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Abstract—Both the direct evidence from cine pictures and the analysis of systematic electrochemical
investigations support a general explanation of the anode (or cathode) effect, which is based on the
conditions of hydrodynamic instability described by Helmholtz and Taylor. Further confirmation of
this hydrodynamic interpretation is provided by recent critical current density studies carried out
to ultimately establish a method for in sifu determination of the alumina content in cryolite-alumina

melts.
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INTRODUCTION

Research into non-consumable anodes to replace the
carbon anodes in industrial aluminium electrolysis is
progressing[ 1-8]. Innovations in the anode and cell
design and in the operating conditions can therefore
be expected. This, in particular the different nature
of the anode process (evolution of oxygen instead of
carbon dioxide) and the different interactions between
fluorine and anode material, will influence the
conditions for the onset of the anode effect. In
addition, the explanation of this anomalous effect is
still one of the most controversial topics in
electrochemistry (the main theories are reviewed
below).

* Presented at the 27th Meeting of ISE, Zurich, Sep-
tember, 1976.

t For example, mechanical breaking up of the anode
caused by the release of fluorine; reaction between the
gaseous eltectrolysis products, eg CF,, COF; etc, and the
carbon of the anode; anodic discharge of ions resulting
from the cryolite dissociation; separation of bath com-
ponents, etc.

The authors of this paper consider it worth while
to present an abridged discussion of their results
concerning the electrochemical and morphological
aspects of clectrolytic gas evolution and associated
anomalous effects, in both molten salts and aqueous
solutions[9-19]. This work has been carried out for
some 15 years, initially together with the late Prof.
Piontelli. Later development of this research is then
described[20].

MECHANISM OF THE ANODE
EFFECT (REVIEW)

The different theories suggested to explain the
anode effect in the aluminium electrolysis are based
on the following hypotheses[21, 22].

(i) Change in sign of the electric charge of the anode
gas bubbles[23-26]. In the presence of sufficient
oxides, this charge would be positive. At low oxide
contents, it would be negative, and the gas bubbles
would then be attracted electrostatically by the anode
to cause an increase in resistance.

(ii) Variations of the interfacial tension at the
three-phase boundary  anode—bath—gas, and
consequently of the wettability of the anode. With
decreasing oxide content, the anode would be wetted
by the bath to a lesser extent, until a continuous
gaseous layer finally would envelope the
anode[27-29].

According to other authors, however, wettability
would be affected primarily by the composition of
the anode gas[30-32]. Wetting of the anode by the
bath would occur when oxygen was formed by the
anode reaction (‘normal’ electrolysis) and would stop
when oxygen would be replaced by fluorine at low
alumina contents in the bath.

(tii) Alteration in the surface state of the anode due
to various possible processest involving the formation
of solid layers or surface films with highly insulating
properties, preventing a ‘normal’ electrolysis[33-45].
Current could only flow by penetrating this layer or
film. The formation of layers or films on the anode
surface would alter the wetting conditions; the poorer
wettability would be a result and not a cause of the
anode effect.
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(iv) Reaching of limit current conditions for the
discharge of oxygen containing ions[46-49], with the
consequent discharge of fluorine containing ions and
adsorption of one or a few monolayers of discharged
products. As a result, the surface electrical resistance
would be increased or the wettability lowered.

(v) Formation of a gaseous film on the anode from
the bath, the bath having become supersaturated with
gas desorbed from the anode surface[50].

(vi) Evaporation of the bath close to the anode.
Such an interpretation is suggested by the existence
of an anode (or cathode) effect in the electrolytic gas
evolution from aqueous solutions occurring at
sufficiently high cds to raise the temperature at the
electrode to above boiling point of the solu-
tion[51, 52]. In the case of cryolite baths where the
relative content of the aluminium fluoride tends to
increase int the anode region during electrolysis, evap-
oration of the aluminivm fluoride might be expected
to result in a gaseous layer around the anode.

(vii) Hydrodynamic instability in the electrolytic
gas evolutionf 17-19]. This hypothesis is treated in
more detail in the following paragraph.

(viii) Change in the structure of the electrolyte
(oxygen would be bound to two Al-atoms instead of
one Al at the onset of the anode effect): this would
be the primary reason for the observed macroscopicat
changes[53].

