﬁ:ﬂmwﬁ little: preservation of detmils
Therfore, there s & need for & mew method which is mone
detailed and provides documentation that can easiby be studied in
retrospect In this work the lasr scanner method is sported and
compaed with a munaml elescope leveling method. Both methods
hawve been wed during post monem investigation of two cefls at
the: Hiydro Sunndal abmimium smedier.

Ciellly, Mensurene ni=, and Procedures
Lells

Tnumhndzhmp{ﬂlﬂ!nﬂnlﬂr}ﬁ-ml-ly&n Sunndal Al
plemt (5LH) wes imvestipsied with mspect o cathode wesr
profile. The cell design for both azlls was similer and the suriaes
consisted of |9 graphitic cathode blocks with mmming pasie in
beturen. Both celfls were shof down doe o high besvels of iron m
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fthe metal The cells were comsidersd to ke rom under nonmal
electrolysis conditions during the: Gfe Gme, which wese 7088 and
2184 days, mespectively. Pictwes of the cathode surfaces of both
cells e shown in Figme 1. The cathode sorfaces were thomoughly
cleaned hefom messoring stared

Coll D 105 (2088 v} - Cell DLOT ﬂm:h,-s} —

Figure |. Cathode surfaces of c=lls D05 and DI0T,

Lz Samninr boibed

The laser scanning method offers the possbilicy o ceptoe o
surfare of =n chjsct — in this case a cathode — in great dedsdl It
is & non-comiact active measuring sysem which acts by snding
and woeiving bser light The scammer shoots o leser beam and
callects the meflecied light The resnlt is a point clomd consisting of
a resalution dependent nomber of points with 30 coondinaies mnd
ofien some addifional asttribotes as well O distmguishes
between mainly two kinds of laser scannets which work with
SCANTATE.

A fime-of. flight lnser scannet, such as the one used (Risgl LM5-
FAME [3]) messures the Gme {2 laser pulse needs o tavel from

the sendeT it io the terget surface and back to the mcefver mnit,
and thus the distance d'can be caloulaed.

¢ gpeed of fight

Together with the kmowm horiromis]l and wertical angles -

amalogee a tots] sistion (ischymetryd - 3D coondinsies can b

computed A bser scanner beam will be refleced from the: firs

ohject it hits hidden objects cannot be measored (shadow effeot).

Therefom, it is often necemary towork with moe than one san
i F

The ermesrial Sme of flight eer smmmer wed ' the present

experiments has 3 mesmement mE op o 10000 piefec
mesumemeni mapge 21000 m fedd of view B0x 360 degrees

d=ct/2
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and it comsists of a fixed kower part (in this case mounded oo 2
custom- made frame) and 2 mobfing upper past o a
chymetrical iotsl stafion. The prnerated leser beam s diverted
by a rotating respectively oscillsting mimor. After meanming a
vertical fine with a given mesolution/engle, the scanmer s
heorizontally &t & given gl and confimees soanming the next
vertical fine, as illstrated in Figure .

A calibraled digital photo camers Nikon D3 (F=20mm, 102
megapinels) was momned on the sanmer, making it possible o
imoorpomate BGH valpes for the points obtsined by the leser

L
-1

Fgue 1 Principle of the beer scanner.

i e e e oy o

A oustom-made stee] frame constituted the platform for the leser
scanmet (Figune 3). With the help of & crane or a digger it was
mounted on the sieel shell of the cathode, and the lnser scanner
was fixed at the iop. The construction could =ity e moved
alomg the pot shel] while the lnsr scammes was atteched

Figum 3. Sieel frame for placement of the: laser scanmer.

To obinin daty for the entise cathode srface with approimaehy
the same esution and o avoid shadow effects, scans from thes
peositions with overlapping mees wene performed (as illustrated in
Figures 4 and 5). 0.3 cinculer pe mflectors (larged points)
were distriboted on and swund the cathode o help afigning the
three coverlapping scans. This comfigurstion alss enhanced the
paint acouracy (the single point accomcy of Riegl LMS-Z420 is
10 mm}). At ench scan position 2 scan with o esolution of 005
degrees (appror. 5 mm at a disane of & m) was execuied, and
pholos wete antomatically tsken for the comesponding surface ax

well
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Figue 5. Thee overlepping point clonds - the cathode,
the: siee] frame and the somomding ama ane vikible

Dtz Frogeszine

To be ahie o get accomie esults from the dain processing of the
peometrical lsser scanning daty logether with the photos taken by
the calibmied camema, calculstion of the camers mommting
calibration (camem position refaed to the scanneT) was essntisl
Therefore, thes calibrtion valoes are calculated for esch of the
three scan pogifions by using the scanned targeds. Each point
cloud {ome per scan poxition) is then coloured by the phoios taken
ad the same scan position. The wodking step *egisaton’ links
tngether the diffesent scan positions via the targets they have in
commen. This registered iotsl point clood had 3 coondinies
{XYE) in a casual local coordimate sysem which was then
trensformed to & cathode-adjusted one. For this sep the e
single point clowds bad to be re-megiserd to one botal point clood.

