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INTRODUCTION

General Introduction.

Canada ranks among the leading countries of the world in
the production and exportation of aluminium. In addition,
Ceanadian enterprises operate aluminium plants in several parts
of the worlds It is rather surprising, therefore, to find
relatively little research in Canadian universities dealing with
problems in aluminium production. Difficulties associated with
high temperature investigations have undoubtedly contributed to
this situation, particularly corrosion, contamination and
temperature measurement. This thesis represcnts an attempt to
approach the proovlem without the usual expensive platinum
equipment.

Since the developmmnt in 1886 of the Hall-Heroult
process for aluminium production (1) the position of this metal
has risen from leboratory curiosity to one of lecadership among
the non-ferrous metals. The process consists essentially of
the electrolytic reduction of alumina dissolved in cryolite.
The power consumed in this process isé&factor of major impor-
tance, being greater in terms of production.than for any other
electrolytic industry. (5),About one quarter of this power is
dissipated in the resistance of the electrolyte, amounting to a
loss of 6000 K.¥W.4. per ton of aluminium produced, or a total
of 15,000 millicn K.¥W.E. for an estimatsd world production of

2.5 million tons of aluminium in 1954.
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This fact alone suggests a need for investigation of the.
conductance of fused cryolite baths used in eluminium production.
Further, increassd conductance of the bath would permit greater
distance between the electrodes for a ziven power consumption.
This is desirable to minimize: reoxidation ol the cathode
aluminium.

Alsc, impurities introduced by the utilization of new
types of raw materials, both for the alumina and the electrode,
have created new problems in the electrolytic reduction practice.
A knowledge of the specific effects of such impurities is ne-~
cessary for an intelligent approach to these problems, end will
undoubtedly contribute to improvements in the efficiency of the
process.

Finally the direct deposition of aluminium alloys in the
electrolytic cell would minimize the cost of preparing such
alloys by meliing and mixing in the usual wey. Here again
information concerning the behaviour of cryolite baths with
various additives is of vital importance. Such information can
only be obtained by a systematic study of the various factors
affecting the operation of molten salt cells.

Conductance is one such factor, and this research
constitutes an attempt to determine trends in the conductancs

of cryolite - alumine melts on addition.of various salts.
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Theoretical

Conductance C and specific conductance k are the reciprocals of
resistence R and specific resistance . The term specific conductivity
has also been used, presumably with respect to specific conductance., In
electrolytic studies a quanvity called the eguivalent conductance has found
widespread use. It is defined, for egeous solutions, as the conductance
of a quantity of solution containing one equivalent of the solute. For
molten salts and taelr mixtures it is defined as the conducﬁance of one

equivaelent of the =zalt or solution. Hence we have

N (aqueous solution) 1000 k/c

N (molten salt) Wee k/d

]

O (molten salt solution) ='(Wel .t Weé . f2)o k/d

where

¢ = concentration in eq./ 1.

We= equivelent weizht in g./ eqs

d = density in g./ cc.

f = weight fraction

and subscript numerals refer to cowmponents.

The modern ccncept oi electrolytic conductancs suggests the
existence in all electrolytes of charged particles called ions. The
passaze of electric current throu h such materiels involves only the
movement or these lons in the applied potentiel field. There must also
occur, across the interface between the electrolytic conductor and the
electronic conductor ( electrode ), & trausfer of charge. This results
in oxidation at the anode and reduction at the cathode. The anodic and

cathodic processes and ionic movement all contribute to concentration
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changes within the electrolytes

Specific conductance is determined experimentally by measuring

the resistance of the electrolyte between two electirodes, wheﬁce

k= K/R
vnere K, a function of the electrode geometry, is known as the cell
constant, It is usually determined experimentally using an electrolyte
of known specific conductance. Resistances are measured with modified
forms of the Wheatstone Bridge developed to overcome difriculties peculiar
to electrolytic measurements.

The bridge method is essentially a comparison of resistances by
the potentials developed across them under given current conditions.
Errors peculiar to electrolytic measurements are usually associated with
extra potentials developed within the electrolytic cell vy the chemical
action of the bridge current. The term polarization iz used tec indicate

~

any condition in which the e.uef. of such a cell difiers from the normal
value. It is usually the result oi one or mere of the [ollowing factorss

(1)‘transfer voltage arising frou the transfer of charge across the
electrode interface.

(2) concentration chenges in the electrolyte.

(3) ohmic resistance of solid products of electrolysis formed over
the surface of' the elecironic conductor.

(4) specific electrode effects such as a slow stage in the
formation and evolution of gas bubbles &t gas electrodes etc.
The last fector i1z olten gquite distinet from the iirst three, and is dis-
tinguiched from thnem by pertinent names such as hydrogen overvoltage,
oxygen overvoltsge, etc. The size of such overvoltage depends on the gas
evolved, and also on the nature wnd surface finisih of the metal conductor.

Polarization errors are efiectively reduced by using the a-c

bridges This eliminates .-idespread chenges in concentration as well as the
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deposition of nigh resistance films on thne electrode surlaces.

However, the relatively small efiects produced during each half cycle of the
alternating current are sufiicient to cause significant polarization even
when fairly high frequencies are used to reduce the charge passed in

each half-cycle. Polarization does decrease as the freguency is raised,

but an upper limit is imposed oy increasing errors iue Lo stray capacitances
and non-resistive impedance in the bridge componentss Frequencies of

60 cupese and 1,000 c.p.se have found widespread use, although much higher
frequencies have been used in some investigations.

