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INTRODUCTION 

General Introduction. 

Canada ranks among the leading countries of the \'lOrld in 

the production and exportation of aluminium. In addition, 

Canadian enterprises operate all.llil.inium plants in several parts 

of the world. 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 thesi s repres;.:;nts an attempt to 

approach the proolem without tho usual expensive platinum 

equipment. 

Since the developmant in 1886 of the Hall-Heroult 

process for al~~inium production (1) the position of this metal 

has risen from laboratory curiosity to one of leadership among 

the non-ferrous metals. The pro cess consists essentially of 

the electrolytic reduction of alumina dissolved in cryolite. 

The power consumed in this process isafactor of major impor

tance, oeing greater in terms of production. than for any other 

electrolytic industry . (,) .. About one quarter of this pO\'ler is 

dissipated in the resistance of the electrolyte, amounting to a 

loss of 6000 K. ~·l.:-I. per ton of aluminium produced, or a total 

of 15,000 million K. ;·[.H. for an estimated world production of 

2.5 million tons of aluminium in 1954. 
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T'llis fact al one suggests a need for investigation of the . 

conductance of rused cryoli te baths used in alULÙ.nium proiuction. 

Further, increasod conductance oi' the bath \-Tould permit greater 

distance behTeen. the electrodes for a ziven pO,'ler consumption. 

This is desirable to minimizareoxidation. o~ the cathode 

aluminium. 

Also, impurities introduced by the utilization o~ ne';T 

types of rai'l materials, both for the alumina and the electrode, 

have created nevl pro blems in the electrolytic reduction practice. 

A knouledge of the specific effects of such impurities is ne

cessary for an intelligent approach to these pro blems, and \·;i11 

undoubtedly contribute to improve~nts in the efficiency of the 

pro cess. 

Finally the direct depom tian of aluminium alloys in the 

electrolytic cell \Vould minimize the cost of preparing such 

alloys by mel ting and mixing in the usual way. Here again 

information concerning the behaviour of cryolite baths \"1ith 

various additives i8 of vital importance. Such inf ormation 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 conductance 

of cryolite - alumina melts on addition . of various salts. 
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Theo retical 

Conductance C and specifie conductance k are the reciprocals of 

resistance Rand sp0cific resistance [-'. The term specific conductivity 

has also been used, presumably \iith respe ct to specific conductance~ In 

electrolytic studi e s a quan~ity called the equivalent conductance has found 

vridespread use. It is defined, f or aq.eous solutions, as the conductance 

of a quantity of solution containing one equivalent of the solute. For 

molten saI ts fuld tl1eir mixtures it is dei'ined as the conductance of one 

equivalent of tile :::alt or solution. Renee we have 

1\ (aqueous solution) = 1000 k/c 

1\ (molten salt) = We. k/d 

1\ (molten salt solution) c(We1 • 1'1 + W~ • 1'2). k/d 

Where 

c c concentration in eq./ 1. 

\'le= equiva Lent weir;ht in g./ eq. 

d c density in g./ cc. 

l' = weight :t'raction 

and subscript numerals refer to components. 

The modern concept 01' el ectrolytic conduct anc3 suggests the 

existence in a11 electrolytes of chnrged particles called ions. The 

passas e of electric current throuh such materials involves only the 

lllovement oi: these ions in tne applied potential field. There must also 

oeeur, aeross the interface oeüleen the eleetrolytic conductor and the 

elec-cronic conductor ( electrode ), a traüsi'er of charge. This resul ts 

in oxidation at tne anode and reduction at tne cathode. The anodic and 

cathodic processes and ionie movement aIl contribute ta concentration 
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changes within the electrolyte. 

Specific conductance is determined 0xperimentally by measuring 

the resi stance of the electrolyte beh/een two elect.rodes, 'iihence 

k= KIR 

l'/here K, a function oi' the electrode geometry, is lr..novm as the cell 

constant. It is usually Jetermined experimentally using an electrolyte 

of kno'im specific conductance. rtesistances are meaGured vlith modified 

forms of the ;'lheatstone Bridge developed to overcome dif'ficul ties peculiar 

to electrolytic measurements. 

The bridge method is essentially a cOlllparison of resistances by 

the potentials developed across them under given current conditions. 

Errors peculiar to electrolytic measurements are usually associated \-vith 

extra potentials developed Hithin the electrolytic cell oy the chemical 

action of the bridge current. The term polarization i8 used to indicate 

any condition in which the e.l.l. f. ~I' such a cell difi'ers l'rom the normal 

vs.Iue. It is usually the result 0:;:' one o;r: more of the Zollorüng factors~ 

(1) transf'er voltage arising frOil., the transfer oI' charGe across the 

electrode interface. 

(2) concentration changes in the electrolyte. 

(3) ohmic resistance of solid products of electrolysis formed over 

the surface of the eleeironie conduetor. 

(4) specifie electrode effects sue~ as a slow stage in the 

fornation and evolution of gas bubbles at gas electrodes etc. 

The 1ast factor i 3 o:ten quite distinct l'rom tho :':·irst three, and i3 dis

tingui shed l'rom tllem by pertinent n8.!!lGS such as hydrogen overvol tage, 

oxygen overvolt~ge, etc. The size of such overvolta; e depends on ~he gas 

ovolved, and. also on the nature ::.nd surface finish ai' the metal conductor. 

Polarization errors are efi·ectively reduced Dy usi.ng the a-c 

bridge. This eliminates'idespread changes in concentration 0.3 {lell as the 
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deposition 0; i:ü gL1 resistance i'ilms on tne electrocle surfaces. 

HOiiever, the relatively small ei',,'ects produced durin~~ each half cycle of the 

alternating current are sui'; icient to cause si[nificant polarization even 

\';hen fairly niÙl frequencies are uaed to reduce the char::;e passed in 

eo.ch nalf-cycle. Polarization does iecrease as the frequency i8 rai::;ed, 

but. an upper limit is imposed by increasin; errors lue ta stray capacitances 

and non-resistive irapedance in the bridge cOJ:1ponents. Frequencies of 

60 c.,p. s •. and l, 000 c. p. s. have found 1'1i::lespread use, al though Lluch higher 

frequencies have been used in sorne investigations. 

