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ABSTRACT

Activities of sodium in alumina-saturated cryolite-aluminum melts
have been measured by the equilibration of a three phase system of cryélite,
alﬁminum and lead. An approximate linear ihcfease in the activity of sodium
wag.noted on a:log plot of aétivity as a function of NaFfAlF3 weighf ratios

-over the range pertinent to commercial reduction cell operation.

Activities of sodium in cryolite-aluminum mélts have been calculated
by émploying the equilibrium reaction between cryolite and aluminum metal

and the thermodynamic data from.an analysis of the NaF.—A_'LF5 phase diagram.

Differences between the reversible deposition potential for sluminum
and sodium at one atmosphere partial pressure were calculated from the measured
equilibrium sodium activities. .The values obtained were of the order of .15

to .40 volts, increasing with'deCreasing NaF-AlF, ratio.
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7 /-THE ACTIVITY- OF SODIUM IN CRYOLITE-ALUMINUM MELTS

 INTRODUCTION

57Aluminam»isznroduced'commercially by the'electrolytic<reduction
j of alumlnum ox1de dlssolved in molten cryollte (Na3AlF6) The technical
“process 1s based on “the 1ndependent dlscoverles of Hall (U.S.A.) and Heroult

'(France)tin'l886,* e

Although the process 1s over 70 years old there is stlll a great
"desl of>controversy over. the mechanlsms of the reactions 1nvolved Some
of the unsolved problems‘lnclude the 1dent1flcat10n of the. structural
constituents of‘the“melt,‘thetmcchcnlsms of the anode and cathode reactions,
the siénificance Of?£héim¢£éi fogiformed When.netallic aluminum is added
to molten fluorides;land.tne”Question.of'which‘ofxthe metals, sodium or
aluminum, is reduced directly in the electroly51s. Tne various theories: which
.have been proposed tolexplaln the s1tuat10n are- rev1ewed by Pearsonl,_GrJothe1m2

3

and,Foster,l;_;,‘v: S

One of the maJor reasons for the scarc1ty of knowledge in this
field is the electrolyte 1nvolved. Molten cryollte is one of the most corrosive
'mater1als~known Tt Vapourlzes w1th decompos1t10n at the melting point and -
changes.lts constltutlon and freezlng point. It ox1d1zes in air to form
alumlna whlch dlssolves in the melt and hydrolyses at hlgh temperature in

fvthe ;mesenceiof wateryvapourgt
Hiilne'corrosiVelneturezof aluminum metal is also a factor in the
difficulties inherent in any'study of the process. - Aluminum alloys with

= practicsllyxall metals. Platinum is one of the few metals which will




'vWithsfandjthe attack of cryolite, but it cannot be used if aluminum is present.

Oné” of the practlcal problems ass001ated with the electrolytlc
'productlon of aluminum is the low current. eff1c1ency of the cell. This
‘has been attrlbuted by many 1nvest1gators to the formatlon of metallic

l+5678

sodium: As a result, considerable interest has been shown in the
vestimatioﬁ or determination of sodiuﬁ in alumihum metal in contact with the
?electfei§tic ﬁelfs;» Recenﬁiy'it has been suggested that formation of mono-
valent eluminum“eom§0unds; whicﬂ'afe reoxidized at the anode, account for
the low cur;enteeffieiencies9’}O. 'Most prdbably the loss in efficiency is

due to a combination of factors involving these processes as well as side

reactions. .

1. Summary of Previous Work

(a) . Activity of.So'dAium» )
The equilibrium eefﬁeen sodium and alﬁmingm in contact with flueride
melts has‘been sfudiea by Jandef and Hefmannll.-‘Tﬂeyvinvestigated the equil-
ibfiﬁm reactioh |

-  ,(3,1\}}1??)(1.)_ _'f_-.'Al(iv;)v _ [ﬂé] (1) }+} (AlF3)‘ L ceee(1)

at lO9QQC.'in eiumine'erueibleSgin an atmosphere of dry, oxygen-free nitrogen.
The cbheentfafion of sodiﬁm ie liéuid aluﬁinuﬁ,in contact with molten mixtures
':_df‘sodium fluoridefaﬁd‘alumiﬁqm-fluoride was determined. Nb‘attempt.was made
. to»meesﬁyevaetivities and the equilibriﬁm constant was expressed in conceﬁt-

‘rations. - The resultsof their investigation are ‘shown in Figure 1.

Peafson‘ahd_Waddingtonlg*determined the sodium content of liquid
aluminum at 1000°C. in contact with fluoride melts whose composition was
- close to that'of cryolite. Their results are aleo shown in Figure 1. and

show a fair_agreementvﬁith.those of Jander and Hermann.
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.Feinleib and ?orterl3 nmeasured the'actfvities of sodium in molten
algminum in contact ﬁith crleite saturated.wifh'glumina in order to détermine
the'difference=in decomposition potential betiween sodium and aluminum.

Their work was carried out in alumina crucibles over a température range
ofv9h0-1010003' An aftémpt wés ﬂaég to obtain final cryolite fatios of

1.50 by adjusting theyinitialtcomégsition of the melts, but.a wide variatiqn
océurredl Lead was used as an auxiliary phase in the melts for thé deter-
mination of sodium concentration and activity. An independent‘study was
carfied out to.detérmihé the aEtiVity bf éodium.inmgodium-lead alloys at

high temperatures .

. (b) Dissociation of Cryolite

In order to carry out a thermodynamic analysis of the NaFaAiF3
system, it.ié necessary to have some idea of the §egree and type of dissoc-
,iation involved when cryolite meits; Tﬁe»effecﬁ of alumina and calcium
.fluoride additions to the dissociation is also ofVSignificance. Many
hypotheées'have been advanced concerning various dissociation schemes. These

2
are discussed in detail by Grjotheim .

The most récenf dissoclation calculations have been carried out
- by Grjotheimg\éndvFrank and Fosterl5. Grjotheim based his calculations on
. a cryoscopic study oﬁ thg NaF-AlF3 system, while Foster and Frank developed
.their scheme on the basis of the density of NaF-AlF3 melts. Both arrived

at the same dissociation scheme.

NeasAlFy Me" o+ ALFgT ceenn(2)
A1F65' = AlFu-+ oF cee.o(3)

3

The recent review by Foster~ suggested that 31 per cent of the

NaF present in the melt is dimerized. The latter refinement is an attempt



to correct the failure of the previous theory to account for the experimental
shape of the NaF side of" the eutectic on the NaF-AlF3lphase diagram and. the

electrical conductance.

Several reaction schemes for the dissolution of alumina in cryolite

16

have Been etudied by Foster ahd Frank™ and interpreted in terms of their
cryolite dissociation sehemel5. ‘The activities of the solvent were calculated
for ﬁhe proposed'equilibria. Ir the ionic constituents present ere represent-
ative of the true equilibrium a plot of 1ln a vs l/T will result in a straight

line the slope of which is the heat of fu51on of cryollte. Foster and Frank

"foundrthe most likely mechanism to be
3FT 4 Aly0q —  3/2A10, + 1/2M1Fg ceeeo(l)

The addiﬁion of calecium fluoride to cryolite melts would be

- expected to add calcium and fluoride ions in the following manner

CaFp _.n  Ca'' + 2F veeee(5)

Ll

(e ) _Effect of Additives

Forelgn ions of A1203 and CaF2 added to cryollte may
(1) act only as diluents in the melt, or

(ii) affect the activity of sodium.

Grube and HantelmannBl found in their studies that the presence of
A1203 did not affect the reactions between sodium or alumlnum and NaF-AlF3.
melts. From an ionic standpoint (con31der1ng equatlons (1), (2), (3), and (L)
it would appear that Alp03 would ect primarily as a diluent in the melt.
On the other hand the addition of fluorine ions from the dissociation of CaFp

(see equation (5) might decrease the activity of sodium due to a reversal of

the cryolite dissociation (equations (1), (2), and (3).



2. Object aﬁd'Scope of the Present Investigation
The object of the present investigation was to determine the
activities of_sodium in aluminum metal in contact with cryolite melts over

a range of NaF-AlF., weight ratios between 1.00 and 2.00.* These sodium

3
activities could then be related to the difference in deposition potential

'betweéh'aluminum and sodium in order to evaluate the likelihood of

simultaneous sodium and aluminum deposition in commercial cells.

The activity measurements were éafried out using two different
grades of cryolite (pure laborétory grade and commercial electrolyte
containing 7-8% CaF,). In addifion, T% CaFp was added to both grades of
cryolite in order to assess the affect of CaF, content on the SOdium
activity. | |

Activities were determined experimentally by the equilibration
of a three phase system of cryolite, aluminum and lead. Aluminum'aqd sodium
are highly immiscible and thermodynamic data for the Ai-Na,system has not
been measured; Therefore, lead was used as a third phase. Sodium conc-
entrations can be measured easily in lead and activities can be calculated

from a calibration of the lead-sodium system.

