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Abstract

Attempts of the electrochemical synthesis of titanium diboride (TiB2) coatings on a carbon
cathode in a cryolite melt and the subsequent study of the surface by electron microscopy made it
possible to establish the cause of the unsatisfactory quality of cathode precipitation and instability
of the electrolysis process. The cause is the chemical and physical inhomogeneity of the surface
of polycrystalline cathodes. Point depressions, closed and open porosity, microcracks, fractures
and surface folds initiate the phenomenon of “pseudo-wettability” by the mechanism of capillary
phenomena, for which the conditions of occurrence and features were investigated by numerical
methods. These surface defects initiate the current concentration at the micro defect sites and lead
to an increase in the rate of cathodic processes with the development of concentration polarization
and an increase in voltage to the decomposition potentials of cryolite, sodium fluoride and
aluminum. The consequences of these negative processes are the interaction of intrinsic and
impurity-aggressive elements with the surface material, the progressive development of physical
micro-defects and the passivation of the cathode with refractory sediments and electrolyte
components. To solve these problems, it was proposed to use the technology developed in the
laboratory for boronization of composite cathodes and low-temperature synthesis of titanium
diboride.

Keywords: solid electrode, chemical inhomogeneity, physical micro-defectiveness, limiting
diffusion current density, surface wettability, cathode passivation.

1. Introduction

The new generation cell technology with drained cathodes and vertical arrangement of electrodes
involves the use of large-sized pressed or cast electrode products made of materials that are inert
or less consumed in an aggressive environment. Since Belyaev and Studentsov in the 1930s [1-3]
and Ransley in the 1950s [4, 5] published their reports and patents about the advantages of using
oxides, carbides and borides of refractory metals for electrodes of aluminum cells, two
"aluminum revolutions" were announced. The first of these that began in 2000s from Credit
Suisse First Boston Corporation [6] did not occur, but in the continuation received the appearance
of a new innovative company. In May 2018, the aluminum giants Alcoa Corporation and Rio
Tinto Aluminum announced the creation of the Elysis joint venture in Montreal
(https://elysis.com), which plans to introduce a revolutionary electrolysis technology using inert
electrodes in Canada in 2024, calling it “low carbon” [7].

Taking into account the next “aluminum revolution”, which Alcoa has been developing for about
35 years and UC Rusal has been at the threshold of introducing inert anodes for about 15 years
[8], reducing its implementation time and overcoming existing problems require the support of
scientific and practical potential from academic institutions. Apparently, the challenge is not only
in the high cost of products from titanium diboride, but also in the features of the cathode
processes on solid polycrystalline cathodes for the electrolysis of cryolite-alumina melts.
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2. Electrochemical Deposition on the Cathode of Boron, Titanium and Aluminum

Theoretically, there are no formal restrictions on the reduction of titanium and boron on an inert
or reactive cathode:

B;O; + 3/2C = 2B + 3/2 CO; E'ps1/5=-0.626V (1)
TiO, + C = Ti + CO; E’ figss1i = -0.807 V )

The sequential reduction of titanium and boron suggests their subsequent interaction with the
formation of an aluminum-wettable layer of titanium diboride:

Ti+2B = TiB> AG01300 = -320 kJ/mol (3)

After the formation of a 7iB; layer on the carbon surface, one can proceed to the electrolysis of
cryolite-alumina melts according to standard technology, with a drained cathode or vertical
electrodes. Attempts to implement this technology [8] in the laboratory ended with visual wetting
of the carbon cathode by a layer of electrolytically deposited aluminum. However, upon a closer
examination (X-ray and SEM-EDS analyses), the observed wettability is qualified as
“pseudo-wettability” since the contact of aluminum with the cathode surface was occurred
through an electrolyte layer of discrete thickness. It was suggested that the cause of the effect of
"pseudo-wetting" is the heterogeneous surface of polycrystalline materials with numerous micro
and macro irregularities, cracks and pores. For a better understanding and the solution of the
problem, an investigation based on experimental work and numerical methods was carried out,
and the following was determined:

e Features of electrochemical deposition and synthesis of wettable coatings and aluminum on
the carbon cathode;
e Numerical study of wetting conditions for polycrystalline cathode products;
Restrictions on the use of solid cathodes for electrolytic aluminum production;
o Perspective directions for creating aluminum-wettable coatings for the cathode design of cells.

