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THE EFFECT OF LIQUID ALUMINIUM ON THE CORROSION OF CARBONACEOUS MATERIALS

WPLYW CIEKEEGO ALUMINIUM NA KOROZJE MATERIALOW WEGLOWYCH

During different aluminum smelting processes occur direct contact of liquid metal and carbon materials, which are the
main constituent for the lining of the cells, furnaces, crucibles and ladles, etc. As a result, processes of aluminium carbide
formation at the interfacial area and its subsequent dissolution occurs. Those are recognized as one of the most important
mechanisms causing surface wear and decrease lifetime of the equipment, especially in aluminium electrolysis. Present work is
aimed at deeper study of the initial steps of Al4C; formation at the aluminium/ carbon interface. Three types of carbonaceous
materials: amorphous, semigraphitic and graphitized, in the presence and absence of cryolite melts, were examined. As it is
very difficult to study layer of Al,C; in situ, two indirect experimental techniques were used to investigate aluminium carbide
formation: measurements of the potential and the electrical resistance. It was concluded that the process of early formation
of aluminium carbide depends on many processes associated with the presence of electrolyte (intercalation, penetration and
dissolution) as well as the structure of carbon materials — especially the presence of the disordered phase.
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Podczas wielu proceséw wytapiania aluminium wystepuja bezposrednie kontakty ciekfego metalu i materiatéw weglowych
stanowiacych wylozenia wanien, piecéw, tygli i kadzi itp. W rezultacie zachodza procesy tworzenia weglika glinu na powierzchni
miegdzyfazowej a nastgpnie jego roztwarzania, ktére sa uznawane jest za jeden z najwazniejszych mechanizméw powodujacych
zuzycie powierzchni i obnizenia zywotno$ci urzadzen, zwlaszcza w procesie elektrolizy aluminium. Niniejsza praca miata na
celu blizsze poznanie poczatkowych etapéw tworzenia Al,C; na powierzchni granicznej aluminium/wegiel. Zbadano trzy rodzaje
materialéw weglowych: amorficzne, semigrafitowe i grafitowe, w obecno$ci oraz przy braku stopionego kriolitu. Poniewaz jest
bardzo trudno zbada¢ warstwe Al4C; bezposrednio (in situ), zastosowano dwie posrednie techniki eksperymentalne: pomiar
potencjatu i rezystancji elektrycznej. Stwierdzono, iz proces powstawania weglika glinu bedzie zaleze¢ od wielu zjawisk
zwigzanych z obecnoscig elektrolitu (interkalacja, penetracja i rozpuszczanie), jak réwniez od struktury materialu weglowego
a zwlaszcza od obecnosci fazy nieuporzadkowane;j.

1. Introduction TABLE 1

Selective criteria for cathode base materials [1]

Life of an aluminium reduction cell should be as long Consideration Property Desired trends
as possible, as costs are related to relining and loss of metal Electrical Conductivity high
ducti All alumini It tinually trvine t Differential Expansivity low
production. All aluminium smelters are continually trying t0 | ppocieal properties | Tensile Strength high
increase their production either by increasing the amperage on Abrasive Resistance high
existing cell designs or designing high amperage cells. This Thermal conductivity low
usually means modifications of the materials used in the cell, Eeact@v@ty W@tﬁ g}’(ﬂgeN %OW
sk : : : o eactivity wit and Na ow
which in turn can 1pﬂuence the cell hlfe. Selective criteria for Corrosion Resistance | Solubility in Cryolite and Al low
cathode base materials are presented in Table 1. Impervious/ porosity low
Calcined anthracite has been the primary material used Wettability by bath or metal low
in hall cell linings for many decades. Currently, the advanced . Cost low
technologies, that are under development for high-capacity ~|Economic aspects | Fabrication case
Jointing ease

aluminium electrolysis cells, require the use of refractories
for bottom blocks high in carbon materials, pretreated at high
temperatures. Current trend is to operate cells with graphitic
and graphitized carbon cathode linings [1,2].