HYDRODYNAMIC INSTABILITIES IN
THE ELECTROLYTIC GAS
EVOLUTION

Anomalous phenomena such as ‘anode effects’ are
always encountered at gas evolving electrodes when
the cd attains sufficiently high values, independent of
the nature, polarity, or geometrical configuration of
the electrode, and independent of the nature and
properties of the bath (molten salts, aqueous or other
media). Furthermore, analogous  anomalous
phenomena (‘burnout’) occur when the gaseous
evolution is the result of the boiling of liquids in
contact with a hot wall.

* High speed cinematographic techniques (up to about
5000 frames per second) have been applied by us to inves-
tigate the morphological aspects of the electrolytic gas evo-
lution from aqueous solutions, chloride and cryolite-
alumina melts placed in  suitable sce-through
cells[13-16, 18, 19]. The most significant results have been
assembled in a 16 mm film: ‘Hydrodynamic instabilities
in electrolytic gas evolution’, with the assistance of A. Ber-
benni, Istituto di Cinematografia Scientifica, Politecnico di
Milano.

Direct observations of the phenomena in laboratory alu-
minium electrolysis cells have been made also by other
authors{31, 32, 54-57] employing photographic cor cinema-
tographic techniques (owing to the considerable experi-
mental difficulties, these observations, with the exception
"off57), were made within a very small size wall-less cell
consisting of a single drop of molten electrolyte between

electrodes). A comprehensive photographic study of the gas -

evolution in aqueous electrolysis is also reported[51].

In the case of boiling the application of high speed cine-
matographic techniques dates back to the fifties[58] or
shortly before, and is yet of great interest[59].

In both cases, three regions corresponding to
different morphological aspects of the gas evolution
can be distinguished on the characteristic S-shaped
curves E/I (electrode potential vs cd) or AT/¢p (wall
temperature, relative to liquid »s specific heat flow)
as the gas evolution rate (ie I or ¢) is increased.*

At first the gas evolves in the form of separate
bubbles (Fig. 1a, a’): this is the ‘normal electrolysis’
{corresponding to the ‘nucleate boiling’). In this
range bubble size increases with increasing c¢d. Then
coalescence of the bubbles occurs, resulting in a
‘transition period’ in which the electrode surface (or
the hot wall in the case of boiling) is covered by
irregular gaseous blankets in violent motion. In this
period (corresponding to the ‘unstable film boiling’)
the gas evacuation becomes more and more difficult.

Under these conditions there is a drop in the cd
(or in the specific heat flow) and an increase in the
electrode potential (or in the wall temperature).

Finally the ‘anode {(or cathode) effect’ occurs
(corresponding to the ‘burnout’ and ‘film boiling’).
The electrede (or the hot wall in the case of boiling)
is now enclosed with a permanent continuous gaseous
envelope (Fig. 1b, b").

The strong analogy between the phenomena of
‘burnout” and those of anode (or cathode) effect

JE AT
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Fig. 1. Schematic illustration of the characteristic curves
EfI or AT/¢) and morphological aspects of the gas evolu-
tion in electrolysis or boiling of liquids. (a), (a’): Evolution
of separate bubbles (‘normal electrolysis’, or ‘nucleate boil-
ing’). (b), (b"): *Anode (or cathode) effect’, or “film boiling’.
Photographs shown here ( x 2.5) refer to chlorine evolution
on platinum anodes from 2 N HCl aqueous solution, at
room temperature. (a), (b): Plane horizontal electrode fac-
ing upwards (circleshaped, 0.5 cm? area); I, = 30 Ajcm?.
(@), (b'): Horizontal wire electrode (1 mm dia); I, = 32
A/fcm? The insulating material limiting the electrode sur-
faces is boren nitride.
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Fig. 2. Schematic illustration of the hydrodynamic instabi-
lities which intervene in the gas evolution in electrolysis
or boiling of liquids, in the case of plane, horizontal elec-
trodes or heated surfaces facing upwards. (a): Evolution
of separate bubbles. (b): ‘Column-wise® evolution: its
break-down corresponds to the Helmholtz instability. (c}:
‘Laminar’ evolution: its break-down corresponds to the
Taylor instability.

applies to the morphological aspects of the gas evolu-
tion even before reaching the critical condition, as
well as to several phenomenological laws which regu-
late the onset of such a critical condition. Hence it
would seem appropriate to envisage basically com-
mon causes for the two types of phenomenon. This
led us to propose an explanation of the anode (or
cathode) effect taking into account the well known
conditions of hydrodynamic instability described by
Helmholtz and Taylor, which are commonly con-
sidered to cause the boiling crisis and the ‘burn-
out’[60-74].