Certain precautions are necegsary in the design and location of
components for an a-c bridge in order to minimize srrors duec to such
phenomena as eddy currents, skin efiect, stray cavacitance and non-
resistive impedance in the windings.

Svecial resistors are now available for construction of a-c
bridges. The a-c resistance of these units i within 0.0017% of the
d-c¢ value in the audio fresquency rasge. This close tolerance is made
possible by winding the resiscors in & specisal patiern weave.

The necure and magnitude of the resistance of electrolyte
depends largely on the design of the electrolytic cell. Inter-clec-
trode and other cell capacitances, ncever completely eliminated, can be
valanced by a like quantity in the adjacent aim oI the bridge. Edge
Tects, due to current patbhs cxtendinz beyond the volume between the
electrodes, are efiectively removed oy using concentric hemispherical
electrodes rilled with clectrolyte. This arranzement ensures that all
current passes directly betwesen thne electrodes, and thus permits

calculation of the cell constant from geometry. 4n approacn to this

condition is possible with concentric cylindrical electrodes which have

a small edge to area ratio. However, neither these Jdesins is satis-

In] b . . . .
Tactory when polarization is appreciabdle,
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According to Kohlrausch, polarization error depends upon the

quantity Pz/kD R®

s where P is the polarization eem.fe and w 1s the
frequency. To reduce polarization errors, therefore, R must bs made

guite large, which is impractical with the two arrangements mentioned.

The resistance vetween hemispherical electrodes is given by

and that between cylindrical electirodes by

P ry
R =

—rln ——

2nn I‘i

wnere ri and r are the radii of inner and outer electrodes, h is the
o)
iumersed heignt of the cylindrical electrodes,and @ is the specific resistan-
ce of the electrolytes Since r, is usually limited by the size
of the crucivle or fTurnace available, R can be increased only by
decreasing rj. But this defeats the original purpose because polari-
zatlion eemefs is increased by the high current density resulting at the
inner electrode.

ilen only relative values of conductence are required and the
range of resistance to be measured is not sxtensive, edge eflects can be
neglected. Under these conditions high resistances can be obtained using
widely spaced perallel plate electirodes of falrly small areda.

In recent years, the wvacuum tube oscillator has becomec the most

o

popular a-c source for conductance worke. The main advauatages of t

1

he
vacuum tube oscillator are inexpensive construction, silent operation and
e sinusoidal output of constent frequency. It is fully adequate for

even the most precise conductarnce measurements provided stray capacitance

in the bridge circuitis avoided by suitadle grounding.
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Telephone ear-pieces are usually employed as detectors.
Currents as low as HQ_9 amp. can. be detected with such equipment when.
it is properly tuned, and even greater sensitivity is possible.when &
tuned audio frequency eamplifier is added. The use of such an amplifier
also helps to stabilize the effects of stray capacitances introduced
by the presenée of the operator.

The effects of interaction. between various bridge components
and ground not eliminated in the design of the bridge can be effective~
1y reduced by careful shielding end grounding of certain critical
points, Shielding is not always easily accomplisned, and unless care-
fully haundled it may actually introduce errore Qunsé of the most effect-
ive grounding devices is the " Wagner earth ", which permits indirect
grounding of the detector unit without conneecting either terminal
directly to ground. This simple precaution. gives sufficient accuracy
for msny purposes, particularly molten sali determinations where
temperature measurements, eomposition and bolarization are;all diffigult

to control.
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Historical Introduction.

Published data on the conductivities of pure cryolite and mixtures
of cryolite, sodium fluoride, aluminium fluoride, calcium {luoride and alu-
mina are very meager and unduly variant. Although reports have appeared
from time to time since the beginning of this century, absolute values of the
conductances from different sources are in very poor agreement; deviations
as nigh as 50 percent are found aml even the resulis of recent investigations
differ by 20 to 30 percent. This divergence in results appears to be due
mainly to difficuliies associated with the proper design of a conductivity
cell for use with molten {luorides. The type of cell usually employed for
measurements with fused salts is unsuitable due to the extremely corrosive
neture of the fluorides. The choice of material for construction of the cell
and electrodes is a problem still unsolved.

There are very few substances that can resist serious attack by
fluorides at high temperatures, and of these, many are too porous for use as
containers for the molten material. Platinum, carbon ( and graphite ), fused
magnesia, and powdered carborunﬂum sintered at 2000 deg. C» have been tried.
Platinum appears to be the best of these, bul considerable difficulty is
experienced due to polarization effects. Platinum black 1s quite effective:
in reducing these effects, but at the high temperatures emncountered the coat;ng
is rapidly converted to grey platinum with greatly reduced abiliiy to depolarizeas
Carbon materials are relatively inert in liquid cryolite, but suffier attack by
oxygen and fluorine gas at high temperature. The resulting ash and carbon dust
contaminate the melt. Magnesia aad carborundum suffer rapid chemical attack
leading to short cell life and contamination of the electrolyte.

Difficulties are also encountered due to the formation of a solid crust
on top of the liquid or surrounding the electrodes, This is caused by surface
cooling or the conduction of heat from the liquid by the electrodes. oAt higher

temperatures, dissociation of the electrolyte with subsequent volatilization
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of some constituents becomes excessive with attendant changes in compo-
sition.