The trensformation resubswere s foll oo
Painf cloud

systenr 32 (16 tangels used)

L a-

1 to new coordinais

26 (fg~)
E 31 fig~)
Standard deviation [mm - Gell D107:

Painf cloud 1 fo new coordingis
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;e 20 {297

= 1.8 (257

Uselezs or even disturbing points were deleded and the dats were
merged to one single 3 point cloud (5.3 million points). By
msing the scanner related soffware Kifcon Pro and  other
programs, various types of visuslistion could be obixined {wsing
peaints nd or the trisnguised i)

Bapyzl Method with Levelins Telescone

The curent method for messuring the cathode wesr profiles ot
Hydm Sunndal mekes use of a leveling elescope and a measring
stick with a bubble level attached. The leveling telescope is placed
on-a stable surface nuitside the cathode shell fom whes one can
read the messuring siick, which is plasoed at different bocabions on
the: cathode surface. On each comer of the siee] shell thens an
mference points from which the original depth of the newly
imsialled cathede blocks is known. The difierence in depth before
and afier operation can then be measured at sveral points on each
cathode block. The typical number of messuring points is T points
per cathode block, covering the deepest poinis on the sdes, the
highest point in the middle =nd the focal high and low paints in
Betumen.

The cathodes investipaied in this work consisted of 19 cathode
blocks, giving 133 measuring points. A eam of three persons, one
operating the leveling elescops, one holding the measoring stick,
and one toking noles needs about one bour o mEmsuE one
cathode.

Resulic
% Lis Pl il 5 3 Mamal Meihiod

Besides the fomver wuossble 300 point coonfinates incloding
additions] valmes (ie. imensity, RGE) saved in 0 common ASCH
format, varous meaningful products were creaied. For example
3D vismlirations of the cathode whene the point cloud is coloured
by RGB wer made (Figure 6}, s wel a5 2 30 mode] ooloomed
acconding o the height or espectively the depth of the cathode
srface (Figure Ti Also betier known visualivations as ie. height
curves or horizontally and vertically surface cuts were calculated.

Figure & BGB-coloared scan daty of cathode (Cell D05

Figue 7. 30 moded colomd sccording o the depth of
the: cathode

usimg Peri (2 pablic domain data processing language) to resample
the datn to XYZ valoes o | cm esolution on eaxch mis The
resmpled data was converted o & grayscele image, whens sach
pixel XY coomdimsie {oolemn snd row) comesponds do the
respective XY position in om, and the ¥ value (gray level)
coesponds o the espective & depth in om. This pictone was
opened in the public domain image anfyss program fmage] for
farther visualizathon e=nd plobting. Thess proprams wen chown
fior convenience; the data could also have heen plotted in other
data plotting or imape analysis sofwane

The manual method gives 2 st of XYZ valuex, where the X mnd Y
values mpresent the measuring positions oo the cathode surface
and the ¥ values an the measured cathode depth. The amownt of
date is latively small (133 points in this cee), and imerpolation
is needed to create n good visuslivation of the wesr profile. st
like the dais from the laser scans, the deis from the mamual scans
can be plotied lilke 30 modeds and comiour plots. In this work
linear interpofation was weed o0 fill i the gaps befween the
measuring points. The dets in the ¥ direction is quite refishie; the
X md Y coordimtes sre wamlly not For comenience te X
values are deieTmined by the cathode block number and the wven
¥ wvalues on each block = assumed to be the same for every
cathode block In reality thess poinls ane nod in the same spod on
every cathods block The measuring stick i typically plaed at the
deepest or the highest point (ie. the most inetesting point) in the
mefevant amea o be meanmed. It is also worth noting that the less
wom TEmming pasie between the oathode blods wes not
messured with the mamms] method, sccording o the standand
Procedure.

The two methods are compared im Figore B and Figoe & The
{highest) to =d [deepest) It cam be cheened that whil the
averzge valoes ane similar, the laser scans ane moch mone: defaided.
The perimeter of each cathode block com be =0 25 mees of less
wear in the lsser scans. Ofndonsly, this information is ladking in
the ecorndings from the manml method.
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Lorgibodira drochen of cathods biocts [71)

| arghumina! drecban o cathons becks |m)
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Figore 9. Comparison of the lasr scanning method {iop) and the
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Figure |0l Wear profile of a1l 19 cathede hlocks in cell
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Figore 14. Wear profile engihwis of 2]l 19 athode blodis in el D105, leser scam method. Vestical mes indicate cathode: bar separation.
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Wear Laser Sanner and Manual Method

A plot of wear profiles on sach single cathode biock nimmbered
from 1-19 for the two cells by the monnsl method and laser
scanning is shown in Figues [0-13. The initial cathode level

Lime plots of the datn ==t from the manoal method in the
longitudimal disection of 2ach cathode bock meveal a peneral tend
for both cefls, 2 WW_prafle, as shown in Figures 10 snd 11, The
scanning data shown in Figures 12 and |3, Cathode blocks ne. 1,
2'emd 1% stand out; | and F being less womn and 19 more wom in
the mid ==ction of the black. Cathode block na: 19 is bocated at
the meds] tapping end of the il while block no 1 is at e
suction end. Figues 15 and 16 compars line plots from the o
methods for fwo single cathode blocks.