3. Experimental Work and Discussion of Results

Electrochemical deposition of titanium, boron and aluminum was carried out for 24 hours at a
calculated geometric current density of 0.82 A/cm? and a temperature of ~ 970 °C. A graphite
crucible was used as an anode; and carbon cathodes that were milled to a diameter of 30 mm and
a height of 50 mm were divided into two groups:

e  Samples after milling with visually observed surface microdefects from the tool in the form
of furrows, open porosity, scoring, and surges, and

e  Samples with a visually smooth surface which is further carefully polished and washed in
distilled water.

In the melt, on the basis of technical cryolite, borax, titanium oxide and in the final stage for 2
hours — aluminum oxide, were added. Under galvanostatic conditions, the voltage dynamics
during the experiment was recorded continuously. The presence or absence of aluminum on the
cathode at the end of the experiment was a visual indicator of the degree of wettability of the
surface

Figure 1 shows the voltage dynamics of two of the numerous attempts to synthesize titanium
diboride at the carbon cathode, followed by electrolysis of cryolite — alumina melts. In both cases,
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with a rough milled and polished cathode surface, the electrolysis processes are unstable with a
significant voltage fluctuation.
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Figure 21. Dynamics of experimental voltage. Top: Cathode milled without polishing,
Bottom: Cathode with a polished surface. Note that decimal comma is used on
vertical axis instead of decimal point.

A sharp and regular increase in voltage to 3.5 — 5 volts indicates a shift in the cathode potential to

the values of the decomposition potentials of the most electronegative impurity components, such
as calcium, and electrolyte components.

This spontaneous voltage increase to the discharge of the most electronegative components is
usually explained by the concentration polarization of the cathode; although, in this case, the
content of constituents of electroactive components in the electrolyte volume did not significantly
change during the whole experiment (XRD of electrolyte samples).

However, there is another mechanism for the occurrence of cathodic concentration polarization
associated with the quality of the electrode surface. In the examination of carbon cathodes after
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experiments using electron microscopy, a high surface microdefect occurrence was detected in all
cases (Figure ).
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Figure 2. EDS-mapping of the cathode carbon surface after electrolysis (X55 enlargement).

The developing initial physical inhomogeneity of the surface generates a high fluctuating current
density on micro-sites of micro-defects. With the development of the process, this is transformed
into a real cathode current density, sharply increasing the speed of the target processes at the
cathode (1), (2) and the reduction of aluminum. This, in turn, creates an inevitable deficit of
electroactive ions in the cathode diffusion layer with the subsequent development of the discharge
processes of the most electronegative components of the melt, and in the limiting case, the
decomposition of cryolite, sodium fluoride and aluminum.

Electrolyte 1 _' e i
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Al Al

Carbon cathode

Figure 3. SEM cathode sections after experiments (x 55 enlargement).

After removing the sample from the cell, a layer of aluminum with satisfactory adhesion to carbon
was detected on the submerged part of the cathode. This result could be considered successful and
acceptable for the implementation of technology on an industrial scale. However, on closer
examination (SEM-EDS analysis), the observed wettability

can be qualified as “pseudo-wettability” since the contact of aluminum with the surface is
realized through an electrolyte layer of discrete thickness of 50 — 500 um (Figure 3).

3.1. Wettability, Pseudo-Wettability and Cathode Passivation

The dynamics of cell voltage and the results of electron microscopy studies of the surface of
carbon cathodes reveal the relationship between the unstable mode of electrolysis processes using
solid cathodes, the state of their surface, and the aluminum — cathode interface (Figures 1 - 3).
Obviously, the main reason for the inconclusive results of many years of research by various
authors [10 - 13] as well as those of our attempt to create aluminum-wettable coatings by
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electroplating is the extremely non-uniform surface of carbon materials with numerous micro and
macro irregularities, cracks and pores (Figure ).

This surface is covered with large-size extruded or cast cathode products made from
aluminum-wettable materials that have been tested for a long time and are intended to be used in a
new generation of cells with drained cathodes and with vertical arrangement of electrodes. Also,
this circumstance requires a detailed consideration of the probable mechanisms for the formation
of the interfacial electrolyte layer ("pseudo-wettability") by two separately or jointly operating
mechanisms - capillary and electrochemical.