The experiments were restricted to cryolite melts saturated with
alumina. Any readily available crucible materials other than alumina would

introduce components into the melt which cbuld affect the activities. As

* Throughout this paper NaF--AlF3 ratio is used to represent the weight

ratios, e.g. the compound cryolite (3NaF.AlF3) has an NaF-AlF3,ratio of

3NaF - 126 _  1.50
ATF3 8



commercial electroytes contain dissolved alumina in varying concentrations,
the experimental technique used here can be compared with the commercial

operation at one stage.

Activities were a;éo calculated by a thermodynamic analysis of the
. NaFfAlF3 and the Na-Al phase diagrams. Thermodynamic data for'NaF‘aﬁd

AlF3 were calculated f;om the experimenﬁal results. The sodium-lead system
was ihvestigatedlﬁo provide a consistent extrapolation of activity data to

high temperatures.
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EXPERIMENTAL

The expérimental procedure involved the equilibration of cryolite
(alumina~$aturated) with pure aluminum metel and a sodium-lead alloy. The
reaction was carried out in zlumina crucibles and the heat suppliéd by an
induction furnace. A% the end of ezch run the crucible was air quenched
to_preserve the'equilibriam conditions,‘the phases separated and samples

taken for analysis.

As a preliminary step. it was necessary'tO'adjust the composition
of the starting materials. The cryolite was saturated with A1203 in order
to prevent destructivé attack of the crucibles and AlF3 énd CaF2 were added
to synthesize melts of a desired composition. Lead-sodium alloys were

prepared and used in -the runs.

The use of induction heating made it necessary to make a check
of the témperature of the melt. Recorded temperatures were taken outside
the reaction crucible and would therefore be slightly in error if the melt

were to act as a susceptor.

l. Saturation of Cryolite with Alumina -
(2) Materials |
Cryolite saﬁples weré kindly supplied by the Kaiéer Aluminum and
Chemical Corporation,.Spokane, Washington and by Aluminium Laboratories
Limited, Aryida, Quebec. Analyses of the three materials used are shown

in Table I.
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TABLE I.

Aralysis of Cryolite

Material B NaFuAlFé Ratio CaFo Free Alo03
Pure Cryoliﬁe | ) S L. - 0.25%
Reduction Cell Electrolyte 1.55 7.6% 4.0 %
Reduction Cell Electrolyte 1.39 | ‘ 8.2% 5.6 %

The alumina used was Alcoa A-10 and the aluminum fluoride was
supplied by Aluminium Leboratories. This material was 89.8% grade, with
the major impurity alumina. Sodium fluoride and calcium fluoride were

Baker and Adamson reagent grade.

(b) Crucible
A standaré form 300 cc.Engelhard Platinum evaporating dish, No. 202,

was used as -the container for the preparation of the saturated cryolite.

(¢) Furnace:
A simple glo-bar furnace was used. Construction details are shown

in Figure 2. The source of power was a 4.5 kva transformer.

(d) Temperature Control
Temperature control was maintained by a platinum, platinum lO%—

rhodium thermocouple attached to a "Wheelco" mercury switch controller.

(e) Proceduré
Saturated cryolite was prevared in batches of 200 tb 350 grams.
.Alumina,_AlF3, NaF and CaF2 wgre added»inlvarying'proportions in ofder to
produce saturated cryolite of different NaF—AlF3 ratios and CaF2 contents.
The batbhes_were mixed and placéd in the furnace. The temperature was

raised to 1100°C. and reduced to lOOOOC..after the material became molten.



R - .lO -

Thermocouple ‘ <——— Ajumina Stirring Rod

- | 1 -
Globar | Oj - O
Furnace—{— | - [ -
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|| ; | L—Cryolite

Globar — ' A : O

NN

Figure 2. Construction Details of Experimental Furnace for
T Alumina Saturation. '
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The mixture was stirred with a Morganite recrystallized alumina rod
(see Figure 2) for 30 minutes and then removed from the furnace and air-

cooled to prevent segregation of the melt.

2. Preparation of Lead-Sodium Alloy

(a) Materials
American Smelting and Refining Company Test Lead, high purity

lead foil and Baker and Adamson reagent grade sodium were used.

(b) Crucible -

The materials were melted in a graphite crucible.

(¢) Furnace
A small 230 volt, 3600 watt "Multiple Unit" electrical resistance,

muffle furnace was used for the melting operation.

(4) . Temperature Control

Temperature control was maintained by a chromel-alumel thermo-

couple attached to a Hoskins hunting device controller.

(¢) Procedure
Three batches of Fb-Na alloy were prepared in the following manner.
Test lead was melted in the graphite crucible at 6OOOC. in the ﬁuffle furnace.
Sodium metal was cleaned of oxide material and wrapped in lead foil. The
. lead~-covered sodium was immersed in the molten lead, using a hollowed graphite
rod. Whén sufficient sodium had been added to the molten lead the slag was
skiﬁmed and the metsl poﬁredvinto 8 stainless steel tray. After cooling;
the metal was kept in a vacuum desiccator until used. An analysis of the

three batches is shown in Table II.
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TABLE II.

Analyses of Lead-Sodium Alloys

‘No.. | Na Confent (wt.%)
1 : , 8.6 %
2 ‘ 6.6 %

3 ‘ 2.8 %

3. Equilibrium Studies

(a) Materials
The materials used fér these studies.included those prepared iﬁ
Parts 1 and 2 of this section. Other materials used included supér—purity
Alean aluminum. (99.99%) and the alumina, AlF3, NaF and Pb which have been

discussed in the last two sections.

(v) Crucibleé
The experimental equilibration measurements were carried out in
McDanel vitrified alumina crucibles. Covers for the crucibles were fabri-
cated from 99% A1203 brick, made by Harbison Walker. The graphite susceptor
crucible and lid were machined out of graphiﬁe stock and this was enclosed

in a large fireclay crucible (see Figuies 3 and ' k4).

" (c) Furnace
A 170/550 v, 3 phase, 12 kw outpﬁt, Phillips induction furnace

was used (see-Figure‘3)ffor the experiments.

(d) Temperature Control
Temperature coﬁtrdl was accomplished with a chromel-alumel thermo-
couple attached to an IMRA fecorder. The Phillips induction unit had been
adapted for automatic temperature contrel by hookiné up a typé PH 1653

regulating unit to the recorder and thermocouple, (see Figure 3).
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Figure 3. Experimental Setup and Furnace
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(e) Procedure

The matefials»were weighed and added to the crucible which was-
placed inside the graphite éusceptor. The expérimental apparatus was
set up as in Figure”h. The“temperature was raised'to-appréximately 1000°¢C.
and the regulator.was set to control the temperature at this level. Thg
time of the runs was chosen as two hours, after which the alumina crucible
was removed aﬁd.quenched with a fan in order to retain the equilibrium
conditions. The melts were Efoken out of the crucible and the three
phases separated.. The-lead-was anaiysed for sodium content and the

- eryolite for NaF-AlF: ratio, and CaF, where necessary.
37 ? 2

(f) Chemical Analysis

Analysis of the lead phase for sodium was carried Qut using a
Beckman flame spectrophoﬁémeter. Standérd soluﬁiéns of 0,025, 0.05 and
0.1 mg/ml NaCl were used forvcalibration. Analyses of the cryolite were
kindly carried éut by the Kaiser Aluminum and Chemical Corporation, Spokane,

‘ Washiﬁgton‘and by the Aluminum Company of Canada, Kitimat, B.C.

_  (g) Determination of Activities of Sodium

A_summary.of‘the thermodynamic data for the lead-sodium system is
présented in Appéndix A; _Aﬁ eitrapolation of thé known data to higher
temperature has‘been éarried out and the relationship between activities
of sodium in lead and the concentration‘of sodium in lead is shown in
Figure A-T. | |

As a result of the thermodynamic equilibrium established in the
experimental procedufe, the measured cdncentfations of sodium in lead can
be converted directly to equivalént actifities df sodium in aluminum usiﬁg

Figure A-T.
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(h) Bguilibration Time

The reaction time of two hours was chosen as a result of previous
work. Jander and Eermannll stated that a period of one hour was sufficient
for the melt to reach eqﬁilibrium. However Feinleib and Porterl3 found
that it was necessary to react their melts for a period of two hours, and
attributed this to the fact that they had lead as an additional phase in the
'system. They used intermittent stirring in an attempt to reach equilibrium
as quickly as possible. In this work it was hoped that susceptance by
the melt would cause enough stirring action for equilibrium to be reached

within two hours.

As a check on the establishment of equilibrium conditions, two
sets df special runs were prepared. One set was made up Qith an excess of
NaF in the bath, and a similarvamount of Na was removed from the lead phase.
The second ;et contained an excess of AlF3 in the bath. Both sets contained
exactly the same quantity of the significant materials, but the distribution
between the phases of the system was changed. The two sets were subjected
to the same test conditions and compared tobsee if they aﬁproached the

same equilibrium values as a normal run.