A plot of the wear profile m e Jongihadinal divection of the eniine
cathode is shown in Figuore 14, It isevident that the mmming paste
beteeen the graphitic cathode blocks is less worn,

Summory
The: laser scanning method gives everal advaninpes:

Much mamre detailed messmements than the manmal
method

The detailed wear pattern and shape of the cathode
surface can easily be visualinsd in sveral ways.

The high msolution mskes it possible to zoom in and
stmdy Jocal mean inside the cell (for mstance tap pot
holex or other local areas of inenes)

Wear profile plots can emsily be made with high
accurecy o diffessnt positions within  the  cathode
surface inside the o=ll

Local seas of high wear (weak points of the cathode)
ame easily found.

If the exient of cathode hearve & known, the average
cathods wesr rate and the tainl carhon consemption can

e easily and accorately estimaged.

The more detailed messurments give more mformation and may
provide more imowledge reprding cathode wear phenomena
Expecinlly when considering modelling dafa of metsl fAow,
cathodic cusment density, slumina distribuion and also type of
cathodes and linings the wear can be ined! in & better mamer
than before. We mgend that this method will he a valushle tool in
deriving the mechandsm for cathode wear in abomin m cefls

Mock miow bedlge meent

Thanks to Hydm and Besarch Council of Norway for financing
the: work throwgh the msearch program Process [onovations for
High Cement Density (PIHCD). Permission to publish the work
i= prafefully acknowledped
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Figme |5 Wem pofiles of two wleced cathode
blocics in cell D105, companmg laser scan snd manmal
measprEment methods.
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Figue 16 Wesr profilks of two sleoed cathode
Blacics in cell D1V, comparing laser scan and manmal
mensurment methods.

Thamks to Alf Enge Ulvend and Tor: Engen (AlF Engen AS) for
design and construction of the seel frame for plaement of the
lzeer scanner instrament and all belp and pood sdvice durimg the
scanming procedures. W appeciate also the assistance from the
following personne] at the Hydro Soomdal plant  Jana Hajesova,
Svein Kire Sund, and Anders Bamsie.
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INVESTIGATIONS OF CATHODE WEAR PROFILES
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Absiract

In order to investigate and document the typical non-umiform wear of graphitized cathodes m
greater detail than by traditional methods. the cathode surface of two 300 kA industrial cells
was characterized by means of a laser scanner. The laser scanmer was usad to produce a 3D
representation of the cathode based, on three overlapping scans with an average resolution of
about 1 cm The wear pattemn registered can be wisualized i several ways; eg., as wear
profiles at different positions inside the cells. Local areas with high wear rate can be
accurately described, and the average cathode carbonm consumption can be estimated The
wear pattern observed 13 discnssed with respect to some process parameters.

Keywords: Cathode wear, wear profiles, laser scanning

Introduction

The cathode wear for graphihzed cathodes represents a great challenge for the aluminium
mdustry today. since it determines the lifetime of the cells. Actually, the cell lifetime has
decreased the latest years in hogh amperage cells, after mtroducing graphitized cathodes to
mcrease the current and the efficiency of the cells. This fact is of course unwanted; besides
the cost related to re-liming of cells it also leads to more spent potlming (SPL).

In modem cells, the cathode wear appears to be very non-umiform The wear is maore
pronomeed at some locations at the cathode. and the cell 15 normally taken out of prodoction
when the metal contacts the cathode collector bars. which is detected by a sudden increase in
the iron content in the mefal Normally, the cathode is stronger wom along the peniphery. and
this is deseribed as “w-profile wear”. In some cases, even a “ww profile” can be observed, as
will be described later in the present paper.

The actual mechanisms behind the observed wear patterns are not clearly understood. In an
attempt to understand more, it was decided to try to document the wear pattern in more detail
by introducimg laser scanming technelogy. The project was camed out by SINTEF/NTNU
with support from Hydro and the Research Council of Norway. The method 15 descnbed m
detail by Skybakmoen ef al. [1].
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Laser scanning method used on cathode surfaces

Two cathodes from the SU4 line at the Hydro Sunndal smelter were investigated with respect
to cathode wear. The design was similar for the two cells. The cathode panel consisted of 19
graphitic carbon blocks with rammung paste in between. Both cells were shut down due to
high levels of irom in the metal. The cells were considered to be mn under normal electrolysis
conditions during the enfire lifetime. which was 2088 days and 2134 days, respectively.
Pictures of the cathode surfaces of both cells are shown mm Figure 1. The cathode surfaces
were thoroughly cleaned before measuring started

1) Cell D 105 (2088 days) b) Cell D107 (2184 days)
Figure 1. Cathode surfaces of cell D105 (a) and Cell D107 (b).

A tme-of-flight laser scanner, as the one used (Biegl IMS-Z4201 [2]), measures the time t a
laser pulse needs to travel from the sender umt to the target surface and back to the recerver
umit, and thus the distance 4 can be calcalated,

d=ct/2 c: speed of Light

Together with known honzontal and vertical angles — analogous to tachymetry — 3D
coordinates can be computed The laser scamner was placed on a steel frame around & m
above the cathode surface The scan was performed at three different positions. Useless or
even disturbing points were deleted and the data were merged to one single 3D point clond
{33 mullicn points). By using the scammer related software RiScaom Pre and other programs,
varous types of visualisation could be obtamed, using points and/or the triangulated surface.