Certain precautions are necessary in the desi[;n and location oi' 

c-.;mponents f'or an o.-c iJridge in orJer to nlininize erl'ors êlUC to such 

phcnomcna as eddy currents, s1:in e?,~'ect, stray capacitance and non-

resistive impedance in. the \'lindings. 

Special i:esistors are no \-1 available for constructioi1 of' a-c 

bridges. The a-c resistc.nce of these units ie: '.!ithin O.ClOl;~ of the 

d-c value in the audio frequency ra"ge. This close toleranc~ is made 

possiolü by \-:indinf; the resis'..:,ors in a special pat'cern .veave. 

The na'..:,ure and magnitude of the resistance of electrolyte 

dGpends lurgely 011. the desigtl of tlle electrolytic celle Inter-elec-

trode and other cell capacitances, never complctely eliminated, can be 

oals...YlCed 0y a like quantity in the adjs.cent al'li 0 :' the bridge. 'Bdge 

effects, due ta current paths axtsndin,'; beyond the volume betl'reen the 

electrodes, are ef~'ectively removed 'Gy using concentric hemispherical 

electrodes i'illed 1;:it1:1 dectrolyte. This an'o.n.:;c:nent (msures that a11 

curren:t passes directly oet,Taen the electrodes, and thUG peroits 

calculation of' the cell constant l'rom gcometI"'J. An approach to this 

condition is possiblo \-:ith concentric cylindrica1 electrodes 1;1~1ich have 

a small edge to area ratio. rtOi'feVer, neither these desi ,C-:ns is satis-

CI t ' lac ory '{[tlen polarization is apprec:;'abl e • 
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According to Kohlrausch" polarization cn"or depends upon the 

quantity p2/ u.) R2 
J' where P is the polarization e.lL f. and w is the 

frequency. To reduce polarization errors, therefore, R must bs made 

quite large, which is impractieal · .. :ith the h/o arrangements mentioned. 

The resistanc3 uetween hemi::::p:.lerieal eleetrodes is given by 

R = 
211" ( r • r 

o i 

and that behleen eylin:l.rical eleetrodes by 

i'lhere r und r 
i o 

R 

are 

= -- ·"ln 

r· 1. 

the radii of inüer and outer ele.ctrodes, h i8 tho 

iLI:l.Cr8c :l heigrlt of the eylindrical electrodes, and P i8 the specifie resistan-

ce of the electrolyte.. Sin ce 1'0 is usually limited by the size 

of the cruci ale or i'urnaee available, R can be increased only by 

decreasing ri" But this defeats the original purpose because polari-

zation e.m.f. is increased by the high current density resulting at the 

inner electrode. 

imen ouly relative value s of conductance are required and the 

range of resistance to be measured i8 not cxten3ive, edge e.f:::·ects can be 

neglected. Under theseconditions high resistances can oe obtained using 

widely spaced parallel plate electrodes of fairly small area. 

In. recent years, the vacuum tube oscillator has becomo the most 

popular a-c source for conductance work. The ma.i.n advanta;:;es of the 

vacuum tube oscillator are inexpensive construction, silent operation and 

a sinusoidal output of constant frequency. It is Iully aiequate for 

even the most precise conductance meusurements provided stray capaeito.nce 

in the bridge circuit.is avoided by s' . ..titaole gro'..l.llding. 
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Telephone ear-pieces are usually employed as detectors. 

-9 
Currents as low as lQ amp. can be detected rdth such equipment when. 

it is properly tuned, and even greater sensitivity is possib1e; ';'lhen a 

tuned audio frequency amplifier is added. The use 01' such an amplifier 

a1so helps to stabilize the effects of stray capacitances introduced 

by the presence of the operator. 

The aff ects of interaction. beb/'een various bridge components 

and ground not eliminated in the desi~n of the bridge can be effective-

ly reduced by careful shielding and grounding of certain critical 

points. Shielding i6 not ahmys easily accom.plisned, and unless care-

fully haudled it may actually introduce error. Oùé of the most effect-

ive grounding devices is the Il \'i'agner earth Il,, \'/hich permits indirect 

grounding of the detector unit without connecting either terminal 

directly to ground. This simple precaution. gives sufficient accuracy 

for many purposes, particularly molten salt determinations where 

tem.perature measurements, ;composition and polarization are ; a11 difficult 

to control. 
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Historical Introduction. 

Published data on the conductivities of pure cr,yolite and mixtures 

of cryolitc, sodium fluoride, aluminium fluoride, calcium fluoride and alu

mina are very meager and unduly variant. Although reports have appeared 

from time to time since the beginning of this centur,y, absolute values of the 

conductances from different sources are in very poor agreement; deviations 

as high as 50 percent are found and even the results of recent investigations 

differ by 20 to 30 percent. This divergence in results appears to be due 

mainly to difficulties associated with the proper design of a conductivity 

cell for use with molten fluorides. The type of cell usually employed for 

measurements with fused salts is unsuitable due to the extremely corrosive 

nature 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 attac!c by 

fluorides at high tempera~ures, and of these, many are too porous for use as 

containers for the molten material. Platinum, carbon ( and graphite ), fused 

magnesia, and poudered carborundum sintered at 2000 deg. o. have been tried. 

Platinum appears to be the best of these, but considerable difficulty is 

experienced due to. polarization effects. Platinum black is quite efi'ective~ 

in reducing these effects,; but at the high temperatures encountered the coating 

i3 rapidly converted to grey platinum with greatly reduced ability to depolarize. 

Carbon materials are relatively inerl in liquid cryolite" but suffer attack by 

oxygen and fluorine gas at high temperature. The resulting ash and carbon dust 

contaminate the melt. Magnesia ruld carborundum suffer rapid chemical attack 

leading to short cell life and contamination of the electrolyte. 