For the sake of simplicity, let us consider a plane
and horizontal structure (electrode or hot wall) facing
upwards. By increasing the cd (or the specific heat
flow), the gas evolution in the form of bubbles rising
separately (Fig. 2a) is transformed by the interactions
in the vertical direction (fe perpendicular to the solid
surface) into a continuous ‘column-wise’ evolution,
with the gasecus streams flowing upwards and the
liquid strecams downwards (Fig. 2b). The stability of
this configuration depends on the relative speed of
the counterflowing streams of gas and liquid, ie on
the rate of gas evolution. Above the critical value of
the relative speed, every small disturbance at the
boundary surface between two contiguous streams
(Fig. 2b) grows, until the boundary surface breaks.
Thus a partial gas blanketing may occur and extend
over the entire solid surface (Fig. 2c) if the net of
the gaseous jets was sufficiently close. Therefore the
transverse interactions (ie parallel to the solid surface)
play a very important role too. This hydrodynamic
instability which causes the ‘column-wise’ configur-
ation to collapse is known as the Helmholtz instabi-
lity[ 75-81].

On the other hand, the stability of a ‘laminar’
configuration, with the gas (being the lighter) lying
underneath the liquid under rest conditions (Fig. 2c),
depends on the wavelength of the disturbances at the
horizontal boundary surface between the two fluid
layers. Taking into account the surface tension effects,
it may be shown that, in order to maintain a stable

* Where p = density, y = surface tension, g = accele-
ration due to gravity, Ar = thickness of the gaseous layer,
L (subscript) = liquid, G (subscript) = gas.

1t Values ranging from 0.1 to 0.5 mm.

Iy was varied by addition to the solution of surface-
active agents.

gaseous layer underneath the liquid phase, the
disturbance wavelength must be smaller than a
certain critical value or e¢lse the boundary surface
oscillates until it breaks.

This instability which causes the ‘laminar’
configuration to collapse is known as the Taylor
instability[82-85]. And it is precisely the critical
wavelength of the Taylor instability that determines
the critical spacing of the gaseous jets in the
‘column-wise’ configuration below which, exceeding
a critical value of the rate of gas evolution leads to
complete and steady gas blanketing on the solid
surface.

It may be .shown that the transition from
‘column-wise” configuration 1o ‘laminar’ configuration
takes place when the rate of gas evolution exceeds
a critical value R, defined by the following
expressions*[eg 74, 697:

Py 172 [y 174
Ro=|—Frr | |4, —
[PG (e + PL):| [}’ s pG)]

in the case of plane, horizontal electrodes or heated
surfaces facing upwards (Fig. 2), and:

oLy 12 [g 1 174
R, =] P22 [ %0, -
|:PG(PG + PL):I y 0z~ po) + (r + Ar?

in the case of horizontal wire electrodes or heated
surfaces of radius r (Fig. 3).

In agreement with the hypothesis that the anode
(or cathode) effect is of hydrodynamic nature, a
proportionality relationship between critical current
density f, and critical value R, may be postulated[17].

In aqueous soluticns, these theoretical predictions
have been confirmed by us experimentally[15-17],
with a close quantitative agreement in the case of
wire electrodes, where the absence of boundary effects
admitted by the theory can be considered true, al
least for high enough values of the ratio: length to
radius of the wire.

More especially, since the term (g/y) (pp — pg) In
the above-mentioned R, expression is negligible with
respect to the other term 1Ar + Ar)?> ~ 1/r® for the
r values considered by us%, correlations of the type
I, < 1/r'? and I, + vY?*t are found to fit the
experimental results really well. Thus the critical ¢d in-
creases with increasing surface tension, while it is well
known that on the basis of the ‘static’ theory of the
contact angle a reverse dependence law would be
expected. As a matter of fact, according to the ‘hydro-
dynamic’ theory the surface tension acts in the sense
of damping the disturbances at the boundary surface
between counterflowing streams of gas and liquid in

Fig. 3. Schematic illustration of the ‘laminar’ gas evolution

in electrolysis or boiling of liquids, in the case of horizontal

wire electrodes or heated surfaces of radius r: its break-
down corresponds to the Taylor instability.
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the ‘column-wise’ configuration, ie of hindering the
onset of the Heimholz instability.