The laser scanner had a single point accuracy of 10 mm with a resolution of about 5 mm. The
high resolution makes it possible to zoom in and study local areas inside the cell (for mstance
tap pot holes or other local areas of interest). Wear profile plots can easily be made with lugh
accuracy at different positions within the cathode surface mside the cell, and local areas of
high wear (weak points of the cathode) are easily found. If the extent of cathode heave is
known, the average cathode wear rate and the total carbon consumption can be easily and
accurately estimated
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The more defailed measurements give more information and may provide more knowledge
regarding cathode wear phenomena. Especially when related to vanous kinds of data such as
metal flow patterns (modelling and measured). cathodic curmrent density, alumima distnbution,
and also type of cathodes and limings, the wear can be explamed i a better manner than
before. Therefore, the authors regard that the method will be a valuable tool In deriving the
mechamism for cathode wear in ahmminium cells.

Resulis and discussion: Analyvsis of laser scanning data
Overnew: T ¢ plots

As already mentioned. the cells had 19 cathode blocks with ramming paste in between
Topography plots of the wear for the two cells is shown in Figure 2, and each cathode block
is numbered from 1 (suction end) to 19 (tap end). The oldest cell (2184 days) shows generally
more wear than the other (2088 days). but it can also be observed that the wear patterns are
quite similar for both cathodes. The downstream part of the cell is generally more wom than
the upstream part, block 19 at the tap end is wom in the middle (referred to as taphole) and
block 1 and 2 at the suction end show little wear. The ramming paste in between the cathode
blocks is less worn and protrudes by several centimetres, which is typical for graphitized
cathodes.

Average wear and estimated amount of wom carbon

Bazed on the laser scanming data we can easily estimate the average wear and, therefore, also
calculate the total carbon dissolved durng the lifetime of the cell. The calculation was based
on the difference between the original position and the actual position of the cathode surface.
The density for virgin cathode material was wsed n the caleulations. and the area of the
cathodes was measured by the laser scanner. However, the cathode heave was not measured
m the two cells, and it was not taken mto comsideration mn the carbom wear calculatiom
Cathode beave is a phenomenon taking place dunng the entire cell life, and it has been
observed that the cathode typically mses up to 3-10 cm in the middle part of the cell
Therefore, the amoumt of carbon dissolved shown m Table 1 is probably considerably
underestimated

The average wear rate of around 2.1 - 2.3 cm/year agrees well with a stationary mass transfer
model, but higher wear rates mmst probably be explammed by other mechanisms [3]. By
comparng the data m Table 1 with the omginal height of the cathode carbom, it can be
estimated that about 30 percent of the carbon iz worn away (more, if the cathode heave is
taken into consideration). The maximum wear in the most critical part of the cell was 27 cm

for both the cells. corresponding to wear rates of 4.3 emfyear (D105) and 4.7 cmv/year (D107).
It 1s possible that the difference in wear rate is related to different extents of cathode heave.
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Figure 2. Topography plots of cell D105 (a, 2088 days), cell D107 (b, 2184 days).

Table 1. Average wear and estimation of fotal carbon dissolved for cell D105 and D107.

Cell | Age (days) | Avg. wear (cm) | Wear pr year (cm) | Total C (kg) | C perday (kg)
D103 2088 12.35 21 8024 ig
D107 2184 13.76 23 8040 41
Wear for different cathode blocks

The wear profile for each cathode block can easily be visualized Examples are shown m
Figure 3 and Figure 4, where the wear profiles are shown for cathode block no. 2, 8 and 12
for the two cells. The data shown is the average wear along a 12 cm wide sirp along the
muddle part of the cathode block.
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As can be observed, the wear depth for block no. 2 1s smaller than the wear depths for block
no. 8 and block no. 12 for both the cells. The wear profiles for block no. 8 and 12 follow a
It 15 believed that an area at the suction end of the cell has relatively low metal flow. Sludge
and particles will typically settle in such areas with low metal velocities, leading to higher
electrical resistance by reduction of the accessible surface. In the case where the sludge lies
stationary at the cathode surface for longer fime intervals, it will inhibit dissolution of
alumimium carbide [3]. This may explain the low wear at cathode blocks 1 and 2. This theory
is supported by curent distribution measurements conducted after two years of operation
where the coarent collector bars in blocks 1 and 2 was observed to draw lower current than
the rest of the collector bars.

At cathode block 19 metal tapping is regularly performed, which induce metal flow and thus
higher wear, explaming the observed taphole.

5 ™

=008 Biock 3 =005 Bleck -0 105 Block 14 ;

. T T T

Figure 3. Wear profiles for cathode no. 2, £ and 12 in cell D1035.
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Figure 4. Wear profiles for cathode no. 2, £ and 12 in cell D107.
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A direct companson between profiles at the same posifions for the two cells 1= provided m
Figures 5 and 6. As can be observed, cell D 107 is more wom, but the wear pattern is shghtly
more uniform.
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Figure 5. Wear profiles for block no. 12 for cell D105 and D107.
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Figure 6. Wear profiles for block no. 8 for cell D105 and D107.