The five main categories of cathode blocks for aluminium
reduction cells are [1]:
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e GCA - gas or kiln calcined anthracite, with 30-50%
graphite filler, blocks baked to 1000-1200°C, porosity
16-19%,

e ECA - electrocalcined anthracite, partly graphitized, with
30% graphite filler, blocks baked to 1000-1200°C, poros-
ity 16-20%,

e SG - semigraphitic, all aggregates graphitized, baked to
1000-1200°C, porosity 19-23%,

e SGZ - semigraphitized, graphitizable filler, whole blocks
calcined above 2300°C. Porosity 23-26%,

e GZ - graphitized, baked at 2800°C,

and they are written in order of an increased graphite character.

Increased and uneven wear of the cathode blocks has ac-
companied with the increase in current that has taken place
in the past decades. Even for the most modern highly effi-
cient technologies, the change in economics of the industry
has been generally towards favoring increased productivity
at the expense of reduced cathode life. The highest erosion
area systematically occurred under anodes at the outer rim,
for side break as well as point feeding pots. This phenomenon
is called the “W ” or “WW” wear profile, and may be due to
the convection pattern set up by the movement of the metal
pad [3] (Fig. 1). There also seems to be a correlation between
the cathodic current density and the wear of the cathode car-
bon. Thus, during cell life, cathode thickness may be reduced
drastically.

The main reason for cell shut-down is cathode wear. The
cells are normally operated for about 5-6 years before they
are worn out. Considerable costs are connected to the chang-
ing of worn cells. These include the cost of disassembly and
environmentally sound treatment of spent pot lining, cost of
materials and construction of new pot lining as well as lost of
productivity.

Aluminium carbide formation and dissolution processes
in industrial cells are poorly understood, and several mecha-
nisms have been proposed [4-11]. Generally cathode wear is
considered to be a combination of chemical, electrochemical
and physical wear mechanisms, all working simultaneously in
the cell. It is assumed, that the formation and dissolution of
Al4C; are one of the crucial steps of the wear mechanism of
carbon cathode blocks in industrial electrolysis cells.

Fig. 1. Cathode autopsy: a) cathode before start-up, b) and c) spent
cathode with characteristic WW wear pattern; l-carbon cathode,
2-steel collector bar, 3- ramming paste, 4-side lining, 5- refractories
and insulation, 6- steel shell, 7-“Lens” (bath penetrates the carbon
and reacts with the refractories)

Although many laboratory attempts have been made to
obtain insight into the problem, the true wear mechanism is
still need to be prove. The propose of the present work is

to understand the wear mechanism and to try to develop a
realistic evaluation for the cathodic materials.

2. Experimental and results
2.1. Materials

Three sort of cathodic carbon materials: amorphous
(ECA), semigraphitic (SG) and graphitized (GZ) (Table 2)
were used for measurements. The cathode samples applied in
the cell, were machined directly from the commercial grade
of carbon blocks (Fig. 2).

TABLE 2
Properties of tested carbon materials (industrial production and
testing of properties)

Carbonaceous material

Property

ECA | SG | GZ
Density, g/cm® 1.97 | 216 | 221
Apparent density, g/cm? 1.61 | 1.65| 1.7
Open porosity, % 13 19 16
Compressive strength, MPa 32 26 35
Flexural strength, MPa 9 8 13
Specific electrical resistivity, Q- um 29 16 11
Coeflicient of thermal expansion, um/(K-m)| 2.5 2.4 4.2
Thermal conductivity at 30°C, W/(K-m) 15 43 125
Ash content, wt.% 3 0.7 0.3

2.2. Techniques

Because of study of aluminium carbide formation in situ
is very difficult, two indirect methods were used: measure-
ments of the potential and the electrical resistance. Two test
cells were designed. The experimental crucible was installed
in a gas-tight kanthal furnace purged with an argon flow.

0 1cm
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Fig. 2. Surface of the cathodic lining samples

2.3. Potential measurements

The first of the techniques is based on measuring the po-
tential difference (using Keithley 2700 Multimeter/Data Ac-
quisition) between a metallic probe immersed in the metal
phase and the carbon bottom of an aluminium electrolysis cell
(in the absence of current) [12]. The potential difference was
interpreted as the presence of layer of Al4C;, which covered
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the contact area between aluminium and carbon. The exper-
imental cell, which is shown in Fig. 3, was designed to see
if an “insulating” carbide layer could be formed between the
cathodic carbon and a tungsten (W) wire immersed into the
liquid metal. The wires were isolated from the bath by sintered
alumina tube. The composition of the electrolyte used in the
study was as follows: 10 wt. % AlF3(CR¥=2.26), 5 wt. %
CaF,, 8 wt. % Al,Os(sat) and 77 wt. % NazAlFg melted in
temperature 965°C (*)CR- cryolite ratio = moles of NaF/moles
of AlFs, in stoichiometric cryolite (Na3AlFg) CR=( 3 moles
of NaF/1 mole of AlF3) =3).