Regarding the acceleration acting on the system,*
its influence on the critical ¢d is found to be negligible
for wire electrodes, being overcome by the geometri-
cal effects expressed by the term 1/r*; on the other
hand, in the case of plane electrodes a correlation
of the type I. — g'/* has been proved.

Regarding the other factors affecting the critical cd,
an analysis has been developed in[17] by taking
account of Faraday’s laws and by assuming that the
gas supply to the evolving bubbles takes place
through a layer of electrolytic solution which is supet-
saturated with respect to this gas. The result is that
the following correlation may be deduced.t

I = zF P8 (AAL f) R

) Mg\ pL pc
Data processing yields n = 0.25 for anodic chlorine
or oxygen evolution.

Regarding in particular the influence of the external
pressure,} a correlation of the type I, = p°2%° has
been observed experimentally, which agrees with the
theoretical predictions (I, ~ p&2*, being R, + pg°*)
if the only gas density is assumed to be affected. For
cathodic hydrogen evolution n = 0.29, I, + p2-2', and
Ic + PO'ZI-

The ‘hydrodynamic’ theory also leads us to predict
that the gaseous envelope which encloses the wire
electrode during the anode (or cathode) effect§ is not
even in thickness, but it shows a wave-like surface
whose most probable wavelength may be deduced
from the following expressions:

1= 320
[P — pe)l'?

* Reduced gravity conditions were obtained by dropping
the electrolytic cell from a height of 15m with different
balance weights.

+ Where z = electrode reaction valence, F = Faraday’s
constant, M = molecular weight, N = equivalent concen-
tration, Ac = supersaturation degree of dissolved gas, and
n is an exponent, to be determined.

1 Pressure values ranged from 0.2 to 2atm.

§ Or likewise the hot wire under ‘burnout’ conditions.

|| For example, in the case of plane, horizontal electrodes
facing downwards (a geometrical condition which is
encountered in the industrial aluminium electrolysis), the
gas evacuation is more difficult and the coalescence of
bubbles begins at lower cds than in the case of the
upwards-facing electrodes described before. Also the anode
{or cathode) effect occurs at a much lower critical current
density.

9 Since the anomalous condition of anode (or cathode)
effect is obtained from the coalescence of the bubbles
evolved at the electrode, we can reasonably suppose that
factors such as nature and surface state of the electrode
act on the amplitude of the transition period, thus quanti-
tatively affecting the onset of the anomalous condition
itself.

** Temperature increases lower the critical ed because
the quantity of evolved gas is increased.

1+ Bath stirring and electrode shaking on the one hand
displace the onset of the anode (or cathode) effect towards
a higher range of cd (especially for those electrode shapes
and orientations which favour the permanence of the
gases), and on the other make the disappearance of the
anomalous conditions easier.

in the case of a plane horizontal electrode facing
upwards (Fig. 2¢), and:

ﬁZﬂ:

A=
[/ oL — pe) + 1/r + Ary?1H?

in the case of a horizontal wire electrode (Fig. 3){85].

Still with reference to aqueous solutions and wire
electrodes with relatively high length/radius ratio, the
correlation 4 +— r (under conditions in which the term
(g/7) (pr — pg) is still negligible with respect to
1/r + Ar)? = 1/r*) has been proved experimentally to
agree with theoretical predictions[17]. Like for the
film boiling, the agreement is closer in the case of
vertical wires. As a matter of fact, owing to sur-
face tension, coalescence phenomena occur on hori-
zontal wires so that the observed wavelengths do
not correspond exactly to the Taylor instability
predictions.

In the case of relatively short wire electrodes, with
radius sufficiently high to make the corresponding
wavelength comparable to the length of the wire,
without the latter being an exact multiple of the
former, there is not longer a stabilization of the
gaseous envelope.

Finally, in the case of plane electrodes, the A values
predicted by the theory are in the order of a few
cm, and therefore, owing to the small size of our
bench scale electrodes, the wavelength at the
gas-liquid interface during anode (or cathode) effect
is actually determined by the boundary conditions,
and only one halfwave can form. In this connection
a very essential factor appears to be the nature of
the insulating material limiting the electrode working
surface: eg no permanent anchorage of the gaseous
envelope at the boundary line of the electrode is
obtained if Teflon is used as insulator.