Average wear. downstream and upstream

The average wear was estimated for the downstream half and the upstream half of each
cathode block. The result i1z shown m Figures 7 and 8. As can be observed, there is a
tendency that the upstream end of the cathode block 15 more wom at the suction end of the
cell, while the downstream end of the cathode block 15 more wommn at the tap end of the cell.
This 15 also illustrated in Table 2 and Figure 9, which shows the average wear in the four
quadrants in the two cells.
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This peculiar pattern can. possibly, be related to the metal flow in the cells. Since we do not
have reliable measured and caleulated metal flow patterns, we cammot elaborate firther on

Figure 7. Average wear downstream and upstream mn cell D105,
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Figure §. Average wear downstream and upstream m cell D107,
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Table 2. Average wear for the four quadrants of the cathodes in the two cells.

Average Wear, Downstream (cm) | Average Wear, Upstream (cm})
T05, sucton end 118 102
D105, tap end 1374 1248
D107, suction end 1215 1282
D107, tap end -16.05 -14.10

Figure 9. Average wear for the four quadrants of the cathodes in the two cells.

Protruding ramming joimts

The anthracite based ramming paste in between the cathode blocks is less wom and protrude
by several centimetres. This is typical for graphitized cathodes and the phenomena can be
explained by different mechanical and electrical properties of the two materials. The
anthraciic ramming joints are harder than the graphitized blocks and more resistant fo
abrasion, and higher electrical resistance gives lower cument densities at the joints, which
gives lower electrochemical wear.

The current passing through each cathode block was measured after 2 years of operation.
Based on those measurements. we have mvestigated the relationship between maximum wear
and curment density on each cathode. The relationship 15 shown i Figure 10. The data show
that the downstream side of the cell draws somewhat more current. and there seems to be a
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weak comelation between the cunrent and the maximm wear. However, if the cathode blocks
with the lowest wear are skipped (blocks 1 and ), the relationship is less clear
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Figure 10. Maximum wear as a function of the cument through each cathode
block, downstream and upstream.

The cells contained five point feeders with locations as shown in Figure 11. As can be
observed, there is a tendency that there is less wear nearby the feeders. The reason might be
formation of a beap of sludge indemeath the feeders. which protects the cathode by slowing
down the dissolution of carbon [3].
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Figure 11. Location of point feeders, cell D107.
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Concluding remarks

As already mentioned. it 1s the authors® opimen that the laser scanming method may become a
valuable tool in denving the mechamism for cathode wear in alurminmm cells. However, the
full potential of the method can only be reached by combmnation of different sources of
mformation in a nmch more comprehensive way than hitherto. Besides the need for
measurements in different cell technologes inchiding different types of cathode carbon, the
wear data should be comrelated with all kinds of operational data. inclading the histery of the
cathodic current distribution. flow patterns in the metal and in the bath, and side- and bottom
ledge thickneszes. An interesting parameter that should be mapped, if pozsible, is the amount
and distnbution of sludge at the cathode bottom.
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Thermodynamic data

The Gibbs free energies of formation that are used for thermodynamic calculations in this
work are presented in Table B.1. Thermodynamic data for Al,C; from Barin [67] are listed
in Table B.2.

Table B.1: Gibbs free energies of formation at 1000°C.

Specie AGC [J/mol] Ref. Comment
Al,Cs -135419 Lihrmann et al. [78]

Al,0,C -1750961 Lihrmann et al. [78]

Al,O3 -1271041 Lihrmann et al. [78]

NaF -435411 Barin [67] Extrapolated
NasAlFg -2589883 Barin [67] Extrapolated
NaAlO, -842408 Barin [67] Extrapolated
AlF; -1179261 Barin [67] Extrapolated
NasAl;CFg -3487767 @degard [25] Extrapolated
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Typical EDS analysis results

Some examples of typical EDS results for different species found in cathode samples and

appurtenant micrographs are presented in the following.

Table C.1: Examples of typical EDS results for species found in the cathode samples. Micrographs
showing the analysed areas are shown in Figures C.1-C.5.

From EDS results [at%]

Compound fig.

C 0] F Na Al Si Ca Fe
Al,Cs c1 525 2.0 1.4 0.7 434
Al O3 C.2 1 64.6 34.4
NasAlFg C3 12.6 61.8 19.6 6
CaF, C4 12.0 57.0 12.4 18.6
Iron C.5 6.1 27.7 9.8 56.4
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o

10.0kV 11.1mm x300 BSECOMP 02-12-10

Figure C.1: (a) SEM and (b) optical micrograph of aluminium carbide layer. Red box marks the area
analysed by EDS.
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Typical EDS analysis results

Figure C.2: (a) SEM and (b) optical micrograph of aluminium oxide in a pore in a cathode sample.
Red box marks the area analysed by EDS.
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Figure C.3: (a) SEM and (b) optical micrograph of bath (cryolite) in a superficial pore in a cathode
sample. Red box marks the area analysed by EDS.
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Typical EDS analysis results

(b)

Figure C.4: (a) SEM and (b) optical micrograph of bath and calcium fluoride in a pore in a cathode
sample. Red box marks the area analysed by EDS.
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I 1 bO u'mI

Figure C.5: (a) SEM and (b) optical micrograph of iron rich metal droplets enclosed in aluminium
carbide in a pore in a cathode sample. Red box marks the area analysed by EDS.
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Additional micrographs

Some additional micrographs of samples from industrial cathodes are presented in the
following. Directions for interpretation of the micrographs are found in Section 5.3.