As a further check on the equilibrium, one of the standard test

runs was. extended to four hours.

The composition and results of the two sets of equilibration
cheék runs are shown in Table III. The analyses are in reasonable agreement
and‘are within experimental error. The results of the four hour run (# 61)
show little deviation from comparable two hour runs. Therefore it can be

assumed that equilibrium was reached in the period of two hours.
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-TABLE III.

Equilibrium Time Data

Composition Time Wt.% Na 4Na- NaF-A1F5
Ratio

Al 2 brs 2.20 .02k 1l.k2

Pb-Na alloy (3) 1.41

Pb (high purity foil)
Na3AlFg (9)

NaPF
Al 2 hrs 2.h0  .027 1.4k
Fb-Na (3) | | 1.37
NaaAlF, (9)
Al

3
Al 2 hrs 2.60 .030 1.45
Pb-Na (3) 1.43
Na3AlFg (9)
Al 2 hrs . 1.50 .018 1.25
Db-la alloy (3) 1.27

Po (high purity foll)
NagAlFg (16)

Nak

Al : 2 hrs 1.70 .019 1.24
Pb-Na alloy (3) 1.20
Na2A1Fg (16)

A1FS

Al 4 hrs 1.80 .015 1.26
Po-~Na alloy (3) 1.18

NezA1Fg (16)
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(1) Equilibrium Temperature

The experimental setup, skown in Figure L. was designed to
provide equilibrium heating conditions. It was assumed that a constant
temperafure could be maintained within the graphite crucible duvue to the four

T geometry. However, if the meit were to act as a susceptor as well,
there would be a thermal gradient between the alumina crucible and the
graphite susceptor and the recorded temperature would be slightly in
error.

A check on the accuracy of the recorded temperature readings was
made by designing a special experimental setup to obtain an independent
temperature measurement within the melt, (see Figure 5).. An otherwise
normal equilibrationArun was made and potentiometer readings taken at

specific intervals.

The data collected are presented in Table IV. The potentiometer
readiﬁgs taken from the thermocouple immersed in the melt increased slowly
for an hour and then remained stsble at 41.7 mv (1010°C.) which was 0.4 mv
(lOOC.) abbve that of the recording thermocouple. The equilibrium temp-

erature in this study has therefore been taken as 1010°C. # 59¢.

The results of the temperature study suggest that the melt acts
as a susceptof._ Therefore considerable stirring action could be expected

which would assist in attaining equilibrium.
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TABLE IV.

Equilibration Temperature Data

Time (min) IMEA Recorder Témpérature Pye Potentiometer Temperature

- ‘ mv. oc.. mv. °c.
10 - 13 1010 411 99k
20 - “? I " b1k 1002
35 Lo o " 41.6 1007
50 S " 1.6 1007
65 o " - n .7 1010
80 ' : . L 41.7 1010
95 . B o " ; 417 1010

110 o n 41.7 1010
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RESULTS

'The molten material in an aluminum eleétrolytic cell consists
of two phases, aluminum metal (which acts as the cathode of the cell) and
‘eryolite (which acts as the electrolyte). A thermodynamic equilibrium

eXiSts'bétween the two phases, which is expressed by the simplified equation

B Al(yy + (3NaF)(l) — (MF3) gy + [ 3a ](dil)....(l)

. ' O .
The free energy ZSF1283 for the reaction has been calculated in

Appendix B and is equivalent to 62,915 calories.

log K = _-6é,915

= 10.72

- E575 (1283)

K for the reaction is equal to
@]’ x (%a17=) -1.91x 10

“en1 X (¢NaF) 3
As the solubiiit& of éodium in molten aluminum is of the order of .01%, the
activity.of.aluminum metal.can’bé'considered as unity. Therefore, a deter-
minatioh of the ratio of activities of aluminum fluoride and sodium fluoride
in éryolite would brovide sufficient information to solve the equilibrium

: equatibn for the activity of sodium in the system.

Activities of NaF have been calculated from the NaF-AlF3 phase
o . 27,28,19 .
diagram. The technique used was developed by Wagner for determining
écﬁivities from phase diagrams having inter-metallic compounds. Activities
_ of AlF3'were'calculated using the Gibbs-Duhem equation. The dalculation
methods fof the determination of the activities is discussed in Appendix C

and the daté‘presented.
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The equilibrium equation is solved for pertinent data over the

range of NaF-AlF, ratios employed in commercial aluminum practise. The

3

activities of sodium are plotted as a function of'NaF-AlF3 ratio in Figure 6.

énd>this curve Will be designated AB in subsequent sections.

1. Displacement of Theoretical Activity Line by Dilution

If both alumina and calcium fluoride are considered only as diiuents
in the melt the activities of NaF and AlF3 calculated in Appendix C can be
adjusted by a dilution factor and the activities of sodium calculated for
melts contining these impurities. The dilution factor can be estimated on
the basis of the phase diagrams of Fenerty agd Ho;lingshead32 which are
presented in Appendix D. These diégrams show the saturation limits of alumina

as a function of AlF3 content ahd CaF2 content.

2. Activity of Sodium in Contact with Alumina-Saturated Pure Cryolite

Measured sodium activity values for alumina-saturated pure cryolite,
énd alumipa-saturated pure cryoiite plus 5%, 10%, 15% and 20% AlFq are plotted
in Figure 7. as a function of NaF-AlF3 ratio; The data are shown in Tab;e
E-I.

The theoretical curve AB (see Figure 6) is adjusted by an average
dilution factor of .88 and is ‘shown és a dotted line in Figure 7. The
dilutioﬁ factor is obtained from Figure D-1 and the activity calculation is

carried out in Table D-I.

‘A straight line has been drawn through the experimental points and
appears in Figure 7. as a solid line CD. This line is used in subsequent

sections as a reference line.
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- 3. Activity of‘Sodium in Contact with Commercial Reduction Cell Electrolytes

Commercial reduction cell electrolytes (alumina-saturated) of
initial'NaF-AlF3 ratios.of 1.55 and 1.39 were used in this section of the

study. Analyses are shown in Table I.

Measured sodium activity values for the two commercial electrolytes
and for the commercial electrolytes (ratio 1.55) plus 5% and 10% AlFy are
plotted in Figure 8 as a function of NaF-AlF3 ratio. The data are shown in

Table E-II.

The theoretical curve AB (see Figure 6) is adjusted by an average
dilution factor of .825 and is shown as a dotted line in Figure 8. The dilution
factor is obtained by a comparison of Figures D-2 and D-3, and the activity

calculation is carried out in Teble D-IT.

The reference line CD from Figure 7. appears as a solid line in the

diagram.

4, Effect of CaF, Content on the Activity of Sodium in Contact with Alumina-
Saturated Pure Cryolite

A bateh of alumihaasaturated pure cryolite was prepared with lO%

AlF

3 and T% CaF, as additives for this section of the study.

Measured sodium activity values for the test runs using the above
batch are plotted in Figure 9 as a function of:NaF-AlF3 ratio. The data are

shown in Table E-III.

The theoretical curve AB'(see Figure 6) is adjusted by a dilution
factor of .84 and is shown as a dotted line in Figure 9. The dilution factor
is obtained from Figure D-3, and the activity calculation is carried out in

Table D-III.



- 26 -

|

\

o | | | |
1.30 1.40 1.50 1.60 1.70 1.80

NaF —A1F3 Ratio

Figure 8. Plot of ?Na vs. IIaF-AlF3 Ratio for Commercial
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The reference line CD from Figure 7 appears as a solid line in

the diagram.

5. Effect of Calo Content on the Aétivity of Sodium in Contact with Commercial
Reduction Cell Electrolyte

A batch of commercial reduction cell electrolyte (initial ratio 1.55)

‘was prepared with the addition of 7% CaF,.

Measured sodium activity values for the test runs using the above
batch are plotted in Figure .10. as a function of NaF-AlF3 ratio. The data

are shown in Table E-III.

- The theoretical curve AB (see Figure 6) is adjusted by a dilution
factor of .78 and is shown as a dotted line in Figure 10. The dilution factor
is obtained from Figure D-2, and the.actiVity calculation is carried out in

Table D-IV.

The reference line CD from Figure 7 appears as a solid line in

the diagram.

6. Discussion of Dilution Factor

At this point it is interestiﬁg to note the effect that dilution

- has og'the-act;vity calculation. Values of activities for sodium which are
adjustéd_for dilution affects are only slightly lower than those obtained
for pure cryqlité._ This 1is dﬁe to the relatipnshié between NaF and A1F3.

in the calcuation.- The curve retains the same shap@ with véry little
‘displacement up to a diluent content of 22%. A cémparison of the activity
relationships between pure cryolite.and cryolite containing 22% diluent is
shown 'in Figufe 11. As the experimental results noted in this study lie
within this range of dilution it.is reasonable to consider all the results

as being cémpatible with one another. The differences in activities will not

be significant and should lie within experimental error.