3.2.  Capillary Mechanism of '""Pseudo-wettability" Formation

In an aluminum cell, the so-called immersion wetting of the electrode surface with electrolyte and
aluminum melts takes place. Here, two phases are involved: a liquid and a solid. Wettability
manifests itself by partial or complete spreading of aluminum and electrolyte over the cathode
solid surfaces and by impregnation into their porous structure; and it is characterized by a wetting
angle between melts and cathodes (G4i.ca, Opam-car), @ surface tension of aluminum (.4, N/m) or
electrolyte (gsam, N/m) and the adhesion of melts to the solid surface of the electrodes.

The specific work of adhesion (W.4, N/m) is defined as the energy required to separate solid and
liquid surfaces, i.e., a measure of the adhesion strength of a solid and a liquid body. All these
parameters are related by the Equation (4):

Waa = 0+ (1 + cos Oxypathy-cat) [N/m] 4)

As a result of the adhesive interaction, the system becomes two-phase, and the initial Gibbs
energy decreases by an amount equal to the molar work of adhesion:

AG + Waa(mol) = 0 AG = — Waa(mol), [J/mol] (5)

To a large extent, the results of wetting depend on the ratio of the adhesion work to the opposite
work of cohesion (Wion, N/m), performed by the forces of mutual linkage of the molecules of the
liquid. To overcome them, it is necessary to expend twice the energy of the surface tension of
aluminum or electrolyte:

Wion = 2 * Oaipary [N/m] (6)
The difference between the work of adhesion and cohesion is called the work of spreading:

Wspr = Waa — Wion [N/m] (7)
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The interaction of porous polycrystalline products with molten salts is accompanied by the
impregnation of the porous structure. This process is determined by the capillary pressure P. of
electrolytes [14]:

2 0Opqtp " €OS Oparn

P. [Pa] )

r

where r is the capillary radius (pores), m.

Thus, the existing theory for the interaction of liquid phase with the solid surface and the known
values of the surface tension of the melts help estimate in some systems the wetting angles 6 and
represent the behavior of the system at the interface. However, in most cases, in the absence of
chemical interaction, the wetting angles are determined by experimental methods. Then, in the
reverse order, for the known 6 and o, the adhesion and cohesion works are calculated.

Table 1. Wetting characteristics of solid surfaces with aluminum and cryolite.

System Temperature, °C Environment | O, degree | Reference
900 - 1000 Ar, vacuum > 90
Al-C 1200 Ar, vacuum 38 [15]
. 900 - 1000 60 - 100
Al — TiC (dense) > 1000 Vacuum =0 [16, 17]
Al — TiB; (dense) 940 - 1000 Vacuum 20 - 37 [18, 19]
Al — (60TiB,+40C) 1000 Electrolyte 53 [20]
Cryolite — TiB> 1050 Ar 39 21]
Cryolite — TiC 1050 Vacuum 19

Literature data on the surface tension of aluminum also show a significant spread in the range of
850 - 1100 mN/m [22]. The temperature dependence of surface tension presented in [23-25] was
used in the calculations of adhesion and cohesion characteristics of aluminum and electrolyte.

After a short start-up and initial period of operation of the electrolysis cell, the heat balance is
established, the rate of impregnation and saturation of the cathode with electrolyte components
stabilizes, and a layer of aluminum of various thicknesses is formed on the cathode surface:

e From 10 to 40 cm with a horizontal arrangement of electrodes (aluminum “pad”);
e Upto 1 cm on the sloped surface of the drained cathode structure; and
e A thin layer of 1-4 mm on the vertical cathodes.

The aluminum layer blocks free access of the cryolite — alumina melt to the electrode surface. A
new dynamic equilibrium of transfer for the main components of the melt (Na, NazAlFs, NaF,
AlF3) and dissolved impurities is established in the polycrystalline structure of the material, at
which the filtration rate and the melt movement in the cathode body slow down and then stabilize.
It is the redistribution of the filtrate that causes reactive forces in the surface layers of the cathode
in the closed pore and in the defective structure of the mono-layer material or composite. These
forces are equal to the capillary pressure and directed towards the aluminum layer on the
horizontal or vertical surface. In the same direction, cohesion forces work on the interfacial
surface of aluminum. Under these conditions, part of this filtrate can be extruded onto the
interfacial surface of the aluminum-cathode into a thin and evenly or discretely-distributed
electrolyte layer. In the opposite direction, the adhesion force and the hydrostatic pressure of the
molten aluminum and electrolyte occur in the conventional design of the electrolysis cell, or those
of the electrolyte in the vertical arrangement of the electrodes.
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Thus, in the cell at the interface of the liquid aluminum — cathode, opposite pairs of forces act:

e Adhesive and cohesive forces;
e  Capillary and hydrostatic pressure.