The work done by Richards (22) and by Pascal and Jouniaux (20),
prior to 1915, did not yield any reliable results. In 1920 Jaegar and
Kepma (16) suggested the design of a cell for electrolytic conductance
measurements at temperatures up to 1600 degsC. In the same year
Edwards and Taylor (10) used a modification of this cell to determine
conductances of cryolite baths. Hemispherical platinum electrodes were
used, the outer one acting as container. The height of electrolyte in
the cell was calculated from cell dimensions and the weight and density
of the charge. Platinum black was applied to the electrode surfaces
before each experiment to minimize polarization, but a slow defiﬁite
drift was found in the resistance of the cell and their results were not
published at that time.

Polarization diificulties were also experienced by Arndt and
Kalass (2) using & similar platinum cell. In this work the height of
electrolyte wes determined from solidif'ied beth on a platinum rod.

A specific conductance of 2.23 chm -1 cm.-l was reported for pure
cryolite at 1000 degs Cav The equivalent coanductence of pure cryolite

was roughly equal to that of sodium fluoride, and it was sugiested that
the sodium salt alone is responsiole Tor conductance in cryolite. Con-
ductance data obtained with cryolite - alumina melts containing up to 20j
aluuina were extrapolated and the conductence of pure alumina estimated
to be zero. Hew.ult later succeeded in depositing copper - aluminum
alloy by electrolysis of alumina melts, and M. R. Galeau (14) later
referred to this as evidence that molten alumina does conduct.

In 1936 Batashev (4) employed a dip-cell similar to that used by

Arndt and Kalass. This cell was completely filled by submerging it in
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molten electrolyte prepared in a larger platinum crucibles A conductance
of 3.23 ohm,-l cm.—l was reported for cryolite at 1000 degeCa .-

In the same year Cuthbertson and Waddington (6) substituted a
graphite container Tor the platinum crucible of Arndt and Kalass, but
wide varialions were found for supposedly identical experiments. Failure
vas attributed to the unsatisrfactory nature of graphite for cell comstruc-
tion. Difficulty was also experienced in attempliing to satisfy the require-
ments of Kohlrausch to avoid polarizetion errors; namely the area of the
electrodes mist be greater than 10/R sq. cm. In a further attempt, to reduce
polarization, a long magnesia bube was used to hold the cryolite with
electrodes situated at the ends. Solubility of magnesia caused poor
reproducibility and results for similar experiments varied as much as 14%.

In 1950 the results of extensive work in thi; f'ield were published
by Dr. Vajna. His cell consisted of two concentric cylindrical platinum
crucibles with hemispherical bottoms suspended by thick pletinum wires.
A brass framework held the outside crucible rigidly, while the inside one
was fixed by a brass sleeve which guided the platinum wires. The sleeve
and framework were insulated Trom eacn other by means of a fibrous material.
Uncertainty in balancing the bridge, attributed to polarization effects,
was listed as a source of appreciable error. A value of 2. 36 ohm -1 em.-t
was reported for the conductance of pure cryolite. This was lowered by
edditions of aluminium fluoride or alumine and raised by additions of
sodium fluoride or calcium Tluoride.

In 1952 end 1953 Edwards and Taylor and their collaborators (9)
(10) published reports of conductance determinations on cryolite, with
and witnout additions. Several different cells were used in an elfort
to obtain high accuracy. A quartz dip-cell was tried and discarded because

of excessive attack by cryolite. Modifications of the partly filled pletinum
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cell improved rerroluciplility, but resultis were subject to errors from
volatilization and creep. Best resulis were obtained by immersing the
electrodes in a large platinum vessel containing molten electrolyte.
The large volume reduced errors due to volatilization, and complete
filling eliminated errors introduced by density measurementss Con-
centric cylindrical platinum electrodes with hemispherical bottoms were
supported by platinum rod rigidly fixed in two blocks of baked lavite.
The outer electrode, with a 50 mle. volume, served as container.
Conductance determinations were made by dipping this unit in molten
electrolyte held in a 400 ml. pletinum crucible.

Considerable care appears to have been taken in obtaining the
purest available cryclite a.d other chemicals, and in determining the
densities of the baths for cal culation of equivalent conductances.

To nminimize polarization crrors, their results were corrected to infinite
frequency and zero elapsed time after meltinges No allowance was made for
volatilization during the melting periode. Platinum black originally
applied to the electrodes was quickly converted to grey platinum. The
resistance of the well platinized electrodes decreased only 3% between
500 c.pese and infinite frequency. This decrease rose irrecularly to 30%
with continued use. An uncertainty of several percent in the conductance
of pure cryolite was attributed to residual polarization.

The results of this work appear to be fairly reliable and include
the following values at 1000 deg. G § 2.8 ohm=! cm.~l for the specific
conductance of pure cryolite, 94 ohm -1 Cﬂh2 eq.—l for eguivalent
conductance of pure cryolite, and 118 ohm =l em? eq."l for the equivalent
conductance o sodium fluoride. In their calculation of the equivalent
conductance of mixed salts, weight fractions were used in place of equi-~

valent fractionss The values obtained in this way are lower than those
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LECTIOLYTIC COWDUCTLANCE OF CRYOLITz. SYSTEIMS RELATIVE

TO PURE CRYOLITE.
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obtained by the definition ziven in this paper. The difference depends
upon the difference in the equivalent weights of the two salts and their
ratio in the mixture. It amounts to about five percent for a 60 : 40
mixture of cryolite and sodium fluoride.

Activation energies for conductance in the various electrolytes
were calculated according to the method described by Bloom and Heymann (5)e
The values reported show considerable variation from one material to another
with no change as the concentration of one material is varied. Calcium
fluoride addition was found to effect a substantial increase in activation
energy which is in accord with the general rule that activation energies
increase with increased size of the cation. The effect of other additives
was slight decrease in activation energy values.