- 29 -

.08
.06

. Ol 4

.02 L é I |

1.50 1.60 . 1.70 1.80 1.90
NaF-AlF3 Ratio
Figure 10. Plot of “a vs. NseF-AlF3Ratio for

Commercial Reduction Cell Electrolyte
containing CaFQ.

2.00



.2

.08
.06

. Ol

.02

.01
.008

. 006

.00k

T TTTIT

[T

BE

A Pure Cryolite

A Pure Cryolite (Dilution Factor .88)

Figure 11.

1.0 1.50 1.60 1.70

NaF-AlF3 Ratio
Comparison of ®@Na Curves for Pure Cryolite and Cryolite containing 22% Diluent.

..Og..




- 31 -

7. Comparison of Activity Results

The data from Figures 7, 8, 9, and 10 1is combined and presented in
a singlé_plot in Figure 12. as a function of NaF-AlF3 ratio. The theoretical

curve from Figure 6 is superimposéd on the plot as a dotted line AB.

The reference line CD from Figure 7 appears as a solid line.
This line fits all of the experimental data reasonably well except for

the points ét high ratio which contained an excess-of'CaF2 (> lO%)¢

8. Determination of Activity Data for NaF and AlF.

The reference line in the preceding fiéures has beéﬁ.uSed to
analyse the éxperiméntal data and determine thermodynamic properties of
NaF and AlF3 over the experimental rgnge. The aﬁaiysisvcan‘be carried
out by solving two simultaneou; equations and a diffefential equation,
assuming that one bf the vaiﬁes on one of the lbg X"curves developéd in
Appendix C is correct (see FiguresC;Q,C-B). Tge‘tie point E was chosen
as NA1F3= 223 which cofrespoﬁds to an NaF-AlF3 ratio of 1.75 and the
corresponding activity coefficient (}() was taken-from the log X’NaF

: N 2
AlF
curve (see Figure(%e) as the starting point for the computation. 3 The

choice of the tie point E was made because of its proximity to the tie

point for the compound integration of cryolite at'NAlF = ,165, (the
eutectic between NaF and Na3AlF6)J Furthermore, the log X&kﬁ‘ curve should
N .
. _ AlF
be more accurate in this range as any error in the 3 regular

solution correction would have little effect. A computer program was
written and the computation was carried out on an IBM 1620. The mathematical

analysis, computer.prbgram and data appear in Appendix F.
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LOE Z/NaF _and logk/AlF3 curves have been obtained from this

data and aretplotted invFigﬁres 13, 14 and 15. An attempt to obtain heat

of solution data from this calculation was ndt successful due the sensitivity
of the numbers in'tﬁis fangé. It would appear that the tie point E-at

‘NA1F3 = ,223 is slightly in error; pqssibly‘due to the shape of-the liquidué
curve of the cryolite cdmpound_in the NaFfAlFsiphase diagram. The flattening

of the compound peak (see Figure C-1) due to dissociation may introduce small

errors in the compound integration technique for activity calcuations.

Figure 13 compares the two experimental log 8, . ecurves over the
: ‘ . - N
range of experimental measurements. The two theoretical curves are super-
imposed as dotted:lineé on the diagram. If the tie peoint E were raised
slightly, both experimental curves-would be shifted higher and more in line

with the theoretical curves.b A smoothiﬁg out of the theoretical log X'NaF
. ‘ T >
| | A1F3
curve in the region of the tie point would raise the tie point and this

change could be substantiated if a discrepancy occurs in the compound

integration technique.

Figure'lh and 15 compare each of the experimental log X curves
v , : _ : _ Y
with their theoretical counterparts over the full range of theoretical

calcula tion. The general shapes of the curves compare favourably.
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DISCUSSION -

l.. Comparison with Previous Work

| The sodium concentration data of Pearson and Waddington, Jander
and Hermann (see Figure 1) and Hollingshead (see Figure G-3) can be related
to tﬁe activities of sodium by using the calibration curve (see Figure G-6)
: de?eloped in Appendix G. The majority of these data are in reasonable
agreement Wifh’the experimental line CD developed in this study, particularly

at ‘NaF-AlF, ratios common to commercial practise (see Figure 16). Activities

3
determined from the‘experiméntal work of Feinleib and Portert3 are also showﬁ
on this plot. ‘The meésured:reSults were used to calculate activities using
Figure A-T.- Their work, which ﬁas carried out at three different temperatures,
éhows some'divefgenéé frOm‘thé resuits obtained here. Sodium activities
“determined at.9hO°‘and 101o°c. were somewhat higher than the experimental
activity line CD, whereas the valueé at 97006. showed very good agreement

35

with the results of this study. A recent paper by Stokes and Fran outlines
a method of determining activities of sodium by a spectroscopic measurement
of sodium in the wvapour phase sbove molten cryolite. The study was carried

out with pure cryolite of NaF-AlF ratio 1.50 over a temperature range from

3
700-1100°C. Their value for sodium activity at 1010°C. is plotted in Figure 16.
along with a value from their thermodynamic calculétions. The sodium gctivity

calculated from thermodynamic data is in agreement with the results obtained

here but their experimental value is significantly lower.

2. The Bffect of CaF, Additions on Sodium Activity

The acfivity ofvsoaium in melts containing quantities of CaF2 tends
to. be lower than in pure cryolite, (see Figure 12). This can be noted between
NaF-AlFs ratios of 1.35 and 1.45 where sodium activities have been determined

for melts of_pure cryolité and reduction cell electrolyte. - At lower ratios
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the effect is not as noticable although for melts of pure cryolite with
additions of CaFé the sodium activities sre in the lower range of the
results. A.marked depression in The activities of sodium is noted at high
NaF-AlFé'ratios for reduction éell elect?olytes containing an excess of
CaF,, (10-14%).

‘The deéression of the sodium activities at NaF-AlF3 ratios between
1.00 énd 1}50 would appear to be explained by the effect of dilution. However,
af higher ratios, the large depression cannot be explained by a dilution
effect alone. It is»possible that the large excess of fluorine ions in the
» melt is tending to reverse the cryolite dissociatioﬁ reaction either by

a direct effect on the equilibrium or by increasing the amount of dimerized

sodium fluoride.
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~ INTERPRETATION OF THE RESULTS IN TERMS OF COMMERCIAL OPERATION

An interesting sidelight to this study is the relationship between
bthe difference of the reversible deposition potentials of aluminum and sbdium
at one atmosﬁhére pértial pressure as a functidn of NaF-AlF3 ratio. The
difference Ep is the extra voltage required to evolve sodium at one atmosphere
pressure reversibly in conjunction with the reversible depositionjpotehtial.of Al.

Calculation of the extra voltage can be made by using the following expression

E;, = R?  1n 4
‘nk Ze

the limiting activity and
the equilibrium activity.

where 47,
e

]

This equation for the case of sodium at 1010°C. reduces. to

B = 2.55 X107 log 4L
Ze

The‘limiting.éctivity,4L is equivalent to the sodium activity

at oﬁe atmosphere partial pressure, that is

2y, - 1/p°
O . . \ .
where P~ = tZze vapour pressure in atmospiaeres of pure sodium
at the temperature under consideration. This value can be calculated from

the eXp“ession2 ' :
' : log P(py) = 25780 -1.18 log T + 11.50
L ,
-

P is equalvto 2140 mm or 2.82 atmospheres at 1010°C. The limiting activity
then becomes | :
- @ = 1 = .354

2‘82

The equilibrium‘activity, e, is the activity of sodium at the

cathode potential required to deposit aluminum reversibly.

The differences in the reversible deposition potentials, Er, have
been calculated and the data appears in Table V. and in Figure 17 as a function

of NaF-AlF3 ratio.



B R

'TABLE V.

Difference between Reversible Deposition Potentials of Na snd Al (EL,)

Bath Ratio Na Activity B,
1.00 - .0085 413 mv
1.10 o L0117 3T w

-1.20 - - ,0160 343 mv
.i;5o':_v- .0220 ' 308 mv
'i;uov o L0305 272 mv
;.501 0420 . 236 mv
 »;,1;60., o L0575 | 202 mv

1.70 . .0780 168 mv
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Figure 17. Difference Between Reversible Deposition Voltages of Na and Al
as a function of NaF-AlF3 Ratio
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Commerciai reduction cells, however, do not operate reversibly.
The deposition of aluminum in an electrolytic cell is carried out as an
irreversible electrode process. The cell is open to the air éna the process
operates under a pressure of one atmosphere. Cathodic overvoltages are
set up due ©o kinetics of the reaction. If fhese overvoltages ﬁuild up
to the point where the limiting activity of sodium is exceeded, gaseous
sodiumcould be produced»in the melt. Providing there is no hindrance
to the transport of the gaseous sodium it will be libérated to the atmosphere,

thereby decreasing the efficiency of the cell.