Under the condition of dynamic equilibrium of acting forces on an area equal to the average area
of one pore S0, the following equation can be written:

(PC 7Phydr) X Spor = (Wadf Wkoh) X hO [N] (9)

where Pja- = pgH: total hydrostatic pressure, Pa; H = hpan + har + ho: hpan and hy , height of
electrolyte and aluminum layers, respectively, m; fg: height (thickness) of the electrolyte layer at
the aluminum-cathode interface, m; p: density of Al and electrolyte melts, kg/m?; g = 9.8 m/s’:
gravitational acceleration; S, = 77°: average dead-end pore area, m>.

The left part of Equation (9) represents the force acting on the limited surface of the aluminum or
the cathode, equal to S,.-. The direction of the vector of this force, in the direction of aluminum or
cathode, depends on the ratio of capillary and hydrostatic pressures, that is, the characteristics of
the wetting of the surface of the cathode electrolyte and the heights of the aluminum melt layer
and the electrolyte.

The right side of Equation (9) is the force that moves the aluminum surface over a distance of /.
The direction of this force depends on the ratio of the adhesion and the cohesion forces of the
aluminum surface adjacent to the cathode surface. Substituting Equation (7) and Ppyq- into
Equation (9), a formula for calculating the thickness of the electrolyte layer at the
aluminum-cathode interface is obtained:

Al-bath
_ Spor X (Pc - Phydr

hoe =
0 Vl/spr-l'p'g'spor

-107° [um] (10)

where Pﬁjl,;llr’ath = pg(hsan + hay): hydrostatic pressure of the electrolyte and aluminum melt

layer.

In Equation (10), the term in the numerator pgS,,- has values in the order of ~ 10 and practically
does not affect the final results (in 3rd or 4th decimal places). Therefore, the final equation for
calculating the thickness of the electrolyte layer can be taken as:

Al-bath
_ Spor X (Pc - Phydr

h
° Wepr

-107° [1m] (1)

Calculation of /&y was performed for carbon graphite cathodes and cathodes of titanium carbide
TiC and diboride TiB,with horizontal and vertical electrodes. It was assumed that the following
reactions occur at the interface between aluminum and cathodes:

441 + 3C = AL,Cs AG 1200 = -140 kJ/mol (12)
13/341 + TiC —Al;Ti + 1/341,Cs AG’ 1200 = +3 kJ/mol (13)
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441 + TiB; —AlTi + AIB; AG’ 1200 = +143 kJ/mol (14)
Thermodynamic conditions for the interaction of aluminum with a carbon cathode (AG’ < 0)
allow them to be used as initial data for calculating the wetting characteristics and the parameter
ho depending on temperature, levels of aluminum and electrolyte melts, and pore sizes of
polycrystalline cathodes. For the calculation of the probable formation of hy during the interaction
of aluminum with the 7iC and TiB. cathode, the starting point was the literature data on the

wetting of titanium carbide-diboride with aluminum (Table ).

According to the results of the calculation, the dynamics of the electrolyte layer formation at the
aluminum — cathode (4/-C) interface is directly proportional to the local temperature (Figure ).
Moreover, the space between A/ — C decreases with a decrease in temperature, which is explained
by the increasing adhesion of aluminum to carbon due to the development of interaction (reaction
given by Equation (/2) with a decrease in temperature within the working range.
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Figure 4. Changing ho between the Al and the cathode.

Contrarily, the weak thermodynamic probability of the aluminum interaction with carbide and
titanium diboride (reactions given by Equations (13) and (14)) causes the growth of an electrolyte
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layer between the aluminum layer and the cathode with a decrease in temperature, which is
associated with an increase in the surface tension of aluminum as well as in cohesive forces.

At the same time, at the electrolysis process temperature of 960 — 970 °C, the thickness of the
interlayer /o decreases in the order C — 7iC — TiB:. It should be also noted that, with an increase
in the aluminum level at the bottom and an increase in the hydrostatic pressure, the electrolyte
layer decreases and does not form when the metal layer is greater than 30 cm. This dependence
explains, for example, the more stable operation of Soderberg cells at high aluminum levels of
3045 cm.