Figure D.1: Micrographs from low wear areas of a GZ cathode. (a and b) Surface without carbide
layer. (c and d) Pore with alumina and possibly aluminium oxycarbide.
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Figure D.2: Micrographs from low wear area of a GZ cathode. (a-d) Surface with carbide layer,
protected by a layer of bath with alumina particles and aluminium metal. (e and f) Carbon
microstructure within the sample.
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Additional micrographs

Figure D.3: Micrographs of cathode surface from high wear areas of a GZi cathode.
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Figure D.4: Micrographs of cathode surface from low wear areas of a GZi cathode.
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Additional micrographs

Figure D.5: Micrographs of cathode surface from high wear areas of a SGZi cathode.
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Figure D.6: Micrographs of cathode surface from low wear areas of a SGZi cathode.
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Additional micrographs

Figure D.7: Micrographs of cathode surface from high wear areas of a SGZv cathodes.
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Figure D.8: Micrographs from low wear areas of a SGZv cathode. (a—d) Cathode surface. (e-f) Pore
less than 0.5 cm from the surface.
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Additional micrographs

Figure D.9: Micrographs from high wear areas of a SGv cathode. (a—b and e—f) Cathode surface. (c—
d) Pore less than 0.5 cm from the surface.
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Thermal gradients in the lab. furnace
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Figure E.1: Temperature measurements in the furnace (a) with an empty crucible and (b) crucible
with bath.
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Ohmic resistance of a solution

The voltage drop, or IR drop, between two electrodes in a solution due to ohmic
resistance is dependent on the electrical conductivity of the solution and the geometry of
the cell. Consider a simple geometry, as illustrated in Figure F.1, with two identical parallel
plate electrodes with area A placed at a distance, L, away from each other. A uniform
solution with specific conductivity, k, occupies the volume between the electrodes. Except
for the electrode-solution interfaces, all borders are insulated, negating any edge effects.

i
W

Y

Y

|

xLO x=L

Figure F.1: Galvanic cell for calculating the ohmic resistance between two parallel plate
electrodes.

The current density, i, through the solution is proportional to the electric field [117]:

dE
P F.1
l—de (F.1)
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Integration between the plates gives:

L Ep
L'f dx = Kf dE (F.2)
0

Eo
where AE(, is the ohmic potential difference between the two electrodes.

iL IL
AE,=IR=—=— F.4
I == (F.4)

Thus, the ohmic resistance in the solution is given by
R=— (F.5)

L . .
where S can be considered as a geometrical cell factor, G.

G
R=— (F.6)
K
The geometry of an electrochemical cell is often more complicated than the one treated
above, and the geometrical factor is often found by empirical means, using a solution with
a known conductance.

In order to estimate the geometrical factor for the cell used in this work, some
simplifications were required. Consider a horizontal cross section of a crucible with inner
diameter 2b containing electrolyte and two vertically placed cylindrical electrodes with
diameter 2a, illustrated by Figure F.2. The electrodes are placed on a line of symmetry
with equal distance to the crucible wall, l..., and with an interpolar distance of I.
Calculating the geometry factor for such a cell is complicated. An approximation can be
obtained from the simplified geometry illustrated in Figure F.3.

In Figure F.3 the electrodes are treated as parallel plate electrodes, similar as in Figure F.1.
Imax is the longest path between the two electrodes. In Figure F.2 this corresponds to the
sum of the distance from the backside of the anode to the crucible wall (l...), one half of
the crucible circumference (rib), and the distance from the crucible wall to the backside of
the cathode (l...), i.e.

max = 2lec + TIb (F.7)
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qz

. le. ,2a I 2a lo-c

Figure F.2: Horizontal cross section of an electrochemical cell similar to that used in this work.

Figure F.3: Simplified geometry of cell in Figure F.2.

In the case of cylindrical electrodes, the interpolar distance is not the same at every point
on the electrode surface, as illustrated in Figure F.4. On the front side, i.e. for 0 < 6 < 1/2

Al(B) =a—a cosB (F.8)
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On the backside, i.e. form/2< 06 <mn

Al(B) = Al(nt/2) + a(0 —m/2) =a + a(6 —1/2) (F.9)

Ali(6)

Figure F.4: Cross section of cylindrical electrode illustrating the variation of the interpolar distance
as a function of the position on the electrode interface.