The acfual overvoltage required for the release of sodium at the
cathode and its eventual liberation to the air may be somewhat more than
the difference in the reversible deposition potentials. Not only ﬁay the,.
sodium have its own overvoltage (probably very small in comparsion to that
of aluminum) but sodium may'exist in a gaseous form in a metastable condition
in the melt due to pressure from the melt and transport phenomena. Therefore
the data calculated here can oniy be considered as an indication of the
order of overvoltage required for the simultaneous deposition and release
of sodium.

From the data in Figure 17 it would appear that Qvervoltages of
the order of .2-.L4 volts would cause sodium to be deposited at the aluminum
cathode of the cell. As sodium is often cbserved in industrial cells it
seems probable thaﬁ cathodic overvoltages in the cell.are high ehough’ to
exceed the necessary voltage difference for co-deposition of the two metals
and. for.thé rélease of sodium gas. Piontelli and Montanellilo indicate
thaf at normal cathode current densities commercial reduction cells are
operating ét a cathode overvoltage of .4-.5 volts. However in a more

33

recent paper, Piontelli indicates that these values are a maximum and

that oveérvoltages of the order of .20 volts are more probable.
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A well known.chéracteristic'of commercial reduction cells is the
variaﬁion’of current, efficiency Wiﬁh NaF-AlF3 ratio. As the ratio increases,
_1current efficiency decreases. This trend can.be related}to'the results
obtained here. At high bath ratios an overvoltage éf'.l-.2 volts ﬁay
:cause the deposition and release of "sodium, wﬂereés at lbwer ratioé a
higher oyer&oltage is required. Even at low ratios; hbwever, sodium
deposition may be a factor in the current inefficiency of an aluminum
reduétibn cell. During the daily operétion of a cell, changes,in curfent
dénsities and electrolyte composifion may cause localized o&erfoltages on
.thé:aluminum cathode Which exceed the critical ¥value for sodium deposition
and felease.‘ Furthérmore thrbugbout the life of an aluminum reduction cell
variations occur in the current distribution to the metél cathode. Thése

variations may effect current densities such that overvoltages in certain

‘areas of. the cell may exceed the critical value.



- b5 .
CONCLUSIONS

Activities of sodium in aluminum-~cryolite melts have been measured
by the equilibration of the three éhase system alumina-saturated cryolite,
‘ aluminum~and lead. An approximate linear increase in the activity of
sodium.was poted on a log plot of activity aé a function of NaF-AlF3 weight
rafio ovér the range pertinent to commercial redﬁction cell operation. |
Additions of-CaF2 to cryolite melts appeared to depress the activity of

sodium slightly.

Activities of sodium in aluminum-cryolite melts have been
estimated by a thermodynamic analysis of the NaF-AlF3 phase diagram, employing
Wagner's technique of compound integration for the determination of activities

of NaF and the Gibbs-Duhem equation for the determination of activities of

3

equation for the reactipn between. cryolite and aluminum metal gives thel

AlF,. Substitution of the aCtivities of NaF and AlF3 in the K equilibrium

sodium activities. These theoretically determined aétivities show a fair

ratios above 1.50.

3

agreement with the experimental values except at NaF-AlF

The experimental results are in falr agreement with previous work
carried out by Pearson and Waddington, Jander and'Hermanﬁ,'Feinleib and

~ Porter, and Hollingshead.

The experimeﬁtal'data has been used to compute activity data for

NaF and‘AlF3 which shows a fair agreement with the theoretical calculations.

The difference between the reversible deposition potential of
aluminum and that of sodium at one atmosphere partial pressure varies fram
«15<.40 volts over a range‘df NaF-AlF3 ratio of 1.70 to 1.00; increasing

with decreasing ratio. Indications are that the cathodic overvoltages in
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com#e?cial reducti?n cells are high enough to cause the simultaneous
'Jdéposiﬁionfof sodium:and aluminum and that this mechanism contributes to
‘the_éﬁrfénf iﬁeffieiency of the cell. The relationship tetween the |

l diffe?ences.in deposition potentiais as a functien of NaF-AJ.F3 retiO’ '

developed here corresponds to observations made in commercial practise,

that is, current efficiency decreases as the NaF-AlF3 ratio increases.
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RECOMMENDATTION FOR FURTHER WORK

It could be of interest to determine activities of sodium over a
rangé of NaF-AlF5 wt. ratios.of 1.00-2.00 using.one basic material, alumina-
saturaﬁed‘pure cryblite to determine if their is any bresk in the experimental
' relationship of low éctivity sodium as a function of NaF—AlF5 ratio above

ratios of 1.50.

The depressive effect of CaF2 additions on the activities of sodium
indicated here may well be another field worthy of investigation. The effect
on sodium activity of additions of materials such as MgF,, LiF,~BeF2, NaC1l,

BaCl2 and KC1 could also be of interest as these materials have all been

suggested for use in the electrolytic melts.

Finally, a>study of the pure system cryolite-aluminum would be of
interest in order to resolve the assumptions which it is necessary to make
when using saturated alumina melts. This study will depend upon the develop-

ment .of an inert container material.
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APPENDIX A

Analysis of Pb-Na Binary System

The lead-sodium binary has been investigated thoroughly and the
. . 1
best representation of the data is given by Hansen 7. The significant

section involved in this work lies in the range 60-100% Pb (see Figure A-1),

330
320
Temperaturé
.
310
300 L\ V |
6Q 70 80 90 100

Mole Per Cent Pb

Figure A-1. Significant Section of bewa Binary

which includes the compound NanB. The presence of the compound explains
some of the deviations from regularity‘which are found in the following

analysis.
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- Very little publiched data is available on the activity of sodium
in lead at high temperatures. Hauffe arnd Vierkel8 measured the activity
at 42500. and M?BOC. by an emf technique between pure sodium and various
sodium lead alloys and Feinleib and Porterlu carried out a similar invest-~
igation up to 82000. Tie activity of sodium in the alloy was obtained by
the Nernst equation

BE= B 1o Qagp,y = 1.98 X 107" T log Aa )
o N2 (pure)

Hauffe and Vierke noted wide departures from ideal solution

behaviour in their study.

The temperature coefficient of the emf of a cell is directly
related to the change'in entropy in the cell reaction; This is expressed
by the equation .

E = 4S8
ar nf
If the cell is that of a regular solution or a semi-regular solution

n¥ SE = -DR In N
dT

where D is a constant. The value of D is unity for a regular
solution and lies between the limits of 0.95 and‘l.B for those solutions

19

' wich~appear to be semi-regular . An analysis of Feinleib and Forter's
data, on the bésis of the temperature coefficient of the emf, is presented
in:Table A-I and plotted in Figure A-2. This shows a wide divergence frqm
_regular or semi-regﬁlai solution behaviour éver the significart range of

composition. The presence of the compound Nan3 is probably the cause of

the inconsistency in this region.
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TABLE A-I

Temperature, EMF Data for Pb-Na Alloys

Ny, In Ny, AE A7(%C.) aB/aT
’ | -6
<151 -1.89 .011 317 35 X 10
-6

.212 -1.55 .015 325 46 X 10
.223 -1.50 .017 336 51 X 106
.293 -1.23 .019 297 64k X 10'6
.358 -1.03 .029 355 82 X 10'6
.361 -1.02 .07 312 151 X 10‘6
L0l 250 156 X 10‘6

-0.91

.039
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Figure A-2,

0.8 1.2 1.6

- 1n l\TNa

Temperature Coefficient of EMF from

Hauffe and Vierke's Data
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Feinleib and Porterlh extrapolated their data to 1010°C. to

obtain sodium activity wvalues which could be used in a study of the aluminum-

cryolite system. They checked their extrapolated activity data using a
double alloy cell at high temperatures. For this case the Nernst equation

becomes

% = 1.98k x 1070 T 10g 4y Ye(m)

&o Na(pb)

They obtained a fair agreement between the data obtained from the double
alloy cells and their extrapolated data and therefore assumed the extra-

polation to be correct.

As a check on their data, a plot of log a vsa l/T was determined.
A plot of this data should give a straight line with a slope equivalent
to the heat of solution. It can be seen from Figure A-3. that the data

N

is thermodynamically inconsistent.

In order to adjust the activities to fit thermodynamic theory
and extrapolate this data to higher temperatures, the two sets of data
Qf Hauffe and Vierke and Feinleib and Porter (see Table A-II) were used
to establish a rigid thermodyﬁamic analyéis. At.lbw temperatures both
sets of data were consistent.aﬁd a plot of-log a'Na'vs. (l-NNa)2 was
determined at 475°C. (see Figure A-L4). Making use of Feinleib and Porter's
activity data, (see Table A-III) a series of log KVS. 1/T plots were
drawn and the best possible straight lines were determingd. The heats
of solutioﬁ (L) wére caléulated from these lines. A plot of the heats
. of solution, as a function of concentration, was then deyeloped by obtaining

the best fit with this data and that of the double alloy cells (see Figure A-5).