A remarkable relationship is observed between the thickness of the interfacial layer and the pore
size. Commonly for composite materials, within the size range of dead-end pores of 40—120 pm,
there is a critical diameter at which the interlayer thickness is maximum for each of the aluminum
levels at the cathode. It is logical that this maximum decreases with increasing hydrostatic
pressure (aluminum level) and with the transition from the carbon cathode to 7iC and 7iB,. At
large and small capillary diameters, /o tends to zero as the pore size increases and the capillary
pressure decreases; as the pore sizes or defects approach from 40 to 2 pum, the thickness of the
interlayer decreases due to the physical resistance of the liquid phase transfer.

A similar effect of temperature, size of the pore structure and height of the electrolyte melt on the
thickness of the layer is also observed for vertical electrodes since the location of the
impregnation of the electrodes, the characteristics of materials, electrolyte and aluminum do not
change due to the location of the cathodes. The difference lies in the thickness of the aluminum
layer on the cathode surface. For a vertical electrode, it was assumed that the wetting of the
surface at varying degrees provides a thickness for the flowing aluminum layer ranging in height
from 1 to 4 mm. Capillary pressure, more precisely its reverse reaction, is counteracted by
aluminum adhesion and hydrostatic electrolyte pressure of various heights.
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Figure 5. Comparative hy dynamics on horizontal and vertical cathodes.

Therefore, the absolute values of 4, for vertical cathodes in all cases are slightly higher than those
with the combined formation of Pje due to aluminum and electrolyte layers. And this can be
clearly seen in the graphs (Figure ). In addition, the thickness of the interfacial layer will vary
along the height of the cathode from the maximum values near the electrolyte surface to the
minimum and total absence in the lower part of the cathode, for the case here, after 35 cm of
immersion depth.

Thus, on polycrystalline cathodes with the existing structure of dead-end pores and intergranular
defects, an electrolyte layer is formed on the aluminum-cathode interface between 20 and 500 um
thick, regardless of the material. As a result, the observed effect of "pseudo-wetting" and the
passivation of the cathode surface take place.

. T

\ Filtrate transport along
grain boundaries

B
Closed pore
Open pore

Figure 22. The microstructure of the carbon cathode after the experiment, (x 55 magnified).

On carbon cathodes, one can clearly observe the electrolyte layer between aluminum and the
cathode surface, which is fed by the melt filtrate from the surface of the dead-end pores and the
sample volume along the grain boundaries (Figure 22). The products of the interaction of
aluminum with its surface dissolve in this layer, which, during prolonged operation, can cause the
cathode to be passivated and disrupt the normal electrolysis process.

Considering that, for cathodes of 7iC and 100 % TiB,, wetting characteristics for dense
hot-pressed products were used in the calculations (Table ), the problem of “pseudo-wetting” also
exists for less porous polycrystalline cathodes. The formation of an electrolyte layer cannot be
ruled out on a non-porous, for example, cast surface of a cathode by an electrochemical
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mechanism. This mechanism is implemented on a chemically inhomogeneous surface, which in
an aggressive environment over time is transformed into a physical microdefect.

3.3.  Electrochemical Mechanism of the '"Pseudo-wettability" Formation

Chemical macro and microdefect products are formed in the presence of the filler, oxide films and
inclusions of varying intensity on the surface and at the grain boundaries. The main operational
problem for the development of technology of cells with vertical electrodes is not an inert anode,
but a hot-pressed TiB, cathode [26]. The essence of the problem is not revealed, but the presence
of oxides in dense cathode products that appear during their manufacture as well as during the
firing and start-up of the cell is indicated and investigated.

In [27, 28], the authors recorded large differences in the resistance of 7iB. ceramics to the
corrosive effects of aluminum, depending on the secondary phases present in the structure. At
1000 °C, they observed the penetration of aluminum into compact 7iB; containing the secondary
phase of the oxycarbide 7iC;-Ox and titanium carbonitride 7iCN along the grain boundaries.
When this happens, the degradation of all the initial properties of dense titanium diboride occurs.
In this context, it should be noted that aluminum reduction processes on indifferent solid cathodes
(for example, tungsten or titanium diboride) occur in two stages [25]:

Stage 1 AP+ 2e — Al" (15)
Stage 2 Al" + le — Al (16)

The presence within the cathode space of extremely aggressive aluminum ions A/" repeatedly
increases the destructive effect of aluminum according to the mechanisms investigated by the
authors [27, 28]. In addition, in this case, not only the cathodes will be exposed to the corrosive
effect, but also the anodes as well located at a minimum distance.