Fig. 3. Experimental cell: 1- W wire, 2- sintered alumina tubes,
3- electrolyte, 4- aluminium, 5- carbon crucible, 6- sample of carbon
lining, 7- appearance of the sample after test

After the stable potential difference (~120 mV) was
reached, pointed Mo wire was pressed against the bottom of
the crucible (Fig. 4 situation B). The potential difference then
showed a sudden drop of about 80 mV (in anodic direction).
It was interpreted as a result of penetration and partly “short
circuiting” of an “insulating” layer at the Al/Al4C; carbon
interface. When the pointed Mo wire was removed from the
surface of cathode lining (Fig. 4 situation A) a sudden change
of potential was observed (about 40 mV). The shift of the po-
tential back to its stable value suggests that the “self repairing”
process of Al4Cs layer was very slow.
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Fig. 4. Principles of experimental technique and example of results
of potential measurements (ECA sample)

2.4. Resistance measurements

The second technique involved measurements of the elec-
trical resistance changes (based on Ohm’s Law) between two
Mo probes using dc current provided by Sorensen DCS60-50E
power supply. The experimental cell, presented in Fig. 5 was
used to measure changes of resistance (Fig. 6 and 7) caused
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by the formation of Al4C; layer in four systems: a). car-
bon/Al/electrolyte; b). carbon/Al; c). carbon/electrolyte; and
d). “short circuit” of Mo electrode on cathodic carbon. All
systems were investigated at the same time, with the same
conditions.

5
/4

J

1
a b c d

Fig. 5. Details of experimental cell for resistance measurements:

1- carbon lining sample, 2-aluminium, 3- electrolyte, 4- sintered alu-
mina tube, 5- Mo wire, 6- graphite crucible, used in four systems:
a)- carbon/Al/electrolyte; b)- carbon/electrolyte; c)- carbon/Al; and
d)- “short circuit” of Mo electrode on cathodic carbon

Resistance, ohm
Resistance, ohm

Resistance, ohm
Resistance ohm

1.0 15 20 25 30 35 40 : 10 1'5 20 25 3:0 3:5 40
Time, h Time, h
o d)
Fig. 6. Changes of electric resistance for: a) ECA; b) SG; c) GZ
in four systems, and d) resistance comparison of tested samples in

system with aluminium and electrolyte

Resistance, Q

Fig. 7. Influence of the melt composition on the resistance changes
in C/Al/electrolyte system for: a) ECA, b) SG and c¢) GZ
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To determine the effect of electrolyte composition on the
formation of carbide layers, measurements were carried out in
the same measuring vessel as described previously (system a).
The melts had a CR =2.2; 3.0 and 4.0. Results are presented
in Fig. 7.

3. Discussion

Thermodynamics indicate that aluminium and carbon
should react to form aluminium carbide:

4Al(1) + 3C(s) = AI4C3(S) (1)