Difficulties are aiso encou.~tered due to the formation of a solid crust 

on top of the liquid or surrounding the electrodes, This is caused Dy surface 

cooling or the conduction of heat from the liquid by the electrodes. At higher 

temperatures, dissociation of the electrolyte vl'ith subsequent volatili.zation 

.. .. _-- --- --------------------
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of' some constituents becomes excessive with attendan'.:, 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 

Kapma (16) suggested the design of a cell for electrolytic conductance 

measurements at temperatures up to 1600 deg. C. In the same year 

Edwards and Taylor (10) used a modification of this cell to determine 

conductances of cryolite baths. Hemispherical platinum electrodes viere 

used, the outer on0 acting as container. The height of electrolyte in 

the cell "/as 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 definite 

drift was found in the resistance of the cell and their results viere not 

published at that time. 

Polarization difficul ties '"lere al so experienced by Arndt and 

Kalass (2) using a similar platinum celle In this \';ork the height of 

electrolyte was determined from solidified bath on a platinum rode 

-1 -1 
A specific conductance of 2.23 ohm cm. was reported for pure 

cryolite at 1000 deg.C.. The equivalent conductance of pure crfolite 

ViaS roughly equal to that of sodium fluoride, and it ,-ras sug:;;ested that 

the sodium salt alone is responsiole for conductance in cryolite. Con-

ductance data obtained "IHh cryolite - alumina melts containing up to 20}~ 

aluuina l'lere extrapolated fu"1d the coniuctance of pure alumina estimated 

to be zero. Hero.\.ll t later succ8eded in depositing copper - aluminum 

alloy by electrolysis of alumina melts, und M. R. Galeau (14) later 

referred ta 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 '-las completely filled by submerging it in 
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molten electrolyte prepared in a larger platinum crucible. A conductance 

of 
-1 5.25 ohm. cm. -1 was reported for c~olite at 1000 deg.C •. 

In the same year Cuthbertson and l'laddington (6) substituted a 

graphite container for the platinum crucible of Arndt and Kalass, but 

wide variations ~ .. ere found for supposedly identical expe:ciments.. Failure 

VIas attributed to the unsatisfactory na'.:.ure of graphite for cell construc-

tion. Difficulty \-las also experienced in attempting to satisfy the require-

ments of Kohlrausch to avoid polarization errors; namely the area of the 

electrodes nru.st be greater than loiR sq. cm.. In a further attemp~ to reduce 

polarization, a long magnesia "bube 'liaS used '';'0 hold the cryolite with 

electrodes situated at the ends. Solubili ty of' magn0sia caused poor 

reproducibility and resul ts for similar experiments varied as much as 14%. 

In 1950 the resul ts of extensive 1;lOrk in thiG field Viere published 

by Dr. Vajna. His cell consisted of two concentric cylindrical platinum 

crucibles with hemisphe.rical bottoms suspended by thick platinum v,ires. 

A brass frame,vork held the outside crucible rigidly, while the inside one 

Was fixed by a brass sleeve which guided the platinum wir~. The sleeve 

and frameHork >"ere insulated :;:~rom each other by means of a fibrous material. 

Uncertainty in balancing the bridge, attributed to polarization effects, 

Has listed as a source of appreciable error. A value of 2.36 ohm -1 cm.-l 

VIas reporled for the conductance of pure cryolite. This ViaS lov/ered by 

additions of aluminium fluoride or alumina and raised by additions of 

sodium fluoride or calcium fluoride. 

In 1952 and 1955 Edwards and Taylor and their collaborators (9) 

(10) published reports of conductance determinations on cr/olite, with 

alld \üthout additions. Several different cells were used in an effort 

to obtain high accuracy. A quartz dip-cell was tried and discarded because 

of excessive attack by c~olite. Modifications of the parlly filled platinum 
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cell impl'oved :"e;:: ro "lacïDilit y, but results were subject to errors trom 

volatilization a:üd creep. Best results \'Iere 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 measurements. Con

centric cylindrical platinum electrodes with hemispherical bottoms were 

supported by platinum rocb rigidly fixed in tV10 blocks of baked lavite. 

The outer electrode, with a 50 ml. volume, served as container. 

Conductance determinations were made by dipping this unit in molten 

electrolyte held in a 400 ml. platinum crucible. 

Considerable care appears to have been talœn in obtaining the 

purest available c!"'Jolite a.id other chemicals, and in determining the 

densities of the baths for caLculation of equivalent conductances. 

To minimize polarization errors, their resul ts i-rere corrected to iilfinite 

frequency and zero elapsed time after melting. No al10wance was made for 

volatilization during the melting periode Platinum black original1y 

applied to the electrodes ~'las quickly converted to grey platinum. The 

resistance of the ~"el1 platinized electrodes decreased only )7~ bet\'leen 

500 c.p.s. and infinite frequency. This decrease rose irregularly to 30% 

v:ith 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 follo\'ling values at 1000 deg. o.. , 2.8 ohm-1 cm. -1 for the specific 

conductance of pure cryolite" 94 ohm -1 cm. 2 eq. -1 for 9:fl.uivalent 

conductance of pure cryolite, and 118 ohm -1 cm. 2 eq. -1 for the equivalent 

conductance os:' sodium fluoride. In their calculation of the equivalent 

conductance of mixed saI ts, \·reight fractions \'lere used in place of equi

valent fractions. The values obtained in this way are lower than those 
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obtained by the definition given in this paper. The difference depends 

upon the dif:.7erence in the equivalent weights of the t.-ro saI ts and their 

ratio in the mixture. It amounts ta about five percent for a 60 : 40 

mixture of cryolite and sodium fluoride. 

Activation energies for conductance in the various electrolytes 

\-/ere ca.lculated according to the method described by Bloom and Heymann (5). 

The values reported show considerable variation from one mate rial to another 

\vith no change as the concentration of one material is varied. Calcium 

fluoride addition l'las found to effect a substantial increase in activation 

energy vrhich is in accord with the general rule that activation enereies 

increase with increased size of the cation. The effect of other additives 

l'1o.S slight decrease in activation energy values. 