Variations of conductances of cryolite baths with additives based
on the results of Dr. Vajna as well as of Edwards and colleagues are
plotted in fig. 1. Disagreements are visible in all cases, though general
trends are evident except in the case of calcium fluoride. .~ - Dr. Vajna.
reports increase of conductance with addition of celcium flucride, in

contrast to the decrease reported by Edwards et al.

The nature of cryolite — alumina meltss-

An explanation of conductence in fused salts must inevitably
involve some consideration of the internal structure of such systems.
Indeed, recent activitics in this field have produced a number of in-
teresting sugzestions and & bried review of this work followss

Some investigators consider that all fused salis are completely
ionised., However, the substanltial reduction in conductivity caused by
alunina additions to cryolite seems to indicate that such an assumption

should be viewed with caution. The thermodynamic calculations of
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Pearson and Waddington (21) suggest that molten cryolite at 1000 degze Q.
is about 15 to 20% dissociated into alumina and cryolite. But many of
the date used in this calculation were estimated, owing to the lack of
experimental values. Hence there is a possibility of considerable
error in their results. A study of the densities of mixtures of sodium
fluoride and aluminium fluoride supported the- conclusion regarding
molten cryolite which was considered to be a mixture of Naz AlFg, NaF,
AlF5 and their ions. The moler conductance of cryolite mixtures
containing NaF, AlF3 , CaFo or Alp 03 ; calculated from the data of
Batashev (4) was found to vary linearly with mole percent additive.
Pearson and VWaddington note that extrapolation. of these data yields
zero conductance for pure alumina and very low conductance for calclum
fluoride. Although such extrapolation is often misleading, it 1s in=-
teresting to note that a similar treatwent of the results of Edwards
and colleborators gives a negative value of conductance for pure
alumina. Based §n;the low conductance of calcium fluoride and equi-
valent conductances of 107and 86 ohm =leme 2 eqe=l for cryolite and
sodium fluoride respectively, Pearson. end Waddington suggest that only
a smaell fraction of the total current in an aluminium reduction. cell
is carried by the fluoride ione The major part of the current is carried
by the sodium ion, a view consistent with the considerable migration of
sodium to the cathode during electrolysis. It is interesting to note
that the values of equivalent conductance listed above are in direct
contrast to those listed by Edwards et al.

Gedeau (14) attempted to produce aluminium from fluoride baths
without sodium, namely from mixtures of aluminium, calcium and maghesium
fluoridess The trials failed because the electrical conductivities of

these baths were very low. They could not pass sufficient current
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to produce the necessary heat for melting. A considerable increase.in
conductance resulted when sodium fluoride was added, indicating the
important role played by sodium in the conductance of these mixtures.
For the solubility of alumina in cryolite, different authors
have given dirferent values. But maeny agree that the solubility at
1000 dege Co is about 20% by weight and that the melting point of
cryolite is lowered down to 935 deg. C. by the addition of 153
alumina by weight. According to Pyne (1), there is a minimum melting
point of 915 deg. C. at 5% alumina which is not reported by any 6f the
other workers, and hence may be in error. Anderson (1) nentions that
the melting point of cryolite - aluwina mixtures can be brought down
to 800 deg. Ce by adding suitable em.unts of calcium fluoride.
Although substantial emcunt of alumine can be dissolved in
cryolite, it is not soluble in other fuscd salts, especially in sodium
fluoride (11)s Hence the anion ALF, Emust be: the A1203 dissolving
agent in cryolite, and it is thought that alumine reacts with the
anions of cryolite to form oxyeiluoride anions as followss

+ —
2Na, AIF, + 2 A1 0 —6Na+ 3AL0 F
A 224

Zintl and Morawietz (25), on examining radiographicelly the solid
solution of cryolite and alumina, found each molecule of cryolite to be
replaced by a double molecule of Al O , corresponding to the formula
Al _AlO .

56
To explain the anomalies observed in the determination of the

solubility of alumina in molten cryolite, Fedotiev (12) sugrested the

equilibrium reactions

4 AL O + 2 P g =
23" S Na P64 A1ps 4 3 Na,,AL,0),
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iato =
with subsequent decomposition of the aluminateAthe jons Na'and A28,

or Al 02: In this reaction the number of sodium lomns does not changes
TheJAIFéz ions are replaced by less mobile complex oxy-ions. This
supports the fact cf diminution of conductivity of cryolite on addition
of alumina.

The linear relationship between molar conductance and mole

perecent or cryolite—alumina mixtures has been pointed out as evidence

that alumina is an incrt solute undissociated by the cryolite, which

is iiself dissociated and responsible for conductivity of the mixture.
But Dr. Vajne has shown that the viscosity of cryolite is doubled by
adding 20% elumine. The drop in conductivity could thus ve attributed
to a decrease in wobility of the lons which depends on the viscosity
of the medium,
On the other hamd, it (5 ) is reported that equivalent conductance

is not a linear function of mole percent even when activity determinations

reveal the mixture to be ideal. Deviations are normally negative and
tend to be large for comjositions corresponding to compound formation
in the solid state. The only positive deviation on record was reported
for the cadmium chloride lead chloride system.