The standard Gibbs formation energy of Al4Cj is -138.76
kJ at 965°C (E° = -119.93 mV). The reaction is thermody-
namically favored at all temperatures of interest in aluminium
electrolytic production. However, in spite of this large negative
formation energy, aluminium and carbon appear to be mutually
“nonreactive” at normal electrolysis temperatures. In experi-
ments with liquid Al in contact with carbon the amount of car-
bide suggested by the thermodynamics was not readily found.
There was no potential drop observed between Mo electrodes
during pressing/ raising of Mo wire against/from the surface
of cathode lining (Fig. 4. situation a and b). The distinctive,
brightly yellow layer of Al4C; on surface of cathode samples
was not observed after experiment. The protective oxide layer
on the aluminium evidently prevents the metal from directly
contacting the carbon, thereby making the reaction dependent
on diffusion across a carbon/Al,O3/Al interface. On the other
hand, in the presence of molten cryolite, aluminium easily
reacts with carbon, forming Al;C; (measured potential values
were close to E for the equation (1)). Similar behavior, as
in the ECA sample presented in Fig. 4, were obtained for
other studied cathode materials. The catalytic role of cryolite
can be ascribed to a fluxing action, causing dissolution of
the protective aluminium oxide layer and allowing the metal
to “wet” the carbon. The measured resistance is the sum of
resistances in series: molten aluminium, the electrolyte layer
between the carbon and aluminium, layer of solid Al;C3; on
the surface of the carbon sample. The results show that the
resistance values do not change during the experiment in the
systems: with aluminium, with electrolyte and short-circuited
(system b, c and d). Resistance increase in system (a) is clearly
due to formation of the Al4C; layer only in the presence of
an electrolyte. The increase of resistance may be also due to
formation of Al4C; layer on the surface of carbon and its
dissolution into the electrolyte. Aluminium carbide will act as
a very thin, low conducting electric barrier at the interface,
thus enabling a potential drop across it.

Figure 8 shows a comparison of measured resistivity com-
ponents in the system (C / Al / bath).

As can be seen, the greatest impact on the resistance
should have Al;Cs created on the surface of carbon. The sec-
ond component, which may have an impact on the value of the
measured resistance, is the electrolyte. Figure 9 presents the
results of calculations on the percentage increase in resistance
(AR) of the electrolyte saturated with Al4C; in relation to the
bath without carbide (based on the known empirical equations
[14]) and increase of the resistance measured in the systems
(C/ Al/ electrolyte) for the tested samples.
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Fig. 8. Comparison of resistivity of the materials occurring in the
measurement systems (resistivity Al;C; from [13])
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Fig. 9. Impact of CR on the increase of the resistance (AR) of the
electrolyte saturated in Al4C; [14] and the resistance in the whole
system carbon / Al / bath

As can be seen from the results shown in the Fig. 9, the
composition of the electrolyte also has an impact on resistance
of the investigated system. The increase of CR causes an in-
crease in measured resistance for all tested carbon materials.
As shown in Fig. 9, bath saturated in Al4;C; can also cause
deterioration of the electrolyte conductivity and an increased
resistance of the bath layer, but its impact will be opposite to
the entire system (i.e. decrease of AR with increase of CR). It
is known that with increasing CR decreases the solubility of
AlsC3 in the electrolyte according to the reaction (2):

AlCs + 5A1F3(diss) + 9NaF(1) = 3Na3Al3CFg(diss) )

Solubility of Al4Cs at 965°C is 0.64 wt.%, 0.31 wt.%, and
0.13 wt. % for CR = 2.26; 3.0 and 4.0 respectively [14]. At
the same time in the system there are growth of the Al,C; layer
and its dissolution into the electrolyte. Both of these phenom-
ena affect the thickness of the carbide layer and its resistance,
as well as resistance of the electrolyte. Increased solubility of
carbide will cause the formation of thinner films and lower
resistance for current passing. The increase in thickness of
aluminium carbide layer during the experiment can take place
only if the saturation of aluminium carbide in electrolyte is
reached, or the rate of dissolution of Al4C; is lower than rate
of its formation.

If the formed aluminium carbide is transported away from
the cathode surface it allows new surfaces to react. This can
be done in three ways:



I. Dissolution of the film presented between the cathode and
the aluminium pool into the bath. Aluminium carbide has
significantly higher solubility in the bath (approximately
100 ppm at reduction cell temperature [15,16]) than in
metal, and hence the rate of carbide removal will be en-
hanced in region where the carbon surface is more likely
to be accessed by bath. Both industrial observations (the
cathode block is always fully penetrated with bath) and
laboratory observations indicate that such a bath film is
indeed present. The carbide saturated bath film will need
to be replaced with “fresh” electrolyte, which can dis-
solve more carbide. Marangoni flow is a phenomena that
explains exchange of electrolyte from bulk bath with a
thin film under the metal pad. The Marangoni effect (also
called the Gibbs-Marangoni effect) is the mass transfer
along the interface between two fluids due to surface ten-
sion gradient. Since a liquid Al with a high surface tension
(819 mN/m at 965° C [17]), pulls stronger on the sur-
rounding liquid bath than one with a low surface tension
(102 mN/m at 965°C [17]) the presence of a gradient
in surface tension will naturally cause the bath to flow
away from regions of low surface tension. This introduces
“fresh” bath, thus increasing the dissolution of the carbide
layer.