Variations of conductances of cryolite baths .. rith addi'.:.ives based 

on the resul ts of Dr. Vajna as \'rell as of Edl'lards and colleagues are 

plotted in fig. 1. Disagreements are visible in aIl cases, though general 

trends are evident except in the case of calcium i'luoride. Dr. Vajna 

reports incree.se of conductance ~-rith addition of calcium fluoride, in 

contrast to the decrease reported by Edwards et al. 

The nature of cryolite - alumina melts:-

An explanation of conductance in Illsed salts must inevitably 

involve some consideration of the internaI structure of Bueh systems. 

Indeed, reeent activitics in thi::: field have produced a number of in

teresting suggestions end a brie:i:'" revie\'! of this l'TorIe follo\'ls. 

Some investigators consider that a11 fused saI ts are completely 

ionised. However, the substantial reduction in conductivity caused by 

alumina additions to cryolite scems to indicate that such an assumption 

should be vievlCd vlith caution. The theruodynamic calculatbns of 
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Pearson and ~laddington (21) suggest that molten cryolite at 1000 deG. C. 

i8 about 15 to 20% dissociated into alumina and cryolite. But many of 

the data used in this cal culation \'lere estimated, owing to the lack of 

experimental values. Hence there is a possibility of considerable 

error in thoir results. A study of the densities of mixtures of sodium 

fluoride and aluminium fluoride supported the conclusion regarding 

lIlOl ten c~Jolite ,'rhich \'las considered to be a mixture of Na, AIF6' NaF, 

AIF, and their ions. The molar conductance of cryolite mixtures 

containing NaF, AIF, ~ CaF2 or A12 0, ; calculated from the data of 

Batashev (4) "VIas round to vary linearly l'li th lIlOle percent additive. 

Pearson and. l'Jaddington note that extrapolation of these data yields 

zero conductance for pure alumina and very 10' .... conductance for calcium 

fluoride. Although such extrapolation is often misleading, it is in

teresting to note that a similar treatment of the results of Edwards 

and collaborators gives a negative value of conductance for pure 

alumina. Based on the lo\'! conductance of calcium fluoride and equi

valent conductances of 107and 86 ohm -lem. 2 eq.-l for cryolite and 

sodium. fluoride respectively. Pearson_ and "laddington suggest that only 

a small fraction of the total current in an aluminium reduction . cell 

is carried by the ~luoride ion. The major part or the current i8 carried 

by the sodium ion, a view consistent .. li th 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 Eduards et al. 

Gadeau (14) attempted to produce aluminium from fluoride baths 

without sodium,. n8J!lely from mixtures of aluminium, calcium and magnesium 

fluoride~ Tne 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 L1elting. A considerable increase;in 

conductance resul ted \"lhen sodium fluoride i'laS 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 different values. But many agree that the solubility at 

1000 deg. C. is about 20% by wei~ht and that the melting point of 

cryolite is lO\"lered dOim to 935 deg. c. by the addition of 15% 

alumina by weight. According to Pyne (1), thore is a minimum melting 

point of 915 deg. C. at 5% alumina which is not reported by any of the 

other \"lorkers, and hence may be in error. Anderson (1) mentions that 

the mel ting point of cr'Joli te - alU!.Uina mixtures can be brought dOl"m 

to 800 deg. C. by adding suitabl .; am'J,unts of cal cium fluoride. 

Although substantin.l amount of alumina. can be dissolved in 

cryoli te, it is not soluble in other :0 ... sdd salts, especially in sodium 

fluoride (n). Hence the anion AIF
6 

-must be:;the A1
2
0, dissolving 

agent in cryolite, and it is thou.zht that alumina reacts "lith the 

anions 01' cr'Jolite to l'onu ox;y-fluoride anions as follo\ .. ss 

Zintl Uild ~rora\'lietz (25)" on examining radiographically the solid 

solution of cryolite and alumina, found each molecule o f cryolite to be 

replaced Dy a doubl e molecule of Al ° , corresponding to the formula 
2 , 

To explain the ~~omalies obse~~ed in the deterDination of the 

solubility of alumina i n molten cryolite, Fedotiev (12) sug: ested the 

equilibrium reaction. 

4 A120, ... 2 Na:z:All"6 ~ 4 AIF:z: ... 3 Na Al ° 
.,1 .,1 2 2 4 
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Llto + 
with subsequent decomposition of the aluminateÀthe ions Na and A1264-

or Al 02; In this reaction the number of sodium ions does not change. 
-

Th~AIF6- ions are replaced by less mobile complex oxy-ions. This 

supports the f act of diminution of conductivity of cryolite on addition_ 

of alumina. 

The linear relationship oetween molar conductrulce and mole 

pe rcent ~'or cryolite-alumina mixtures has been pointed out as evidence 

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

is i t self dissociated and responsible for conductivity of the rllxture. 

But Dr. Vajna ha s shown that the viscosity of cryolite is doubled by 

adding 20% alumina. The drop in conductivity could thus oe attributed 

to a decrease in illobility of the ions which depends on the visco sity 

of the medium. 

On the other hand, it () ) i6 reported that equivalent conductance 

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

reveal the mixture to oe ideal. Deviations are normally neeat.ive and 

tend to be large for com) osi tians corresponding to compound formation 

in the solid state. The only positive deviation on record \'las reported 

for the cadlJ.iun chloride lead chloride system. 

The variation of conductance \nth temperature i8 generally 

considered in terms of the Theor'J of Absolute Reaction Rates' proposed 

by Stearü and :::'y l'Ül8: ( 20 ). This treatmcnt considers conductance in 

terms of ionie migration and proposes that activation energies for the 

two processes should bc the sarne. As a result 0:' this approach, con-

ductance ai' a mixture cvntaining t1'lO ions may be represented by 

+ 
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where Al and A2 are constants ruld Cl and C2 are the activation energies 

for iOilic migration oi' the two species. \Ptlen Cl and C2 are very nearly 

equal or when one is very much larger than the other, the expression 

may be simi)lified to read -CjRT 
k = A ... e 

where A is a constant and C combined activation energy. 