The marked area on the front side of the electrode in Figure F.4 depicts the integral of

Ali(8) for 8 values from zero to /2.
2 Ta?
A=a" ——— (F.lO)
4
Over a vertical distance a, this gives a mean difference in the interpolar distance for the
front side of the electrode

lifronc = @ =" (F.11)

The increase of the interpolar distance at the back side of the electrode is proportional to
0, and over a distance of ma/2 the mean difference in interpolar distance is equal to
Ali(31/4).
bk =3+ (F.12)

The mean difference in the interpolar distance for the planar electrode in Figure F.3 can
then be found from the following equation.

2a*Ali* =2a Ii_front +Tna Ii_back (F13)
where 2a* = 2a + ma. Equations (F.11)—(F.13) then yields:

s 7[2
A A (F.14)
2+m

Ali* =
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The interpolar distance, I;*, in Figure F.3 is thus

7[2
=14 281% =+ 2 g (F.15)
241

The simplified geometry factor of Figure F.3 can now readily be found by integration
according to Eq. (F.2), where the current density is a function of x.

li* Eli*
f i(x)dx = Kf dE = xAE, (F.16)
Lx Lix Lix
i 2 2 (2 I
f i(x)dx = 2[ i(x)dx = Zf —ldx (F.17)
0 0 0 2 (a* + %x)
1 l b 15
" | i* max 2
J. i(x)dx =— [ln at+——x ] (F.18)
0 L lmax li 0
fli*. 4 1 li* | (1 N lmax) (F.19)
i i(x)dx = L n = .

where L is the length, or the immersion depth of the cylindrical electrodes. It is assumed
that there is no solution under the electrodes and, thus, no edge effects.

This means the geometric cell factor in this case is:

li* lmax
= F.20
G L lLax In <1 * Za*) ( )

In some of the electrochemical experiments discussed in Chapter 6 the parameters were
as following: b= 14.5cm, a=0.4cm, L=4cm, |;=7.7 cm. This yields G =0.115 em™. It is
assumed that this value is a reasonable estimate, even though electrolyte was present
beneath the electrodes and there will have been edge effects.
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Activity of AlF; and NaF

For NaF—-AIF; melts saturated with alumina, Sterten et al. [98] expressed the activities of
NaF and AlF; as functions of the temperature and the molar ratio, 7 = nyqr /N4, -

Forrx<r <1.24

1 F[13611 B+IO3+09) o v—r) 427" (G.1)

=—1 9 * — . .
i = gr "B+ 003 +09r) reer EEET
For1l.24<r <15
1 —F[13611 GHD 1 403]+1 = 1.24 G2
Nagr, = RT n(0.3 +0.97) . naAlF3(r =1.24) (G.2)
and

F

Inay.r = T [3.63In7 + 0.4541In(3 + r) — 4.0841In(0.3 + 0.97) — 0.423] — 0.106 (G.3)

T * is the NaF/AIF; molar ratio of a melt saturated with both Al,O5; and AlF;. The numerical
value can be estimated from the following equation.

0.3
T(K) =3282In [ﬁ + 0.9] —271.2r » +801 (G.4)

For a melt with NaF/AIF; molar ratio of 2.2 at 1000°C, the above equations yield a,, =

1.855%10” and ay,r = 1.770x107. It is assumed that these values are a reasonable
approximation for the alumina saturated melt used in electrochemical experiments
described in Chapter 6, even though this melt also contain 5wt% CaF, and varying
amounts of Al,Cs.
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Addendum to the CV discussion

In Section 6.2.4.2 it was assumed that some of the peaks seen in the voltammograms
were a result of Si impurities. This addendum covers further elaboration on this matter.

Figure H.1 shows voltammograms of varying sweep rates recorded on graphite in alumina
saturated cryolitic melt without additions of Al;C;. The voltammograms have been

normalised, i.e. the current density (i) has been divided by the square root of the sweep

rate (vl/2

1/2

). In the case of a simple reversible reaction with soluble species, i is proportional
to v’%, and normalised voltammograms for varying sweep rates should thus overlap. Peak
B is obviously growing with increasing sweep rates, but is not proportional to v2, This
behaviour excludes the possibility of a reversible reaction or a totally irreversible reaction.
Furthermore, peak B is being shifted in anodic direction while peak C is shifted in cathodic
direction, closer to the aluminium deposition potential. This “stretching” of the
voltammogram may be an indication of uncorrected IR drop between the electrodes. It is
also one of the characteristics of a quasi-reversible system. Assuming the anodic and the
cathodic transfer coefficients are not equal, i.e. a4 # ., all the diagnostic tests for quasi-

reversible systems, according to Table 6.3, are fulfilled.

Peak D does not seem to be affected noticeably by the sweep rate, and is completely
engulfed by peak B at sweep rates higher than 200 mV/s.

In the voltammograms shown in Figure H.2, the starting potential was set more cathodic
than above. In this case peak C did not occur in the first sweep, nor did it appear in the
second sweep when the anodic vertex potential was lower than 0.6 V. Peak C was first
observed when the potential was reversed at 0.7 V or higher, as can be seen from Figure
H.2. A possible explanation to this behaviour is that the reaction related to peak C is the
formation of a thin carbide layer at the surface of the electrodes. Note that in this case the
carbide is the carbide of an impurity in the melt, e.g. SiC. The electrode was kept at the
starting potential, 0.3V, for a few seconds before each run. Assuming the carbide
formation proceeds to some extent at this potential, the electrode surface may have been
covered by a thin carbide layer at the start of the potential sweep. This layer would then
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have had to be oxidised and removed for further carbide formation to occur, which seems

to be related to the anodic current rise at 0.7-0.9 V.