II. Dissolution into the metal. Measurements of the carbon
content in the metal in industrial cells have shown that
the metal is always far from saturation [15,16]. Due to the
presence of an electrolyte layer on the surface of carbon
the first process before carbide dissolution in the elec-
trolyte must be its transport to the surface of the alumini-
um. Hence the step, which determine the rate, must be
either dissolution of carbide in the layer of electrolyte or
dissolution of carbide in the metal.

III. Hypothetical process — spalling and buckling of carbide
layer. It was first proposed by Siew et al. [18], that the
carbide layer formed on the cathode is comparable to an
oxide layer formed on metal surface. Such phenomena can
be described by Pilling-Bedworth ratio (Rp_p), and can be
defined as the volume of carbide formed divided by the
volume of aluminium required to produce that volume of

carbide:
_ VCarb[de _ MCarbide . dcm
Rp_p = = A)
ch n- Mcm : dCarbide
where : M — the atomic or molecular mass, n — number of

atoms of metal per one molecule of the carbide, d — density,
V — the molar volume, cm — tested carbon materials.

The Pilling-Bedworth ratio for forming aluminium car-
bide on the carbon surface was calculated to be over 2, which
suggest that the formed carbide layer is a non protective layer.
It can be noted that based on different densities of studied
materials, Rp_p of carbide is slightly different (Rp_p = 2.48;
2.72 and 2.79 for ECA, SG and GZ, respectively). The com-
pressive stress in the carbide layer will force the carbide layer
to spall off if it is brittle or buckle off if is elastic (Fig. 10).

However, this hypothesis requires further experimental
studies to confirm the theoretical calculations. Measured re-
sistance decreases in sequence amorphous, semi-graphitic and
graphitized materials. Resistance of graphitized material (GZ)
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Fig. 10. Spalling carbide layer as a result of compression (Rp_5>2)

is the lowest. For CR = 2.26 and for GZ material occurs
the lowest increase in measured resistance. This may indi-
cate that the formed carbide layer is the thinnest. This may
be a result of two reasons. First, due to the fact that this
electrolyte (CR=2.26) has the largest Al;Cs solubility among
tested bath. The other reason, may result from the structure
of the carbon material, in this case — the contents of disor-
dered carbon phase. The second reason decides on the value
of the measured resistance and its growth. Previously it was
believed that carbide formation is independent of the cathode
carbon grade/type [7]. However, present laboratory work has
shown that the electrochemical formation of carbide layer is
more favoured for disordered carbons (i.e. antracitic versus
graphite). The same conclusions were formulated by Rafiei et
al. [19]. They concluded that electrochemical formation of alu-
minium carbide is thermodynamically more favoured for dis-
ordered carbons, which have a thermodynamic activity greater
than unity and, therefore reaction of that material would be
favoured over graphite, when both are present at given loca-
tion. According to Reny and Wilkening [20], more disordered
and less graphitic structures (e.q. calcined antracite) are more
resistant to electrochemical wear, as the adhesion of alumini-
um carbide may be stronger compared to more ordered struc-
tures. Changes of electrical resistivity of graphitized cathode
block during and after electrolysis was measured by Sato et al.
[21]. When the sample was applied as the cathode, the electri-
cal resistivity of the sample showed sudden decrease immedi-
ately after electrolysis started. Upon interruption of electroly-
sis, the resistivity showed sudden increase and was back to the
level before electrolysis. The authors explained such behavior
as follows: during electrolysis the intercalation of sodium into
cathode sample leads to decrease of electrical resistivity. After
the interruption of the electrolysis, decomposition of interca-
lated compounds occurred. However, those results are difficult
to compare with these presented in this work, which were ob-
tained under conditions of no current flow. To sum up it can be
concluded that the process of early formation of aluminium
carbide will depend on many processes associated with the
electrolyte (intercalation, penetration and dissolution) as well
as the structure of cathode lining and especially the presence
of the disordered phase. A deeper understanding of aluminium
carbide formation mechanism requires further studies.
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