A sLnilar exp l"essi ;,l n for the equivalent conductance has also been 

used in ~..,hich 

l = A~. e 

where the primes are used merely to indicate equivalent conductance terms. 

Since.-\ is proportional to k/d, it folloYlS that Cl will differ from C by 

an amount which depends on the variation of density ,vith temperature. 

In view of tfle lot;arithmic relationship and the normally small temperature 

coefficient of density for these mixtures, the dii'i'erence beh/Gen C and 

Cl should not be verJ large. 
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EXPERIMENTAL 

Apparatus 

1. The electrolytic cell:-

Fevl materials cau 'flithstand chemical attack by molten fluorides. 

Plati~ is very good in this respect, but it is ex)ensive . and contri

butes to polarization errors. PIQtinum black, 50 effective in reducing 

polarization at low temperature, is extremely unstable at temperatures 

necessary for mel ting fluorides. Most other metals are unsuitable 

because of high reactivity~ low melting point or high cost. A consider

ationof the properties of the remaining metals indicated that 

molybdemun might prove satisfactory for use in this \'lork. Its mel ting 

point is 2625 deg. C., and it is relatively inert in mol ten fluorides. 

It is reasonably inexpensive ,-rhen purchased in standard forms, and '-las 

finally chosen for construction of the electrodes and container. 

Oxidation of the metal in air is quite severe at temperatures above 500deg. C 

because the oxide formcd i5 light ruld fluffY with little tendency to adhere. 

HO\'lever, this reaction may be satisfactorily controlled by preventing 

direct contact oi' the parts v/ith large volumes of air. 

A concentric cylinder dip- cell was designed in \'fhich the outer 

electrode l'las to be cut from a long 30 llll:l'ù. I.D. l!lOlybdenum 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 l'laS silllply a piece of la mm.. rod extending down the centre of 

the tube. 

Machining the molybdenum tube 'l'laS extremely difficul t, and the 

design was finally modified to eliminate this operation. The outer 

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

electrode supports ( fig. 2).. Extra holes \tere drilled balow this lavei 
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FIGURE 2. 

CO;JDUC'nVI'rY O:2:LL NO. 1. 
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to ensure the escape oi' gas 3s given off during operation of the celle 

PositiOl1ing and insulation of the electrodes l"eL'e accompli shed by washers 

of A1Silvlag 222,. a machineable cerami.Q supplied by the American Lava 

Corporation. Concentricity was ensured by washers machined to fit 

snugly between the two electrodes. Vertical positioning was attained 

by a pin through the rod electrode. This pin, 'l'Tith A1SiMag sleeves, 

extended through the holes drilled in the wall of the outer eloctrode. 

It also served to govern the depth of immersion of' the electrodes in 

the melt at about 5 nma by resting on the A1SiMag crucible coyer dGs-

cribed below. 

To prevent oxidation of the molybdenum crucible it 'l'las placed 

in a covered graphite container machined to a snug fit. A smali lip 

served to position the cover and prevent ready aecess of air to the 

electrodes in the high temperature region just above the melt. An 

A1Si}!ag' dise, placed over the graphite caver and fixed .,;ith hlO short 

vertical pins served to support the eleetrode assembly \'lhich 'l'laS 

inserted through a central hole in bath lids.. A smaH hole 'l'laS drilled 

through the covers to hold the thermo-couple uscd foL' tempe rature 

determinations. Heavy copper 'Ivire was brazed around the top of cach 

electrode for cormection ta the bridge. Kyanex ref'raetory cement, 

applied to the graphite berore eaeh experiment deereased oxidation of' 

the graphite and provided electrical insulation behreen the graphite 

crueible and the carbon blocks in the resistance furnace. 

The resistance of molten cryolite using this assembly was about 

0 •. 06 ohms. Sin ce the aceuracy of measurement vTi th the bridGe available 

vlaS aoout 0.001 ohms. an increase in cell resistance seemed to be 

desirable.· This Has aecomplislled in the parallel electrode assembly 
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shown in, figure.5. Two small eledrodes were made from the molybdenum 

rod by griuding the euds to rectangular cross sections 5 mm. square and 

10 mm. long. Originally a single AlvSivMag dise vIas used to position, 

these electrodes with an immersion of about, ro ~ and a separation of 

27 mm.. The: method of assembly folloued that of the previous ceU where 

possible .. 

Some difficul ty i'laS experienced with heat conduction up these 

electrodes., and Al..,SivMag dises \vere finally used to insulate the full 

length of exposed rode i'Jhen coated .dth the Kyanex cement thia arrangement 

practically eliminated oxidation of the molybdenum rods. The resistance 

of cryolite using this assembly 'l'laS about 0.2 ohms giving a relative 

accuracy of 0 .. 5% •. 

2. The resistance bridge~-

A Leeds and Northrup 1i.heatstone bridge \>TaS Llodii'ied for U3e \.,rith 

alteruating current by the following changes. The variable resistor was 

shielded fromthe ratio resistors ivith aluminum foil. A Heathkit deeade 

condenser" Model nc-l~ was connected across the variable resistor. The 

range of this unit was 100 1'" JI- f. to 0.111 fA f. in steps of 100,. lA- f. 

The alteruating current was supplied by a Heathkit audio oscillator, 

Model AO-l. with a frequeney range up to 20 k.c.p •. s. "and an output of 

ten vol ts maximum.. It was coupled to the bridge through an impedance 

matching transformer. The galvanomater was replaced with a detector 

consisting of a \vestern Electrie hearing aid'" Modèl 64. ,with .an: imp:edance 

matching .transformer substituted for the microphone. The entire detactor 

unit vlo.s shielded with grounded aluminium foil. l'Jaguer earth connections 

were made with a 25 ~ ohm volume control. The circuit diagram for this 

bridge ia given in figure 4 .. 