The variation of conductance with temperature is generally

o

considered in terms of the Theory of Absolute Reaction Rateg proposed
by Steara and Zyriag (25 ). This treatment considers conductance in
terms of ionic migration and proposes that activation energies for the
two processes should be the same. As a result of this approach, con-
ductance of a mixture containing two lons maey be represented by

-C1/RT -C,/RT
k = AI . € + ~A2\, e ’
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where A; and A, are constents and C; and C, are the activation energies
for ionic migration of the two species. Vhen C; and Oy are very nearly
equal or when one is very much larger than the other, the expression

may Dbe simplified to read -C/RT
k’.=Age

where A is a constant and C combined activation energy.
A similar expression for the equivalent conductance has also been

used in which

A N ~cl/rr

where the primes are used merely to indicate equivalent conductance terms.
Sinced) is proportional to k/d, it Pollows that ot will differ from C by
an amount which depends on the variation of density with temperature.

In view of the logarithmic relationship and the normally small temperature
caefficient of density for these mixtures, the difference between C and

¢! should not be very large.
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EXPERIMENTAL

Apparatus
l. The electrolytic cell:-

Few materials can withstand chemical attack by molten fluorides.
Platinum is very good in this respect, but it is expensive.and contri-
butes to polarization errorse Plotimum black, so effective in reducing
polarization at low temperature, is extremely unstable at temperatures
necessary for melting fluorides. Most other metals are unsuitable
because of high reactivity, low melting point or high cost. A consider-
ation of the properties of the remaining metals indicated that
molybdenum‘might prove satisfactory for use in this work. Its melting
point is 2625 dege Cs, end it is relatively inert in molten fluorides.

It is reasonably inexpensive when purchased in standard forms, and was
finally chosen for construction of the electrodes and container.

Oxidation of the metal in eir is quite severe at temperatures above 500deg. C
because the oxide formed is light and fluffy with little tendency to adhere.
However, this reaction may be satisfactorily controlled by preventing

direct contact oi the parts with large volumes of aire

A concentric cylinder dip-cell was designed in which the outer
electrode was to be cut from a long 30 mm.. I.De molybdenum tube. The
electrode proper, a relatively short piece of cylinder, was supported by
two narrow strips left uncut in the original forming operation, The inner
electrode was simply a piece of 1C mm. rod extending down the centre of
the tubes

Machining the molybdenum tube was extremely difficult, and the
design was finally modified to eliminate this operation. The outer

electrode was merely a section of the tube with holes drilled for the inner

electrode supports ( fige 2 ). Extra holes were drilled below this level
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FIGURE 2.

CONDUCTIVITY CZLL NO.I.

(SCALZ-ACTUAL SIZE )
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to ensure the escape of gasszs given off during operation of the cell.
Positioning and insulation of the electrodes were accomplished by washers
of AlSiMag 222, a machineable ceramic supplied by the American Lava
Corporatione. Concentricity was ensured by washers machined to fit r
snugly bpetween the two electrodes. Vertical positioning was attained
by @ pin through the rod electrode. This pin, with AlSiMag sleeves,
extended through the holes drilled in the wall of the outer electrode.
It also served to govern the depth of immersion of the electrodes in

the melt at about 5 mm. by resting on the AlSiMag - crucible cover dss-

cribed belowe
To prevent oxidation of the molybdenum crucible it was placed
in a covered graphite container machined to & snug fit. A small lip

served to position the cover and prevent ready access of alr to the

electrodes in the high temperature region just above the melt. An
hlsiMBg' disc, placed over the graphite cover and fixed with two. short
vertical pins served to support. the electrode assembly which was
inserted through a central hole in both lids.. A small hole was drilled
through the covers to hold the thermo-couple used for temperature
determinationss Heavy copper wire was brazed around the top of cach
electrode for connection to the bridge. Kyanex refractory cement,
applied to the graphite before each experiment decreased oxidetion of
the graphite and provided electrical insulation between the graphite
crucible and the carbon blocks in the resistance furnace.

The resistance o molien cryolite using this assembly was about
0.C6 ohmse Since the accuracy of measurement with the bridge available
was about O0.00L ohms. an increase in cell resistence seemed to be

desireble, - This was accomplisned in the varallel electrode assembly
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FIGURE  J.
COADJCTIVITY CZLL HO.2.

(SCALE - ACTUAL SIZZ
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shown in figure 3« Two small electrodes were made from the molybdenum
rod by grinding the ends to rectangular cross sections 5 mm. square and
10 mm. long. Originally a single AL_Si_Mag disc was used to positiom:
these electrodes with an immersion of about. 30 mm and a separation of
27 m.. The method of assembly followed that of the previous cell where
possible.

Some difficulty was exverienced with heat conduction up these
electrodes, and Al _Si Mag discs were finally used to insulate the full

length of exposed rode When coated with the Kyanex cement this arrangement

practically eliminated oxidation of the molybdenum rods. The resistance
of cryolite using this assewbly was about 0.2 ohms giving a relative

accuracy of Oub%e.

2 The resistance bridges-

A Leeds and Northrup Wheatstone bridge was modified for use with
alternating current by the following changes. The variable resistor was
shielded fromthe ratio resistors with aluminum foil. A Heathkit decade
condenser,, Mbdel 0C~-1, was comnected across the variable resistor. The
tange of this unit was 100 B ML to O.111 M fo in steps of OO p p £
The alternating current was supplied by a Heathkit audio oscillator,
Model AO-l, with a frequency range up to 20 k.cePeSezand an output of
ter volts maximum « It was coupled to the bridge through esn impedance
matching transformere The galvanometer was replaced with a detector
consisting of & Western Electric hearing eid, Model 64, with an impedance
matching trensformer substituted for the microphone. The entire detector
unit was shielded with grounded aluminium foil. Wagner earth comnections
were made with a 25 k. ohm volume control. The circuit diegram for this

bridge is given in figure 4.
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FIGURE 4.