To sum up, the interpretation which we have
formulated concerning the hydrodynamic origin of
the anomalous phenomena encountered in the
electrolytic gas evolution from aqueous solutions
covers comprehensively the different morphological
aspects for the different conditions (‘nucleate’,
‘column-wise” and ‘laminar’ configurations, and
transitions from one configuration to the other). In
particular the ‘hydrodynamic’ interpretation also
accounts for the abrupt occurrence of the anode (or
cathode) effect and its dynamic characteristics
(oscillations, etc).

On the other hand, this theory is also consistent
with the results of the systematic investigations
carried out by us concerning the following
electrochemical aspects:

(i) shape of the curves: electrode potential us
current density;

(i) influence on the critical cd of many factors, such
as: polarity, nature, shape, size, orientation,|| and sur-
face state of the electrode,q nature and shape of the
insulator defining the electrode surface; composition
and temperature** of bath; stirring of bath and
mechanical vibration transmitted to the electrode;}t
external pressure; acceleration acting on the system,
eg under conditions of reduced gravity, efe.

The above-mentioned arguments can be considered
also in the case of carbon anodes (or generally
insoluble anodes) in chloride melts. This case is quite
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simple indeed from a theoretical point of view, if only
one kind of anion is present in the melt and therefore
the anode process is always the same in the whole
range of working conditions.

ANODE EFFECT IN
CRYOLITE-ALUMINA MELTS

The case of the anode effect in cryolite-alumina
melts is rather complicated: oxygen and fluorine
containing species are present and changes in
chemical configuration of the bath in the anodic
region must be taken into account. As it is well
known the relative content of aluminium fluoride
tends to increase near the anode as a result of the
electrode reaction and the transport processes.* In
particular, a depletion in alumina can induce a
change of the electrode reaction, and in consequence
also of the surface conditions.

Thus the occurrence of the anodic anomalous
phenomena could be attributed to causes quite
different from the hydrodynamic instability, eg to

* Studies in cells having a soluble anode of metallic alu-
minium have shown instructively that this phenomenon
occurs magnified under such conditions, and the possible
effects of the accumulation of aluminium fluoride in the
anodic region were demonstrated. When increasing the
cd, anomalous increments of the anode potential were
obtained which corresponded to a passivity condition due
to separation of aluminium fluoride as a solid phase[86].
Like the case of the anode effect with carbon anodes, addi-
tion of alumina and temperature increase displace the
onset of the anomalous anode condition towards a higher
range of current density. {It is remarkable that, in chloride
melts, the temperature influence on the critical ¢d at which
the anode effect occurs is exactly opposite, but also in this
case the addition of oxides or carbonates attenuates the
lowering of critical cd with increasing temperature.)

t In the order of the tens of A/dm?, instead of the values
in the order of the several hundreds of A/dm? which are
found in the case of melts with high alumina contents,
as well as in the cases of chloride melts and aqueous
solutions.

i{In the order of the several tens of seconds, instead
of the abrupt changes in the order of 10~ *s which are
met in the case of melts with high alumina contents, as
well as in the cases of chloride melts and aqueous
solutions.

§O0n the other hand, the presence of steps in the anode
potential os time galvanostatic curves is followed by the
onset of the anode effect only in the case of baths very
poor in alumina, while no evidence of these steps is found
in adequately rich baths. A general connection between
limit current conditions and anode effect, therefore, is
untenable.

1Vs a carbon reference electrode.

Tin the case of melts poor in alumina the persistence
of this modification may last quite a few tens of minutes
and is annuiled in advance only if the anode is removed
from the bath for a few minutes. In the case of melts with
high alumina contents the persistence of the described
hysteresis effects (which are immediately annulled by
shaking the anode) amounts to a few huindreds of seconds
for those anodes where the permanence of the gases is
favoured, whilst for those anodes where the gas evacuation
is easy hysteresis effects may only be observed in the
oscillograph patterns.

anode passivation andfor change in wetting
conditions. As a matter of fact, the hydrodynamic
interpretation cannot be considered valid in the case
of melts with low alumina contents (including the
‘pure’ cryolite melts), if the following is taken into
account: 7 }