The iog Yvs:. 1/T plot was redrawn (see Figure A-6) using ¥ values at 47500.
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dbtained'frovaigure'Aéh as the base point and extrapolating to 1010°¢C. by
the heats of solution obtained from Figure A-5. The composite data from
the plots is tabulated in Table A-IV. The X values were converted to

activities and a calibration plot established (see Figure A-T).
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Porter's Pb-Na Activity Data
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TABLE A-II

Pb-Na Activity Data at 475°C. (from Hauffe and Vierkel®
and Feinleib and Porter )

1og8Na
. 2 -ii-y
Nyo QW ¥ Na log 8 ma 1-Ny, (-, ) (1--NNa 2

Data from Hauffe and Vierke

.935 .925 .989 -. 004804 . 065 . 004225 -1.14
.815 .710 871 -.059982 .185 .034225 -1.75
SI57 .363 479 ~.319664 .2h3 .059049 -5.41
678 .215 .317 -. 498941 .322 .103684 -4.81
567 .090 .158 -.801343 433 .187489 -L.27
L70 .038 .081 -1.091515 .530 .280900 -3.89
.392 .011: .029 ~-1.537602 .608 . 369664 -4.16
873 .8ho .963 ~.01637h 127 .016121 -1.02
<794 .515 649 -.187755 206 .0Lk2436 -4 42
.705 246 .349 -. 457175 .295 .087025 -5.25
625 2135 .216 - 665546 .375 .140625 ~4.73
.562 0Tk .131 -.882729 438 .1918k4Y -L.60
Ll .020 046 -1.33724k2 .556 .309136 -4.33
.336 . 007 .019 -1.721246 .66 440896 ~-3.90
Data from Feinleib and Porter

.151 .00124  .00821 ~2.085657 .849 .720801 -2.89
.212 0020 .00943 -2.025488 .788 .6200kk -3.26
.223 .0028 .0126 -1.899629 T77 .603729 -3.15
.293 . 0065 L0222 -1.653647 707 .4998k49 -3.31
.358 .010 .0279 ~1.554396 642 L1216k -3.77
.361 . 0076 L0211 ~1.675718 .639 408321 -4.10

L0l .01k L0349 -1.457175 .599 .358801 =406
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Figure A-L, Plot of log XN& vs. Ny, for Feinleib and Porter's and Hauffe and Vierke's Data
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TARLE A-IIT

Pb-Na Activity Data
(from Feinleib and Porter™ )

N q ¥ L 7(°K. ) - 1/T
- . | (x 1073)
0.151 .001k42 .COok 10,398 768 1.362
.00215 ' L01h2 826 1.211
. 00295 . 0195 873 1.145
. 00400 . 0265 925 1.081
. 00585 .0387 989 1.011
.00720 LOWTT 1020 .980
.00875 L0580 1051 .952
01090 .C722 1085 .922
0.212 .00236 L0111 10,398 775 1.290
.C0317 .0150 ‘ 825 1.212
.00498 .0235 895 1.117
. 00638 .0301 937 1.067
00778 L0367 _ 968 1.033
00977 LOU61 1003 .997
.0116 L0547 1031 .970
L0142 .0670 1071 .9o34
.0165 0778 1100 .909
0.223 .00300 .0135 9,394 758 1.319
.00hk15 : .0186 8oL 1.244
.00590 . 0265 868 1.152
- .00825 .0370 923 1.083
.0107 . 0480 ‘ 961 1.041
- .0139 .0623 1022 .979
L0170 0762 : 1063 9kl
L0215 ‘ . 0964 1095 .913
0.293 .0088 . 0300 8,71k 803 1.245
L0105 .0358 838 1.193.
.0137 L0468 - 891 1.122
L0181 .0618 9L8 1.055
.0231 - .0788 1000 1.000
.0292 . 0997 1048 .954
.0385 .131 ' 1100 .909
0.358 - .0095 . 0265 : 8,288 T45 1.342
.0150 .0k19 812 1.232
.0205 .0573 866 1.155
.0285 L0796 931 1.07h
.0362 .101 982 1.018
.0k25 .119 1021 .979
.0500 <140 1061 .943
.0580 .162 1099 .910

continued...
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Table A-ILT Continued

N 7 b L 7(°K) 1/T
' (X' lO’-3)' .
0.361 .0088 . 02LL 8 1.294
3 .0125 .03k46 97539 5%3 ' 1.2?4
.0185 .0513 895 1.117
.0215 .0596 933 1.072
. 0290 .0803 973 1.028
.0370 .103 1010 .990
L0460 127 1051 .952
.0570 .158 1085 .922
0.401 L0175 0436 8,748 783 1.277
.0230 .05T7h 833 1.200
L0310 L0773 885 1.130
L0410 102 936 1.068
.0500 125 978 1.022
L0655 .163 1013 .987
L0715 .178 1033 .968
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Figure A-5. Partial Heats of Solution of Pb-Na Alloy
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TABLE A-IV

- Composite Pb-Na ActiVity Data

2 w ¥
( 1-Np )" log ¥ Na ql\Talﬂ

e lzi--NNz NJEa. (1) - | 5 L Y gii’(f%o-3' Y100 Goro
.151 o -2.95 .849 .720801 -gl;e6u .00748 ‘.00113 -10.400 400 .138 | .0208
171 -3.02 .849 .6872&1 1é!o755_ .obShb ,601&3 -10,200 Ak .1h49 . 0254
212 -3.11 .788 620944 -1.9622 ,0109 .00231 - 9,900 L62 173 . 0367
222 =3.20 778 605284 -1.9369 .0116 .00258 - 9,800 67 .181 L0402
.223 -3.20 STT7 .603729  -1.9319 .0ll7 . .00261 - 9,800 et .181 . 04Ok
.293 -3.48 707 - L4998L4k9 -1.7395  .0182 .00533 - 9,200 97 241 .0%06
.301 -3.50 .699 LL88601 -1.7101  .0L95 .00587 - 9,100 .503 .250 .0753
.358 -3.90 62 L2160 -1.607440 L0247 .00884% - 9,400 .ué7 .348 .125
.361 -3.92 .639 408321 -1.600618 .0251 .00906 = 9,450 L8l .360 .130
.371 -%.00 .629 3945641  -1.582564 . 0261 .00968 - 9,550 .u79 .380 J1h1
o1 =l 1l «599 ..358801 -1.4854  ,0327 .0131 - 9,000 .508 410 .164

,-89_
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Figure A-7. Activity of Na in Na-Pb Alloys as a Function of Concentration at lOlQOC.
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APPENDIX B -

Calculation of K Equilibrium at 1010°¢, (128301{) from Free Energy Datazs’ 3l+_

(A1)(qy + (3MaF)(py == (A1F3) (1) + [31\73.] (ai1)

3Na(1) + 3/2Fp(g) == 3WaF, R (1) aF,
AL(1) + 3/2Fp(p) == AlFgy e (2) A,
AFp reaction = AF, - AF, " = - RT 1In KX

K = [ﬁ\fap ( arrs)

ERYVE ( €NaF)3

1. Calculation of. AFl

3NaF(S )298' = 3N&F(l)1283 ----- (3) AF3
3Na(s)298 _‘__:__) 3Na(l)1283 EEERE (%) AF)
3/2F2(g)298 ] 3/2F2(g)1283 e ( 5) AFS
/ 1283 . : /1283
(a) AF3= A_H298 + CpdT + AH, - TI:A8298 +/ Cpd T+ ASFJ
| J/ 298 R o 2987

A Hypg = -136,000 cal/mole3u

ASQ98 = 13.1 e.u.3LL

AHp = 8O3O-ca]_/mole25

25, 2

A Sp = - 6.35 e.u.

1283 - -
/deT 10.40 T + 1.94 X 1073 T2 + 0.33 X 10° T L 3381;25
298 : .

p)

/ oo a | -3 5 2
Cp 4T 10.40 In T + 3.88X 10 ° T + 0.165 X 10° - 60.61
298 T T

AF3> =  =Lk91,292 calories



- 66 -

o) d///371 //f1283
b) AF, =AH + / CpaT + AE +/ cpal - T | AS..o +
N 298 206 trans ~ 371 [ 298
| - s T

371
(?I'gd’l’
298

12.31 o3t

A 3298

AH 622 cal/mole=?

1.68 e.u.2”

trans

_Strans=

S
d///QdeT hoo2 T + L.52 X 1073 7 - 159925
298 :

1283 .
o///ﬂ Cpal = 6.83 T - 1.08 X 105 T+ - 2243%
371

3l | 5
CpdT = L4.02 1In T + 9.04 X 10™3 7 - 25.59°

298

1283
Cpat

o

6.83 1n T - .54 X 10° T"2 - Lo.0p2?