APPARATUS FOR MEASUREMINT OF RESISTAKRCE.

S @ memmee—e- Oscillator.

T1yTp  =m=mmmme= Transformer.
RI,RQ,Rg,Ra ------ Resistances.

C e Conductivity Cell.
¥ e Condenser.

D mmmmeee Jetector Unit.

~ ~ 5
e o e o e Grou
U'I’ (_.}2 Ground.
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FIGURE 5.

CARBON RZSISTANCE FURIACE.
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O+ . Auxiliary materialss—-
= A carbon resistance furnace (fig.5 ) was used to heat the melt

during experiments. The frame consisted of a rectangular steel box,
supported on four engle irons., It was lined with about 5 inches of
insulating brick and I inch of fire brick, end filled with crushed
grapnite and carbon to serve as the heating elements Contact with
the crushed material was made by means of two flat graphite blocks
situated at the ends of the furnace. Current was supplied to the
graphite blocks by two inch graphite:rods which protruded from the
furnace at either end. The ends of the rods were clamped in water
cooled copper blocks which also served as terminal lugs for cables
leading to a transformer.

A vertical cavity was vrepared in tne crushed graphite
midway between the end blockss The crucible was levelled in this
cavity by placing it om. a flat graphite brick laid in the bottoms
Insulating brick coated with "Kyanex" was used around the top of
the cell to reduce heat lossess

Considerable difficulty was experienced in heating the
furnace from room temperatures The source of this trouble was
finelly located wnen complete failure occurred due to extrems.
oxidation of the graphite rod and block at one end of the furnace.
Ta replace these the furnace had to be rebuilt, and an extremely
hard deposit was found on the surface of the graphite block which
caused poor contact with the crushed graphite at low temperatures.
This deposit was probably formed from the binding material and the
ash in the carbon, under the influence of alternating high and 1oﬁ
temperatures. Replacement of one block and resurfacing of the other
restored the furnace to reasonably good operation, but the crushed

graphite was heated externally to save time when starting up a cold

. ¥ . .
furnaces This occuaed on numerous occasions due to power failures
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and required interruptions when the power transformer was used for
some other furnace. Once hot, the furnace operated in a satisfactory
menners

‘Power wes supplied from & 550 volt line through a wariac, an
isolating transformer and a 15 kwae. step-down transformer. The output
of the step~down transformer could be varied from 10 to 120 volts in
20 steps, and fine control was obtained with the variace This equip-
ment permitted a fairly constant temperature to be maintained for the
short time needed to make a determination. Interference with the bridge
operation made it necessary fo turn the furnace off during final ad-
justment of the bridge.

Temperatures in the mell were debermined with a platinum vs. platinum-
13% rhodium thermocouple and a Leeds and Northrup portable potentiometer,
The couple, introduced directly into the melt, usually lasted for three to
four determinations before its operation was impaired beyond uses At this
time, the tips were snipped off, and a new clean weld was mades

The cryclite used was of commercial grade having a rough analysis

as fellowss

Oryolite as NazAlFg 99440 %
Total Iron as Fe205 0.07 %
Lead sulphide as PbS 0. 004
Silica as Si0o 0.20 %
Other fluorides 030 %
Moisture as Hy0 0.026%

Analytical or good technical grades of sodium fluoride, calcium

fluoride axrd alumina were usedes
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Procedures.

The resistance in cells of the type used in this work depends
not only on the specific conductance of the electrolyte, but alsc on
the depth of immersion of the electrodes. To ensure constant
immersion from one expsriment to another, the vertieal position of the
electrodes and the level of the electrolyte in the crucible must both
be fixeds The former was arranged in the menner described in the
preceding sections A constant electrolyte level was obtained by using
a given weight of material for all experimentss The slight error
introduced by this method due to deunsity differences was within the
limits required for this investigations

The reqrired amounts of materials were welghed into the
molybdenum crucible. It wes then placed in the graphite crucible with
the cover in position and heated well above the melting point
(ebout 1060 dege Ce)e The AlSiMag 1id and electrode assembly were set
in position, and the thermocouple was inserted. Refractory brick was
placed around the exposed superstructure to obtain slow cooling, and
the furnace was turned off. Simultaneous determination of resistance
and temperature was begun immediately and continued until the temperature
dropped to below 1000 dege Ca The beginning of solidification was
accompanied b;uiiggse in resistance, and this was used as a signal to
remove the electrode assembly and the thermocouple for the higher melting
materialses Selidified bath on the electrodes was used to check the depth
of immersion which was sufficiently constant for all experiments.

The bridge was balanced in the usual way, including the variable

capacitance end the Wagner earthes A frequency of le5 kacep.se. appeared
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to give the best results, but this was not sharply critical. Inter-
ference from nearby machinery was considerable, and although it caused
difficulty in obtaining a balance there was no significant effect on
the result.

The resistance of the leads, determined by shorting the electrodes,
was 0,02 ohmse This correction was applied to all values reported in
this thesis.

The original parallel electrode assembly without extensive

insulation was used in experiments with the following compositionss

L00% cryolite
95% cryolite + 5% alumina (3 times)s

95% cryolite + 5% calcium fluoride.