(i) the very low values of the critical cdt (ie of the
rate of gas evolution in the critical condition),
consistent with interpretations following ‘static’ rather
than ‘dynamic’ lines;

(ii) the fairly slow variations in time} of the cell
current and anode potential at the onset of the anode
effect;

(iii) the reaching of limit current conditions for
discharge of the oxygen containing ions prior to the
onset of the anode effect§;

(iv) the much lower influence of electrode shape,
size and orientation on the critical current density:

(v) the much lower influence of bath stirring and
mechanical vibration transmitted to the electrode on
the onset and disappearance of the anode effect;

(vi) the greater importance and persistence of the
hysteresis phenomena after anode effect, in parti-
cular corresponding to: a ‘residual’ anode potential)f
under open circuit conditions, and a higher anodic
overpotential under working conditions at the same
current density. Moreover this ‘modification which
intervenes in the electrode system: graphite-bath-gas
after anode effect is not influenced by the shape and
orientation of the electrode and by the mechanical
vibration transmitted to it").

On the basis of both the direct evidence given by
the cinematographic recording and the resuits of the
electrochemical investigations, we have proposed[18]
the following scheme for the interpretation of the
anode effect in cryolite—alumina melts.

In the range of high alumina contents, ie of high
values of critical ¢d the anode effect still corresponds
to the intervention of hydrodynamic instability in the
gas evolution; whereas for melts poor in alumina, ie
for low values of critical ¢d, the anode effect corre-
sponds to an anode passivation, due to fluorine sur-
face compounds, which occurs as a result of the
achievement of limit current conditions for discharge
of the oxygen containing ions. The worse wetting
properties in the latter case appear as a result of the
anode passivation.

Finally in the intermediate range of alumina con-
tents, the critical ¢d at which the anode effect occurs
as a result of hydrodynamic instability in the gas evo-
lution, can be determined by the variations of chemi-
cal-physical properties due to changes in chemical
configuration of the anodic bath layer.

IN SITU DETERMINATION OF
THE ALUMINA CONTENT OF
CRYOLITE-ALUMINA MELTS

It is well known that in the industrial eletrolytic
production of aluminium a method for the in situ
analysis of the alumina concentration in the baths
would be desirable. Traditionally, feeding of the
alumina into the electrolysis cells is discontinuous
and the anode effect is used as a sign of low alumina
coricentration. As far as we know, attempts involving
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the static measurement of voltages, eg of oxygen
electrodes (see[87] for an extensive survey of the
literature), electrodes based on insoluble oxides, like
Cr,0; or Sn0,[5,87], or of electrodes of type:
Al(liq.)/Na,AlF; with a boron nitride envelope
[86, 88-90] have not led to any practical results.

A different approach can be based on the easy-
to-perform measurement of the critical cd producing
the anode effect in the bath. In fact, as is well known,
the critical ¢d is an increasing function of the alumina
content in the bath (the other conditions being equal),
according to I, = K + Ci35,[11, 12, 14]*. However,
the wide scattering of experimental results so far has
hampered the utilization of such a relationship for
the aforementioned purposes{91]. Recently, an im-
proved alumina concentration meter of this type has
been presented[92].

A systematic research into the variance in critical
¢d has been carried out by us in both aqueous solu-
tions and molten salts, including the cryolite-alumina
melts[201; the purpose mainly was to specify the most
suitable conditions so as to minimize the scattering
of experimental results. It was found that the scatter-
ing of critical cd valuest is less for wire and spherical
clectrodes than for plane or otherwise shaped elec-
trodes. This appears to be further confirmation of the
hydrodynamic interpretation of the anode effect and
in general of the anomalous phenomena which are
always encountered at gas evolving electrodes when
the cd attains high enough values. In fact, for wire
and spherical electrodes, owing to the absence of dis-
turbing boundary effects, the onset of the anode (or
cathode) effect is relatively definite and reproducible,
and transition periods under these conditions are vir-
tually absent. On the contrary, for plane or otherwise
shaped electrodes it may be reasonably supposed that
the boundary effects (together with the nature and
surface conditions of the electrode, etc) act on the
amplitude of the transition period, thus determining
a wider scattering of critical current density.

This research can lead to the development of a
practical measuring electrode as soon as electrically
conducting materials resistant to the anodic attack
in .cryolite—alumina melts at 1000° and which may
be easily obtained in the desired geometric form
become available.
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