FIGURE 4. 

L3GE~~D :-
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FIGURE 5. 

CAR30H R~SI ST IJ.iCZ F;JIUACE. 
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3· -AuXiliary materials:--

.... A carbon resistance furnace (fig.5) was used to heat the mel t 

duringexperiments~ The frame consisted of a rectangular steel box, 

supporled on four angle irons. It vIas lined \-/ith about 5 inches of 

insulating brick and l inch of fire brick,. and filled \-,ith crushed 

graphite and carbon to serve as the heating element. Contact with 

the crushed material 'l'ras made by melns of two fiat graphite blocks 

situated at the ends of the furnace. CUrrent uas supplied to the 

graphite blocks by two inch graphite; rods "l1hich protruded from the 

furnace at either end. The ends of' the rods viere clamped in water 

cooled copper blocks \1hich also served as terminal lugs for cables 

leading to a transformer. 

A vertical cavity "l':as !?repared in the crushed graphite 

midway between the end blocks. The crucible 1'laS levelled in this 

cavity by placing it ona fiat graphite brick laid in the bottom. 

Insulating brick coated \dth "Kyanex" was used around the top of 

the cell to reduce heat losses. 

Considerable dii'ficul ty ,'ras exp-.erienced in heating the 

furnace from room temperature. The source of this trouble was 

finally located wàen complete failure occurred due to extrema 

oxidation of the graphite rod and block ut one end of the furnace. 

Ta replace. these the furnace had to be rebuil t,. 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 ini'luence of alternating high and low 

temperatures. Replacement of one block and resurfacing of the other 

restored the furnace to reasonably good operation, but the crushed 

graphite was heated erlernally to save time \-Ihen startil1g up a cold 

furnace. 
'(' 

This occured on numerous occasions due to power failures 
-i 



and required interruptions 'rThen the pO\'Ter transformer was used for 

some other furnace. Once hot, the furnace operated in a satisfactory 

manner • 

. PO\ier "las supplied ;-rom a 550 volt line through a v:ariac, an 

isolating trrutsfor.mer and a 15 kv&. step-down transformer. The output 

of the step-down transformer could be varied from 10 to 120 volts in 

30 steps, and. fine control ,'las obtained wi. th the vadac. This equip-

ment permitted a fair1y constant temperature to be maintained for the 

short time needed to make a determination. Interference .. lith the bridge 

operation made it necessary to turn the fumace off during final ad-

justment of the bridge. 

Temperatures in the mel t Here determined 'rTi th a platinum v·s. platinu.m-

13% rhodium thermocouple and a Le eds and Northrup portable potentiometer. 

The couple, introduced directly into the mel t, usually lasted for three to 

four determinations bef ore Hs operation l'las impaired beyond use. At. this 

time, the tips \'l'ere snipped off, and a ne1-: clean "Teld lias made. 

The cryolite used Vias of commercial grade having a rough analysis 

as fo 11ol'IS~ 

Total Iron as Fe203 

Lead sulphide as PbS 

Silica as Si02 

Other fluorides 

0.07 % 

0.004% 

0.20 % 

O Z.() ,cf 
"/V ;0 

0.026% 

Analytical or gaad technical grades of sodium fluoride J calcium 

fluoride nd alumina viere used. 
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Procedures. 

The resistance in celis of the type used in this \"lork depends 

not only on the specifie conductance of the eleetrolyte. but also on 

the depth of i~ersion of the electrodes. Ta eusure constant 

immersion from one experiment ta another, the verti~al position of the 

electrodes and the level of the electrolyte in the crucible must bath 

be fixed. The former was arranged in the manner described in the 

preceding section. A constant electrolyte level was obtained by using 

a given weight of material for aIl experiments. The slight error 

introduced by this meihod due to density differences was vlithin the 

limits required for this investigation. 

The re41 ired amounts of materials "lere \'1eighed into the 

molybdenum. cruciale. If, ~'1a.s then placed in the graphite crucible \'1i th 

the cover in position and heated weIl above the melting point 

(about 1060 deg. C.). The AlSiMag lid and electrode assembly viere set 

in position, and the thermocouple was inserted. Ref'ractory brick Was 

placed around the exposed superstructure to obtain slow cooling, and 

the fumace was turned off. Simultaneous determination of resistance 

and temperature vias begun immediately and continued until the tempe rature 

dropped to below 1000 deg. C. The beginning of solidificationwas 

~uLlcn 
acco~panied by a. rise in resistance, and this \liaS used as a sib-nal to 

" 
remove the electrode assembly and the thermocouple for the higher melting 

ma.terials. ~lidified bath on the electrodes was used to check the depth 

of immersion \'lhich ... ,as suffieiently constant for aU experiments. 

The bridge \'las balaneed in the usua1 ': .. ay, inc1uding the variable 

capacitance end the ilagner earth. A frequency of 1.5 k..c.p. s. appeared 
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to give the hest results, hut this was not sharply critical. Inter

~erence from nearby machinery was considerable, and although it c~used 

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 ohms. This correction was applied to all values reported in 

thi s the si s. 

The original parallel electrode assembly without extensive 

insulation was used in experiments 'l'I'ith the ~ollo\ving compositions: 

The final electrode 

100% cryolite 

95% cryolite • 5% alumina (3 times). 

95% cryolite + 5% calcium fluoride. 

assembly with insulation co.vering the external 

portion of the electrodes \vas used for t he follo\'ring compo si tionss 

95% cryoli te + 5% alumina 

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

90% cryolite + 5% alumina + 5% calcium fluoride 

85% cryolite + 5% alumina + 10% sodiun fluoride 

85% cryolite + 5% alumina + 10% calcium fluoride 
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RESULTS fl~D DISCUSSION 

The results 0 btained ',!ith the first paralle1 electrode assembly 

are plq.t.ted in figure'6. The general trend o:t""' these resu.lts ShO"lS arise 

in resis~ce wi th decl'easinë; temperature. This trend is in a,r::.;reement 

r1itl1. the results of other worxers, and Hith the modern concept of 

conductance. The sudden sharp increase in the resist:.::.nce of cryolite 

at about 1025 deg. C. is apparently caused by solidification. The 

mixtures :::xhibit this 0reak in the curve at lov/er temperatu::-es because 

of reduced melting points. The meltinG range o~ temperatures exhibited 

by such illixtures in place of a s11arp mel tin;,; point is 3vident in the 

more graduaI nature of t11e break. 