The final electfode assembly with insulation covering the external

portion of the electrodes was used for the following compositionss

95% cryolite + 5% alumina
90% cryolite + 5% alumina + 5% sodium fluoride

90% cryolite

+
\J
RS

alumina + 5% calcium fluoride
85% cryolite + 5% alumina + 10% sodium fluoride

85% cryolite + 5% elumina + 10% calcium fluoride



(31)

RESULTS &ND DISCUSSION

The results obtained with the {irst parallel electrode assembly
are platted in figure.g, The'general trend of these results shows a rise
in resistemce with decreasing temperature. This trend is in agreement
with the results of other workers, and with the modern concept of
conductance. The sudden sharp increase in the resistonce of’ cryolite
at about 1025 deg. C. is apparently caused by solidification. The
mixtures exhibit this break in the curve at lower temperatures because
of reduced melting points. The melting range ol temperatures exhibited
by such mixtures in place of a snarp meliing point is zvident in the
more gradual nature of the break.

In the case of pure cryolite the break occurs at 1025 deg. Cs
as compared with the melting point of 1000 deg. €. accepted by most

5 specifications. This discrepency

worxers and listed in the supplier
is probably the result oi surface cooling and heat conduction up the
electrodes. A solid surface crust conbined with solidiiied naterial
on the electrode suriaces would certainly increase the resistance
appreciably while the thermocouple continued to register temperatures
in the still molten body of the material.

This possiblility also offers an explanation for the decrease
in resistaace found on addition oI either 2lumina or calcium luoride
to the cryolite. Most workers have reported an increase in resistance
for such additions, and the reversed e¥ffect obtained in this work is
explained as follows.

Pure cryolite at the highest temperature of measurcment is
still close to the freezirg point, and heat conduction through the

electrodes is sufficient to cuuse solidilication ol a [ilm of cryolite
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FIGJRE 6.

RESISTANCE V3.TUrPZRATURE CURVES.

(Data obtuined with Coanductivity Cell Zo.I )
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over thne electrode surface. The slope of the upper part of the curve
for pure cryolite supports this view, and the resistance is therefore
probably nisher than it should be. Addition of calcium fluoride or
alunina lowers the freezing point sufficiently to permit a completely
liquid baths The resulting decrease in resistance is more than enough
to mesx the increase caused by compositional changes.

Higher temperatures would eliminate this difficulty, but several
Tactors oppose such a change. Higher temperatures cause fagter volati-

lization of the melt, and faster oxidation of the molybdenun end carbon.

Also, the results of other workers are pretty well coniined to temperatures

in the order of 1000 dege C., and aluminum reduction cells operate at or
below this value..

To preveﬁt such solidification in the region of 1000 deg. C. &
completely new cell would have to be designed and built. Lack of time
and materiels made such a move uUndesirable, and the following plan weas
adopted. 1In place of pure cryolite, a cryolite-alumina mixture wes

for
chosen as the standardicomparison. This decision was made on the basis
thev all ¢lectrolytic reduction cells for aluminium proiuction contain
alumine, and a solution of 54 alumina in éryolite wmelts considerably
below 1000 deg. Cs A further reducticn of undesirable efiects wes
obtained by insulating the exposzd portions of.the electrodes as des-
cribed in the experimental sectlon. The efficiency of this insulation
is immediately evident from a consideration of the results platted in
Tigures 6§ and 7. The resistance of a 5% solution of alumine in cryolite
dropved from about 0.33 ohms to 0.22 ohnms,

Calculated cell constants are extremely unreliable for parallel

electrodes of the type used in this work, and the values of specific
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FIGURE 7.

RESTSTANCE VS. TZMPERATURZ CURVES.

(Data obtained with Conductivity Cell No.2)
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conductauce listed in Table 1 are based on an experimental cell
constant obtained from the specific conductance of a 5% solution
of alumina in cryolite reported by Edwards et al. ( 9 ). The

activaetion energies are calculated according to the formula.

-C/RT

suggested by Bloom and Heymann (5).

Celcium fluoride up to 105 causes a regular increase in the
specific conductence of the cryolite=alumina mixture. Sodium
Tluoride also causes an increase in the speciiic conductance with a
maximum occurring in the region below 10%. It is recalled at this
point that for additions ol calcium fluoride up to 10 in pure cryolite,
Vajna reported & regular increase in conductance while Zdwards et al.
found a decrease. Also, for the mixture containing 5,5 alumina and 103
calcium fluoride Edwards' group found a decrease relative to the
cryolite-alumina mixture; This is in coatrast to the increase reported
here.

It seems likely, aiter examination of the three sets orf data,
that some solidification orurred around the insulsted electrodes used in
the last set oi experiuments. Though less in amount than that occurring
on the bare electrodes, it was still suflicient to give rise to consi-
derable error. This view is supported by the activation energies which
are much nigher then those reported by Zdwards and collaborators. This
quantity is related to the change of conductance with temperature, and