In the presence of physical microdefects, the direct current is concentrated on narrow faces,
edges, microcracks, pores or point areas of protruding micro-inhomogeneities. Over the entire
surface, a high fluctuating current density arises; and with the possibility of development of
physical micro-defects, this is transformed into a reality, even exceeding not only the
geometrically calculated value, but also that for the maximum diffusion for the discharge of
aluminum. These processes were repeatedly observed when the results of experiments were
analyzed.

Visually, on the graphs of continuous voltage fixation in the system, they are expressed by
gradual or abrupt voltage increases of up to 4 - 5 volts, simultaneously or continuously for 30 —
120 minutes (Figure 1). At such high real current densities, under conditions of concentration
polarization, powder precipitates of titanium diboride or the most electronegative impurity
electroactive components will form on the cathode, for example:

CaO + C = Ca + %CO; E 200 =-1.657V (17)
CaO = Ca + %0, El1200=-2.639V (18)

In turn, these elements with high probability can interact with the cathode material or its
components:

Ca +2C = CaC; AG’ 1300 =-6.25 kJ/mol (19)
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Ca + 6B = CaBs AG’ 1300 = -533.81 kJ/mol, (20)

forming an insulating layer.

In addition, under conditions of concentration polarization and enrichment of the cathode
electrolyte volume with sodium ions, they are discharged on an inert cathode with subsequent
interaction with the surface material:

TiBO; + Na = NaBO; + TiO AG’ 1300 = -33.50 kJ/mol (21)
3TiB; + Na = NaBs + 3Ti (22)

These probable processes also change the composition of the cathode surface, passivating it with
sodium metaborate NaBO; (Tme. = 966 °C) and/or sodium hexaborate NaBs, which is an insulator
with a specific electrical resistance of about 4x10* Qm [29]. A partial or complete dissolution of
sodium borate NaBO:; in the electrolyte will increase the microdefect of the cathode. This process
was confirmed by the results of special studies of the authors [30].

Summarizing, the macro- and micro-sites of the cathode surface of mono-materials or composites
have an initial physical microdefect as well as greater or less reactive activity with respect to the
aggressive components of the working environment. During long-term operation in an aggressive
environment, that is, with the development of chemical microdefects and progressive surface and
volume heterogeneity, decomposition of electrolyte components on reactive cathodes is possible
at the cathode:

AZF3+%C:AZ+%CF4 E01z()() = —2193 |4 (23)
Nas;AIFs+%C=Al+3NaF+%CF E'pppp=-2.564V (24)
NaF + 1/4C = Na +1/4CF, E'12oo=-2.754V (25)

or on inert cathodes :

AlF; =AI+%F; Eliogg=-4.112V (26)
Nas;AIFs =Al+3NaF+%F, E’1200=-4.510V 27)
NaF = Na +1/2F; E’1200 = -4.673 V (28)

with corresponding negative consequences for cathodic processes and the state of the electrodes.
These effects, under conditions of passivation of the electrode with impurity deposits and
enrichment of the volume of the melt and in the near-electrode region with sodium fluoride, will
be expressed in terms of the interaction of the impurity elements with the cathode material and as
a local increase in the melting point of the melt in the cathode space. As a result, the surface will
not only change its composition and physical state, but will also be passivated by electrolyte
freezing on the electrode and refractory impurity compounds. These phenomena were observed in
our experiments and were recorded by the authors [31] in an experimental simulation of
electrolysis in a cell with vertical electrodes of titanium diboride. Ultimately, the normal
electrolysis process is disturbed, followed by a need to stop.

Thus, solid polycrystalline cathodes from individual compounds or their compositions cannot be
unconditionally used for the electrolysis of cryolite-alumina melts in any design, whether
horizontal or vertical.
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The logical condition for their use is the organization of the processes of continuous restoration of
the cathode surface, mitigation of its chemical heterogeneity and micro-defects during the entire
period of electrolysis. For example, for cathodes based on titanium diboride, the electrolysis
technology of cryolite-alumina melts should be accompanied by micro-dosing of boron into the
electrolyte, its restoration at the cathode with subsequent interaction on the surface and in the
volume of the electrode with impurity components:

2B+ Ti=TiB; AG’ 1300 = -320 kJ/mol (29)
3B + TiBO; = TiB> + B20; AG’1300 = -228 kJ/mol (30)
4B + TiO; = TiB; + B,0:1 AG’ 1300 = -119 kJ/mol (31
2B + TiCy 5005 — TiB> + 1/2CO AG’ 1300 = -81 kJ/mol (32)

These processes will not only restore the original composition of the cathode, but also eliminate
the microdefects of its surface.