In the case of pute cryolite the break occurs at 1025 deg. C. 

as compared Hith the melting point of 1000 deg. C. accepted by 110st 

work:ers and listed in the supplier's specifica;:'ions. This discrepancy 

is probably the resul t o:C surface cooling and heat conduction up the 

elec.trodes. A solid surface crust combined ,·;it.}1 solidi:Cied uaterial 

on the electrode sur:i:aces \-Tould certainly increase the resistance 

appreciably "Thile the thermocouple continued to register temperatures 

in the still mo1ten body of the material. 

This possibility also offers an explanation for tl1.e decrease 

in resistrulCe found on addition 0;" eitl1el' c.lumina or calcium fluoride 

to the cryolite. Nost workers have reported an increase in resistance 

for such additions, and the reversed ef'fect 0 btained in this ,-rork is 

exp1ained as follows;. 

Pure cr'Jolite at the highest temperature of measurement is 

still cIo se to the freezirg point, and heat conduction through the 

electrodes is sufficient to cause solidL'ication of a film of cryolite 
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FIG·JRE /' 
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over tue electrode surface. The slope o i.' the upper part of' the curve 

for pure cryolite supports this vieYl, and the r e sist8.rlce is therefore 

probably hi~her than it should be. Addition of calcium fluoride or 

alumina lOi'fers the freezing point sufficiently to permit a completely 

liquid bath. The resulting decrease in resistance i8 more ths.n enough 

to masL the increase caused by compositional changes. 

Hisher temperatures would eliminate this difficulty, but several 

factors oppose such a change. Higher temperatures cause faster volati-

lization of the mel t, and faster oxidation 01' tlLe molybdenum and carbon. 

Also, the results o f other \'lorkers are pretty 'dell con:f'ined to teeperatures 

in the order of 1000 deg. C., and aluminum reduction cells operate ut or 

below this value •. 

To prevent such solidification in the region of 1090 deg. C. a 

completely new cell llOUld have to be designed and buil t. Lack of time 

and material s made such a move tmdesirable, and the folloHing plan v18.S 

adopted. In place o l' pure cryoli te, a CFfoli te-alumina mixture was 
f10r 

clLosen as the standard.comnarison. This decision was made on the basis 
1\ ~ 

that aIl 01ectrolytic reduction cells for alumini'~ pro i uction contain 

alumina, and a solution of 5ï~ alumina in CFfoli te mel ts considerably 

below 1000 deg . C. A further reduction of undesirable efi'ects Vias 

obtained by insulating the exposGd portions of the electrodes as ~es-

cribed in the experi~ental .... sec ... ~on. The ei'ficiency of' this insulation 

is i~~ediately evident from a consideration of the results pl.tted in 

f igures cS and r. The resi stance of a 5% solution of alumina in cryoli te 

dropped fro~ about O.)) ohms to 0.22 ohms. 

Calculated cell constants are extremely unreliable for parallel 

electrodes of the type used in this \'lork, and the values of specifie 
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?IGURE 7. 

(Jata 0 btained lüth Conductivity Gell iJo.2) 
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conducta.we listed in .:cable lare based on an experimental cell 

constant 0 btained froll the specific conductance of a 57~ solution 

of alumina in cryolite reported by Ed'iards et al. ( 9). The 

activation ener6ies are calculated according to the formula 

-CjRT 

suggested by Bloom and Heymann (5). 

Calcium fluoride up to la;; causes a regular increase in the 

specifie conductance of the cryolite-alurnina mixture. Sodium 

fluoride also causes an increase in the specif'ic conductance v[ith a 

maximum occurring in the region below 10;~. It is recall3d at tl1is 

point that for additions oï' calcium fluoride up to 10;'; in pure cryolite, 

Vajna reported a regular increase in conductance ,,[hil e :2:dwards et al. 

found a decrease. Also, for the mixture containing 5,~ alumina and 10j~ 

calcium fluoride Ed\'ratds' g roup found a decrease relative to the 

cryolite-alumina mixture. This is in contrast to the increase reported 

here. 

It seems likely, a~'ter examination of the three sets of data, 

that some solidi::-'ication occurred around the insulated electrodes used in 

the last set o i experil:!lents. Though less in amount -Chan that occurring 

on the bare electrodes, i t l'laS still suf:f.'icient to give rise to consi

derable error. This ~iew is supported by the activation energies which 

are much higher than those reported by 3dHards and collaborators. This 

quantity 1s related to the change of conductance with temperaturel' and 

is larger ~'or g reater values 0 2 the te::J.pera~ure COJ .. ' .. 'ici0nt ot 
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Table 1. 

Composition of Resistance Specifie conductance Activation energy 

the mixture. in ohms. 
, -1 -1 

Otll!l.S cm. K. cal s./mole. 

cr,yolite 95% 

alumina 5% 0.220 w.u 

cryolite 90ï~ 

alumina 5% 0.117 4.80 6.0 

sodium fluoride 5% 

cryolite 90% 

alumina 5% 0.202 
Ie. 0 

calcium fluoride 5% 

cryolite 

alumina 5~~ 0.168 
G. 0 

sodiUJ:!l. fluoride lcr;~ 

cryolite 85% 

alumina 4.32 IO. S 

calci'...tL1 fluoride10% 



conductance. If solidification on the electrodes occur~ the amount 

will decrease \'lith rising temperature. Conductance ",ill them increase 

by two mechanisms. The first involves ionic mobility, the normal 

m,chanism of conductance in liquid electrolytes, and gives rise to 

the true activation energy. The second involves a decrease in the 

thickness of the solidified material around the electrode, and is not 

directly associated with the true activation energy. Conductance data 

determined under these conditions will yield hi::;h activation energies. 