1s larger Jor greater values ol the teuperacure cou.oiclent of




Table 1.
Composition of Resistance Specific conductence  Activation energy
the mixture. in ohms. ohms™* om, 7t Ke calss/mole.
cryolite 95%
alumina 5%  0e220 255 6.C
cryolite 905
alumina 5%  0.117 4,80 €.0
sodium fluoride 5%
cryolite 0%
alumina 5% 0202 2,78 16.C
calcium fluoride 5%
cryolite 85%
elurnina 5% 0.168 3, 34 Cols
sodium fluoride 107
cryolite 85%
alumina 55 0el3 4, 32 10.5

calcium FluoridelO®
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conductance.s If solidification on the electrodes occurs, the amount
will decrease with rising temperature. Conductance will then increase
by two mechanisms. The first involves ionic mobility, the normal
m@chanism of conductance in 1iquid electrolytes, and gives rise to
the true activation energy. The second involves & decrease in the
thickness of the sclidified material around the electrode, and is not
directly associated with the true activation energye. Conductance data
determined under these conditions will yileld hish activation energies.
Two other factors contribute somewhat to the difference in activation
energies noteds The first concerns the use of specific conductance
in this work for calculation of activatlon energy whereas equivalent
conductance was used by Edwards end colleagues. Secondly, as noted
in the introduction, equivalent conductance was calculated by Zdwards!
group using weight fractions in place of equivalent fractions. How- —
sver, the logarithmic relationship for activation energy mekes it
relativaly insensitive to these errors which are small in any case.
Solidification of electrolyte on the electrodes appears to be the
major cause of hizh activation energies found in this investigation.
It is possible.that somc solidification of this type occurred
in the cell employed by Vajna. The reletive conductance curves cal-
culated from-his results are shown in figure 1 along with those of
Edwards et al., In every case Vajna's curve lies evove Edwards' except
for scdium fluoride. An explanatioﬁ of this trend is possible if it
is assumed that some solidification occurred in Vajna's celly This
would be greatest with pure cryolite lecading to the low value of
conductance reported ( 2.36 as compared to 2,8 listed by Edwards).
A decrease in solidiiication caused by lower melting points for the

various uixtures would obviously cause high values ror relative
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conductance: as seen in. the figure.This is particularly notable for
calcium fluoride which is known to have considerable effect on the:melting
point. Further evidence in support of such solidification is found in the
high activation energies calculated from Vajna's results (about 8K.cals,/
mole ).

The dip-cell_of Edwards et al, immersed in a relatively large bath
of the molten electrolyte would. be much less likely to give rise.to
solidification of this typesllowever other sources of error are always
present,and they have indicated the limitations of their results.Activeaetion
energies are reported with three significent figures, and it is rather
surprisin, to find identical values for all concentrations of a given
additiye. The method used to obtain such consistent results is not obvious,
particularly since calculations based on their conductance values indicate
some uncertainty in the second figure of the activation energy. The
reliabilify of their conductance values is supported because. of the cell
design and the natufe of the curves discussed abvove rather than on the
consistency of the activation energies reported.

Other sources of error are always present in measﬁrements.of this
type, and a brief discussion of some of these follows.

Chemical attack of the electrodes and crucible by the electrolyte
may introduce lmpurities into the melt, or alter its composition by reac-—
tion of certain components. Holybdenum appears to be satisfactory in tnis
respect since the weight loss after numerous experiments was negligible.

Volatilization of certein components appears to be a problem if
prolonged experiments are attempted. This was indicated in one case when

a given mixture was repeated for two temperature cycles.
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Resistances were notably higher during the latter part oi the
experiment. Secondary sfiects introduced by volatilization include
cowmpositional changes, lowering of the liquid level aud possible
attack or some part of the apparatus not normally in contact with
the electrolyte, by tne gases evolved.

The determination of liquid level is essential if absolute
values of conductance are to be determined unless totally immersed
electrodes of fixed'area are usedes Relative conductances were
deemed satisfactory Tor tnis investigation, and a constant electro-
lyte level was obtained using a coastant weizht or material. As
indicated earlier this was subject to error resulting from density
differences, but at most such error would amount to about 57%.

Polarization errors were fully discussed in an earlier
gection aad it will only be pointed out here that this difficulty
is not eliminated with molybdenum elzctrodes. However, its
satisfactory behaviour in other respects and a relatively low cost
sugzest that further experiments with this metal should be made.
Also, it is still possible that some improvement over platinum may

be found in reducing polarization errors.
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SUMMARY AND CONTRIBUTIONS TO KJOWLEDGE,

I) Pactors concerning the design of conductivity cells and the choice.
of bridge components for resistunce meesurements of fused cryolite
baths are discussed.The divergence of resulis obtained in previous
investigations is noted in a brief review of the literature on con-
ductance determinations in molten cryolite mixtures.Theoretical aspects
of conductance in fused electrolyies are discussed,and the variation.
of conductance with temperature is considered briefly in terms of the
theory of absolute reaction ratese

2) A conductivity cell consisting of a molybdenum crucible for
holding the molten cryolite and conceantric molybdenum electrodes

was designed and constructed.lhe total resistance of fused cryolite
baths in thie cell was too low for sufficiently accurate wmeasurement
with the bridge available.

3) A second cell was designed in which two parallel molybdenum

rods served as electrodes.Severe oxidation of the molybdenum crucible
was prevented vy enclosing in a carbon cruciole.Discs of AlSiMag 222
were useéd.to insulate and position the electrodes.

L) The: conductances of varlous mixtures of cryolite,alumina, sodium
fluoride and calcium fluoride were determined at teuperatures in the
neignbournocd of IO00 deg.Csiccuracy of the results was affected by
cooling and solidification of electrolyte in contact with the electr-
odes.

5) Experience gained.by this work seems to indicate that Dr.Vajna's
resulls may have been afiected in a similar menner.Sucn solidification
would be much less likely with the apparatus used by Edwards'' group

end their results are probably less affected by this type of error.
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6) Molybdenum is demonstrated as a possible material of construction
for use in contact with fused cryolite.Oxidation at high temperatures
can be curtailed by careful design, and further study of its use in

this field is recommended.
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