AFH = -71,08‘5 calories

o 1283 1283
(¢) AF. = AH + / CpdT - T |AS + o ar
5 298 "/ so8 298 ==
' ' 298

0]

A
A Spg8

1283 \ )
u//0deT 8.26 T+ 0.30 X 100 T° + 0.84 x 10° 7} - 2771®?
298

148.58 e.u.3%

1283 ,
a//f_gng 8.26 1n T+ 0.60 X 107> T + 0.k2 X 10° T2 - 47.71%°
98 A F5 = =104,412 calories

AF, = -491,292 + 71,085 + 104,412 = -315,795 Calories




2. Calculation of AF,
MF3(s)ogs  —  AF3(1)1083
Al(s)p98 —  AH1)1083
3/2F2(g)298 A 3/2F2(g)298
A F2 = AF6 - AF7 - AF5
) 727 1283
(a AF = AH + CpdT + AH +/ CpdT + A H
6 298 298 trans 727 F
v 27 ' 1283
ASQ98 + 9_§ arT + Astrans + (_3_% aT +A Sy
29 Ter
- ' 3k
AHpgg = =323,000 cal/mole
A 48298’ = 23.8 e.u.SlJr
A H';cransz 150 .ca.l/mole25
A Strans: .21 e.u.
ANz = 6200 cal/mole (see Appendix C)
Asg = L oe.u. (sée Appendix C)
727 - | |
/ CpdT = 17.27 T + 5.8 X 1073 ‘I‘2 + 2.30X 100 77t - 6&0825
298 - -
1283 e '
/de‘I‘ . 20.93 T + 1.50 X 1073 T2 - 16,009°7
727
/gp_ 4T = 17.27 1n T + 10.96 X 10°3 T + 1.15 X 10° T°2 - 102.97°°
T , .
298

20.93 1n T + 3.00 X 1073 T - 140,13°”

3
=
I

AFg = -372,715 calories
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| 932 1283
(b) AF, = AH -%/deT + AH +/de’I‘ -7
| 7 298 208 F 932

. o 932 1283
a A Sp098 * g‘% dT +ASp + /g_p_ aT
| 93 |

‘ T
298 2

0

A8298 = 6.77 e.u.3)+

AR, = 2570 cal/mole®
ASp, = 2.76 e.u.”
/ZIEET = 4ok T+ 1.48 X 1073 @ - 160477
298 |
éig = 7.00 T - 652457

Cp 4T = 4.9% 1n T + 2,96 X'10™3 T - 29.03
T
98
CpdT = 7.001n T - 47.86
T
952 |
A-F7 = = 15,423 calories
AF, = - 372,715 + 15,423 + 104,412 = -252,880 Calories
AF coetion = -252,880 + 372,715
= 62,915 calories
AF = -RTInkK

log,, K = -62,915 = -10.72
, L.575 (1283)

“K = 1.91x10
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Analysis of NaF-AlF3 Binary System
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~ APPENDIX C

Binary System

Apglysis of NaF-AlF3

of binary chlorides by Chu and Egan

Determination of.the Activity.of.NaF from the NaF-AlF, Phase Diagram
- ) 2

Sodium fluoride activities were determined by the method developed by

é7,28,19.

- This method_has-been employed recently for the investigation

29.

Wagner

The phase diagram of Grjotheim2 (see Figure C-1) has been used for
the thermodynamic calculations. The activity.of NaF can be cglculated by

successive integrations of the compounds in the system using the expression

RT log NaF = AHp @) AT o+ (1-xy) ‘2 AT an,
S VR B PR ‘ No-Xp
Xo
where AHp = heat of fusion of the compound
Ty = melting point of the compound
AT = T -T

T = 1Iquidus temperature
N,, N2 = mole fractions of AlF, and NaF
Xy, X5 = mole fractions of A1F3 and NaF corresponding to the

compound.
Estimation of the heat of fusion of the intermediate compounds is a

major uncertainty in this method. In previous work involving this technique

. the substances have been considered as ideal mixtures and in this case the

heat of fusion can be determined by calculating an entropy term which is
corrected for the heat of mixing. However, in the case of fused salts, which
dissociate on melting, measured calorimetric heats of fusion include heats of
dissociation; The contribution of this heat term to the observed value ié
often difficult to detefmine. In‘the-study by éhu and Egaggxlmolten binary
mixtures,»thevheat of fusion was calculated on an empirical basis. They assumed

the entfopy of.fuéion to be equivalent to the sum of the entropies of the pure

components. The entropy of fusion of the intermediate compounds in the NaF—AU%systeP
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is chosen on an empirical basis and substantiated by the following analysis. It

3AlF6 will contain preponderately Na* and AlF6E

ions as,statietically independent constituents. As a broad assumption one can

is'euggested that a melt of Na

consider each particle as diseociating into four particles. Therefore, it is
reasonable to expect that the entropy of fusion could be about the same as that

of two particles of NaF which also breaks up into four particles30

The recent summary of the cryollte 51tuat10n by Foster3 assumes the

extensive dissociation of the compound into simpler ions. The poss1bllity that.

6
is dissociated further to AlFu andvF “ions should not affect the entropy

dissociation is not complete or that secondary dissociation of the A1F_ ion
approx1mation greatly as these two possibilities would tend to compensate for
one another. However, it can be seen that these complications make it very

difficult to estimate tneﬂentropies with any degree of certainty.

The heat of fusion of pure NaF was determined from the most recent
2
data of Kelley 5 and the entropy of fusion calculated to be 6.35 e.u.'s. There-

fore the entropy of fu81on for the 1ntermed1ate compounds in the NaF-AlF_ system

3
are assumed to be 12;70 entropy units.

Relatiye values of log ANaF have been calculated over the composition
range 86,5.mole”per cent to 60 mole per cent NaF as shown in Column 16 of
Table C-I. Thesevvalues:are relative to the compound cryolite and are not
absolute values. In order to obtain the.correct values it is necessary to obtain
a tie point.witn the activity of pure NaF. This is accomplished by calculating
the dNaF at the euteCtic point‘86;5lmole perAcent NaF. As in general,>thermo-
- dynamic calculations of this nature are carried out using 3( and log 2{ the

correction is appliéd in Column 19 of Table C-I.
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TABLE C-I

3

Phase Diagram

1 2 3 L 5 6 7
K. XK Nomer Myaarg AT Ny-X,
1007 75 .25 .600 400 27k .6 -.150
1198 .75 .25. .649 .351 83.6 -.101
1221.5 .75 .25 .663 .337 60.1 -.087
1243.7 .75 .25 .679 .321 37.9 -.071
1267.2 .75 .25 LTOh .296 1L -.046
1277.5 .75 .25 .724 .276 h.1 -.026
1281.0 .75 C .25 .738 262 0.6 -.012
1281.3 .75 .25 LTh5 .255 0.3 -.005

1281.6 .75 .25 .750 .250 0 0
1281.3 .75 .25 .754 246 0.3 .00k
1280.4 .75 .25, 759 . .2h1 - 1.2 .009
1277.2 .75 .25 .768 .232 .y .018
1272.6 .75 T.25 STTT .223 9.0 .027
1264.1 75 .25 .789 211 17.5 .039
1249.5 75 .25 .806 .19k 32.1 . 056
1227.2 .75 .25 .827 .173 544 Rord
1214.3 .75 .25 .837 .163 67.3 .087
1207.2 .75, .25 .84z .158 Th. b .092
1180.8 .75 .25 .856 . .1hk 100.8 .106
1161.0 .75 .25 865 .135 120.6 .165
1161.0 1.0 0 .865 .135 106.5 -.135
1180.5 1.0 0 .883 .117 87.0 -.117
1196.9 1.0 0 .899 .101 70.6 -.101
1206.8 1.0 0 .907 .093 60.7 -.093
1223.3 1.0 -0 .926 0Tk 4.2 -. 07k
1240.0 1.0 0 94k .051 27.5 -.051
1225.7 1.0 0 .976 .024 12.5 -.02k4
1261.8 1.0 0 .987 .013 5.7 -.013
1262.0 1.0 0 .988 .012 5.5 -.012

.5 1.0 0 - 1 0 0 0
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TABLE C-I Continued