Two other factors cOl1tribute some\'lhat to the difference in activation 

energies noted. The first concerns the use of specific conductance 

in this vlork l'or calculation of activation energy \'rhereas equivalent 

conductance 'iras used by Ed\"Iards and colleaE:,ues. Secondly, as noted 

in the introduction, equivalent conductance i'faS calculated by Edwards l 

group using weiGht fractions in place of equivalent fractions. How

ever, the logarithmic relationship for activation energy makes it 

relativaly insensitive to these errors ''1hich are small in any case. 

Solidi:"ication oi' electrolyte on the ele ctrodes appears to be the 

major cause of hi;::;h activation energies found in tilis investigation. 

It is possible that some solidification of this type occurred 

in the cell employed by Vajna. The relative conductance curves cal

culated from'his results are shown in figure l al ons; ..,.lith those of 

Edwards et al. In every case Vajnals curve lies e..oove Eduards l except 

for sodium fluoride. An explanation of this trend is possible if it 

is as~ed that some solidification occurred in Vajnals cell, This 

\'lould be greatest i'lith pure cryoli te loading to the 10\'1 value of 

conductance reported ( 2.36 as compared to 2.8 listed by EdVlards). 

A decrease in solidi.i:'ication caused by 10vIer melting points for t11e 

various mxtures Hould obviously cause hi[;h values l'or relative 
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conductance; as seen in the figure. This is parti cularly notable for 

calcium fl uoride i-:hich is known to have considerable effect on theJ melting 

point. Further evidence in support of such solidification is found in th~ 

high activation energies calculated froID Vajna's results (about 8K.cals,./ 

mole ). 

The dip-cell of Edwards et al, irnmersed in a relatively large bath 

of the molten ele-ctrolyte would be much less likely to give ri se .. to 

solidification of this type,d:oi-leVer other sources of error are ah .. ays 

presa~t,and they have indicated the limitations of their results.Activation 

energies are reported with three significant figures, and it is rather 

surprisinb to find identical values for aIL concentrations of a given 

additive. 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 

reliability of their conductance values is supported because. of the cell 

design and the nature of the curves discusscd aoove rather than on the 

consistency of the act~vation enereies reported. 

Other sources of error are alwayspresent in measurements of this 

type, and a brief discussion of some of these follows. 

Chemical attack of the electrodes and cruci ble by the electrolyte 

may introduce impurities into the malt, or alter its composition by reac

tion of certain components. r'Iolybdenum appears to be satisfactory in this 

respect since the weight 10s3 after numerous experiments ViaS negligible. 

Volatilization of certain components appears to be a problem if 

prolonged experiments are attempted. This .. las indicated in one case when 

a given mixture i-laS repeated for tHo teUlperature cycles. 
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ResistallCeS v,e:ce notably higher durin:::: the latter part oZ the 

experirùent. Secondary af':'ects introduced by volatilization include 

cowpositional changes, lowarin~ o? the liquid level &ld possible 

attack ol sorne part of' the apparatus no\:' no lùl8.JJy in contact l'li th 

the electrolyte, by ttle gases evolved. 

The determinc.tion of liquid level is esscntial if' absol ute 

values of conductance are to be determined unless totally immersed 

electrodes of fixed area ure used. Relative conductances were 

deemed satisfactorj for this investigation, and a constant electro

lyta level \'l8.S 0 btained using a constant weizht 0:' material. As 

indicated earlier this "IaS subject to error resultinb l'rom density 

differences, but at mo si:. suc:i1 error l'lould amou..'1t to about X~. 

Pola:-ization errors i'l'ere fully discussed in an earlier 

section aüd it will only be pointed out here that this dif'i'icul ty 

is not elir.:iinated .'lith molybdenum. electrodes. Houever, its 

satisf'uctory oe:i1aviour in ot:i1er respects and a relatively 10i'l cost 

sug,;est t:i1at further experiments \1i-',,11 this Jjlet8.1 should oe made. 

AIso, it is still possible that sorne improvement over platinum may 

oe found in reducing polo.rization errors. 
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SŒ-iKARY IG.m COl'I'fRlBUTICi{S TC IGW\YLEDGE. 

I) Factors concerning the design of conductivity cells and the cnoice 

of bridGe components for resistunce measurements of fused cryolite 

baths are discussed.The divergence of results 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 ele.ctrolyt,es are discussed, and the variation 

of conductance with ten:iperature is considered briefly in terms of the 

theory of absolute reaction rates. 

2) A conductivitycell consisting of a :llolybdenu:u crucible for 

holding the molten cryolit.e and concentric illolybdenum. electrode.s 

was designed and constructed.The total resistance of fused c~olite 

baths in this cell iras too lOlt for sufficiently accurate measurement 

with the bridge available. 

3) A second cell vlaS desiE,ned in vrhich two parallel molyodenum 

rods served as electrodes. Severe oxidation of the molybdenum cruciblc 

\':as prevented oy enclosing in a carbon crucible.Discs of AlSHlag 222 

were usad . to insulate and position the electrodes. 

4) The conductances of various mixtures of cryolite,alumina, sodium 

f'luoride and calcium f'luoride were determined at temperatures in the 

neighoourhood of IOOO deg. C. Accuracy of the resul t S l'las affected by 

cooling and solidification of electrolyte in contact l'lith the electr-

odes. 

5) Experience gained by this \"lork seelliS to indicate that Dr. Vajna' s 

results may have been afi'ected in a similar illanner.Sucfl solidification 

l;lould oe much less lilcely with the apparatus used by EdllIarct3' · group 

hlld their results are probably less affected by this type of error. 



6) Molybd0num is demonstrated as a possible material o f construction 

t'o r use in contact with fused cryolite.Oxidation at high temperatures 

CM be curla iled by careful design, and further study of its use in 

this field is recommended. 
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