Under laboratory conditions, this technology was successfully implemented in the method of
continuous boronization of carbon titanium-containing cathodes [32, 33]. The mechanism of
formation of the cathode layer wetted by aluminum 77 — B — C and its continuous restoration is
realized through the series-parallel stages of the opposing solid-liquid and liquid-phase flows of
boron and titanium (in elementary form and as compounds), followed by the interaction between
them (given by Equations (29) — (32)) and with a composite base:

2B + TiO; + 2C —TiB, + 2CO AG 300k = -67.0 kJ/mol (33)
BO;+ Ti + 3C — TiB, + 3CO AGi300x = -41.0 kJ/mol (34)

In the near-surface volume of the carbon cathode, it is intended to create a continuous, durable,
constantly reproducible titanium diboride layer. The generation of a wettable layer does not
depend on the quality of the surface on which it is created. Microboring of the cathode and
organization of electrochemical reactions on the surface restore its quality, reducing its chemical
heterogeneity and micro-defectiveness during the entire period of electrolysis. Therefore, the
technology of boring titanium-containing cathodes eliminates the appearance of the effect of
"pseudo-wetting", that is, the formation of liquid aluminum—solid cathode of the electrolyte layer
at the interface.

TiB;-layer The filtrate in the carbon cathode

* Aluminium

NaKa1_2 FKal_2

N
Filtrate |ayer Filtrate layer

Figure 7. Aluminum wetted TiB:-layer and distribution of filtrate in the cathode body.

The redistribution of the filtrate occurs in the cathode volume. A dense TiB; layer with pores of
2-um diameter, as stated in [32, 33], does not allow the electrolyte filtrate to penetrate into the Al
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— C interface. This process is fixed on the photo of the microstructure and EDS-maps of sodium
and fluorine (Figure). The filtrate is distributed along the grain boundaries of the filler and a layer
of about 50 microns is concentrated under the TiB; layer.

Carbon-titanium and boron-containing cathodes and anodes can be manufactured at the electrode
and the anode plants with a dosage in the composition of titanium and boron-containing
compounds. Both titanium diboride and composite compositions 7iB; - CG (Titanium Diboride—
Carbon Graphite) obtained using low-temperature synthesis of titanium diboride can be used as
cathodes [34, 35].

4. Conclusions

1. The technology of electrochemical deposition of boron, titanium and aluminum on a
carbon cathode from cryolite-alumina melts at ~970°C and a current density of 0.82 A/cm?
provides a visual effect that resembles wetting of the electrode with aluminum. The results
of the process are directly dependent on the surface quality of the polycrystalline cathode.

2. The long-term lack of progress in the commercial development of the technology for the
electrolysis of cryolite-alumina melts using inert electrodes has been explained by specific
electrochemical processes on the cathode surface.

3. Chemical and physical inhomogeneity of the cathode surface is the cause of the periodic
occurrence of concentration polarization and the instability of electrochemical processes,
the consequences of which are closely linked to the interaction of impurity elements with
the cathode material and the decomposition of electrolyte components. As a result, the
cathode surface not only changes its composition and physical state, but is also passivated
by refractory impurity compounds and electrolyte freezing on the electrode.

4. The established causal relationship between the heterogeneity of the electrode surface and
the instability of the cathode process gives grounds to state:

e Solid polycrystalline cathodes from individual compounds or their compositions
cannot be unconditionally used for the electrolysis of cryolite-alumina melts in any
design, whether horizontal or vertical.

e The logical condition for the use of solid cathodes is the organization of electrolysis
processes with continuous surface restoration, which reduces its chemical
heterogeneity and micro-imperfection during the entire operational period.

5. For technological and constructive development of new generation cells, it is proposed to
use the technology of continuous micro-boronization of the surface of individual 7iB; or
composite TiB, — CG cathodes manufactured using the technology of low-temperature
synthesis of titanium diboride.
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