1000
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=
IS
<
g S0or —— 0.05Vis
Q'_‘ — 0.1V/s
e —— 02Vis
= 1000 F — 0.5V/s
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-1500 — 10V/s
0.0 0.2 0.4 0.6 0.8 1.0

Potential vs. Al [V]

Figure H.1: Normalised cyclic voltammograms for graphite electrode (@ 1 mm) in Al,O; saturated
cryolite melt with 10 wt% excess AlF; and 5 wt% CaF, at 1000°C. Varying sweep rates, starting
potential = 0.5 V, cathodic sweep direction.
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Figure H.2: Cyclic voltammograms for graphite electrode (@ 1 mm) in Al,O; saturated cryolite melt

with 10 wt% excess AlF;, 5 wt% CaF,, and 0.2 wt% Al,C; at 1000°C. Two or more cycles were
recorded each run, with a starting potential of 0.3 V, a cathodic vertex potential of 0 V, a varying

anodic vertex, and at a sweep rate of 0.2 V/s.
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Addendum to the CV discussion

Normalised voltammograms of varying sweep rates recorded on tungsten, shown in Figure
H.3, display a fairly good overlap of peaks C and D, indicating that the system is close to
reversible. The overlap is not perfect, however, and there is a small shift of peak C in
cathodic direction for increasing sweep rates. In this, the system resembles a quasi-
reversible system.

1000
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.8 1.0

o

Figure H.3: Normalised cyclic voltammograms for tungsten electrode in Al,O; saturated cryolite
melt with 10 wt% excess AlF; and 5 wt% CaF, at 1000°C. Varying sweep rates, starting
potential = 0.5 V, cathodic sweep direction.

According to Table 6.1, the potential difference between the cathodic and the anodic peak
for a reversible system can be found by the following equation.

_ RTIn(10)

6.10
b nF (6.10)

For a quasi-reversible system, AE, is greater than that found from eq. (6.10), and

increases with increasing sweep rate.

It can be assumed that a quasi-reversible system will behave in a reversible manner as the
sweep rate approaches zero. AE;, was found to increase proportionally to the square root
of the sweep rate and could thus be extrapolated to v =0, shown in Figure H.4. Inserting
the extrapolated value, 129 mV, into equation (6.10) yields n = 2. This indicates that the
peak currents C and D are related to reduction and reoxidation of a divalent species.

241



Appendix H

0.25

0.20

AE, V]
o
o

0.05 L L L

12
v

Figure H.4: The peak gap between peak C and D for the voltammograms in Figure H.3 plotted
against the square root of the sweep rate. Linear extrapolation gives 129 mV atv = 0.

Considering a totally irreversible system, the cathodic peak potential, Ef,, varies with the
sweep rate according to:
RT In(10)
=K————log(v) (H.1)
2acn,F
where K is a system dependent constant, a. is the transfer coefficient for the cathodic

c
EZ’

process and n, is the number of electrons transferred up to, and including, the rate
determining step.

As the cathodic peak potential EZC, seems to be proportional to log(v), see Figure H.5, it
can be assumed that equation (H.1) gives a reasonable estimate for the peak potential in
this quasi-reversible system. The slope of the extrapolated line in Figure H.5 gives a
decrease of 35 mV per decade increase of the sweep rate. Based on eq. (H.1), this yields

acn, = 3.5, which means n, > 4.

Given that the above assumptions are reasonable, peak C can be ascribed to a two-step
reduction of a species of valence four or more, of which the rate determining step is a two
electron transfer reaction. And in that case, peaks C and D are probably not related to Al-
W alloy formation. It rather seems probable that the peaks are related to an impurity in
the melt. Si was the most abundant impurity, according to XRF analysis of bath samples
(Table 6.8), and is therefore the most likely element to be ascribed to the current peaks.
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Addendum to the CV discussion
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Figure H.5: The peak potential of peak C in the voltammograms in Figure H.3 plotted against the
logarithm of the sweep rate.

Devyatkin et al. [118] observed reduction and oxidation peaks related to Si anodic of
aluminium deposition on a platinum electrode, using cyclic voltammetry to study the
behaviour of titanium, silicon, and boron oxides in cryolite-alumina melts. A SiO,
concentration of 0.35 mmol/cm® was used in those experiments, which is approximately
equivalent to 1 wt% SiO, or 4700 ppm Si. In a cryolite — K-feldspar (NazAlFg — KAISi;Og)
system, Grjotheim et al. [119] identified two peaks related to Si reduction anodic of
aluminium deposition on a graphite electrode. They concluded that the reduction
mechanism for Si involved a two-step reduction of Si containing species:

Si(IV) + 2" - Si(Il) (H.2)
Si(11) + 2e > Si(0) (H.3)

This is in good agreement with the findings in this work.
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