8 9 - 10 11 12 13 14
N ' ” o2
1AT LAT (NQ'XQ)E X, AT X;AT an g+ 12 X 12.70
Ny-X,, ce X )2. (Np-X,
2 "2 B & '
-732.27 68.65 .0225 3051 . =311.90 -1044.17 -13,261.0
-290.53  20.90 . 0102 2049 . -186.95 - L77.48 - - 6,06k4.0
-232.80° 15.03 .00757 1986 -158.7k4 - 391.54 - 4,972.6
-171.35 9.48 . 00504 1881 -127.78 - 299,13 - 3,799.0
- 92.66 3.60 .00212 1698 - 82.78 - 175.44 - 2,228.1
- 43,52 1.03 000676 . 1524 - 50.28 - 93.80 - 1,191.3
- 13.10 .15 .00014k  10k2 - 31.38 - 44 48 -  564.9
- 15.30 .075 ~.000025 3000 - 17.38 . - 32.68 -  lhis5.0
0 0 0 0 0 0 0
18.45 .075 .00016 4688 17.10 35.55 4¥51.5
32.13. .30 .000081 3704 36.85 68.98 876.1
56.71. - 1.10 . 000324 3395 68.62 125.33 1591.7
T4.33 2.25 . 000729 3086 97.87 .172.20 2186.9
94.68 4.38 .00152 2882 . 133.57 228.25 2898.8
111.20  8.03 .00314 2557 179.47 290.67 3691.5
122.22  13.60 - .00593 - 2293 230.08 352.30 hhth .2
126.09 16.83 . 00757 2223 252.58 378.67 4809.1
127.77 18.60 .00846 2199 . 263.63 391.40 4970.8
136.94 25.20 S .0112 2250 .294,78 431.72 5482.8
141.57  30.15 .0132 2284 - 315.17 456.74 5800.6
' X 6.35
-106.5 - - - - - -106.5 -676
- 87.0 - - - - - 87.0 -553
- 70.6 - - - - - 70.6 -448
- 60.7 - - - - - 60.7 -385
- LYo - - - - - bh.2 -281
- 27.5 - - - - - 27.5 -175
- 12.5 - - - - - 12.5 - 79.4
- 5.7 - - - - - 5.7 - 36.2
- 5.5 - - - - - 5.5 - 34.9
0 - - - - 0 0
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TABLE C-I Continued .

15 16 17 18 19 - 20
RT log UaF log NNaF log X NaF log ¥ NaF log XNaF
eaa @l o @ 1253
4607 -2.878 -.222 ~2.656 -3.875 -3.042
5481 -1.106 -.188 - .918 -2.137 -1.996
5588 - .890 -.178 - .712 -1.931 -1.839
5690 - .668 -.168 - .500 -1.719 -1.669
5797 - .384 -.152 - .232 -1.451 -1.434
5845 - 204 -.14%0 - .06L -1.283 ©-1.278
5861 - .096 -.132 .036 -1.183 -1.182
5862 - .071 -.128 .057 -1.162 -1.161
5863 0 -.125 .125 -1.094 ~-1.093
5862 _ 077 -.123 .200 - =1.019 -1.018
5858 .150 -.120 .270 - .949 - .947
5843 272 -.115 .387 - .832 - .827
5822 .376 -.110 486 - .733 -..726
5783 .501 -.103 604 - 615 - .606
5717 646 -. 094 .Th0 - 479 - 467
5614 797 -.082 .879 - .340 - .325
5555 .866 -.077 .43 - .276 - .261
5523 .900 -.075 .975 - .24k - .230
s5hoe 1.015 -.067 ©1.082 - .137 - .126
5312 1.092 -.063 1.155 - .06k - .058
5312 - .127 -.063 - .06k - - .058
5401 - .102 -.054 - .048 - - Ok
5476 - .0818 -.0k62 - .0356 - - .033
5521 - L0697 -.042h - 0273 - - 026
2597 ~ .0502 -.0333 - .0169 - - .016
5673 - .0309 -.0227 - .0082 - - .008
5745 - .0138 -.0105 + .0033 - - .003
5773 - .00627 -.00568 - .00059 - - .001
5774 - .0060k4 -.00524 - .00080 - - .001

5799 ’ 0 0 0




- 76 -

The two other calculations ére‘carried out over the peritectic

compound Na_ Al F_, (see Table C-II) and the compound NaAlF (see Table C-III)

57371k - L
to extend the data across the diagram: These are tied in respectively to the
corrected values over thé'cryolite compound range, and the eutectic at 56 mole
per cent NaF. ~All the values are corrected to 1283OK assuming regular solution

behaviour. This assmumption can be made as the significant data for this work

near the éryolite peak is fairly close to the experimental temperature.

2. Determination of the Activity of AlF3
Once the thermodynamic data for one of the constituents of a binary

diagram is known, it is possible to obtain the data for the other by applying

the Gibbs-Duhem equation26’l9. The expression used for this case is
Y ¥ MyeF = 1
log :AlF3 = 'NNaF X NAlF3 log 9 NaF + log NaF ANy
(W 0 )° /- (Vg )
3 . -~ Nygr = 7463
The first term is calculated for the N values obtained from Tables

NaF _
C-I, C-II, and C-III. " The data is shown in detail in Table C-IV. The second
term is evaluated by'plotting'the log xiNaF ~term as a function of NaF concentration
'NA1F3
and performing a graphical integration. The logx NaF Vs NNaF plot is shown
' ' NAlF
in Figure C-2. The sum of the two terms gives a relative log 8'A1F3 value, but
a correction must be applied at the tie point ofvh6.3 mole per cent NaF. The
tie point is established by obtaining a consistent set of data in respect to
3° Assuming that AlF3 has a
melting point of approximately 155OOK. which is slightly above the actual

the metastable standard state of pure molten AlF

sublimation pOiﬁt, and using an entropy of fusion of 4 entropy units, a value

for the heat of fusion of 6200 calories is obtained. Using this data log J’A1F3



TABLE C-IT

Determination of %\IaF by Integration of Compound 1\Ta5Al3Fl)+ in NaF—AlF3 Phase Diagram

6

1 2 3‘f5f oo .A 5 7. 8 9 .
TOK X% | xli 'r:NzNaF'_ ;NlAlFS '.4517 Np-Xg N, AT .(NE_X2>2
| - (Ny - Xp) :
1013 625 ".375f' 625 . .375 0. o o oo -
1010.5 -625 L3775 ";,6125 | ,3875_” ,-2751 -.0125 -77.50 '5.000156
C1007 . .625 375 600 200 S - -.025 -96.00  .000625
963 | N ;625 .375 .560 Ao ’So -.065 -338.46  .ooke3
10 o1 12 13 1y 15 16 17 18
— . - : 1og & NaF
X1AT N%(l AT 8+ 11 X 12.70 RT log {NaF  log Nep log a/NaF ggT'S
— D (N~ X.) : | e add -3.L425
(No- Xp)” o/ X,0 727 72 .
0 _ 0 | 0 0 4635 0 -.204 -.20k4 0
6010 | -87.56 -165.56 -2102.61 L4623 -.U55 -.213 -.2hk2 0
3600 -147.62 -243.62 -3093.97 4607 -.672 -.222 -.450 | -3.875
L4433 -308.26 -6U6.72 -8213.34 4406 -1.86L -.252 -1.612 -5.037

- L -



TABLE C-IIT

Determination of qNaF by Integration of Compound NaAlF)1L in l\Ta,F-AlF3 Phase Diégram

? K‘ T X 281 NoNar ' N1A1F3‘, (No- Xo)

9T ok L. 506 .u632'5;7°,1 i;537<;” 27 -3 -M6TLTL .000961 -
993 .- gk . .506 U479 '{;-ff;~.521-;}_ o -.015 -382.67_ : .006é25‘},-

100k hokh 506 Aok 506 0 o o0 o
_988 - Aol 506 .530 f' ﬂ'..u7o 16 .036 - 208.89 .00130
963” o | hgh 506 »3560 S kbko T . 066 273.33  .00436

10 - 11 | e 13 1k 15 16 7 18

X, AT 2 | - - log & NaF
5 4T, g+ 11 X 12.70 RT log PNar  log Ny p log¥ NaF @ 1's
(N2- X2) o/ x,(Np- X5) o | - add -8.158

.334 -2.935 =11.093

14,216 -682.70 » -1150.41 '_-11;;610.‘2 470 -3.269
ol 738 -371.07 . = 753.1k4 - 9,564.9 4543 -2.105 -.320  -1.785 - 9.943
0 o 0 0 0 0 -.307  ..307 - 7.851

| 6,228 - 557.39 ;766.28 - 9,731.8 4520 +2.153 276 | 2.429 - 5.729

4,758 722.18 : 995.51 12,642.3 LLo6 2.869 -.252 3.121 - 5.037

- gl -
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TABLE C-IV

Determination of éle3 by Gibbs-Duhem Integration

1 2 3 i 5 6

N g 2 N, X N, log 8 Nar N X Np log 8 NaF
oNaF 1 A — = -~

N 2 1283 N2 olNar L

1463 .288 .865 -8.4bL7 7.307 -29.33
79 271 .923 -7.695 7.103 -28.140
ik .256 977 -6.143 6.002 -24.00
.530 221 1.127 -4.410 4.970 -19.95
.560 .194 1.1268 -3.782 L7196 -19.49
.600 .160 1.500 -3.042 4.563 -19.01
.69 .123 1.854 =1.996 3.701 -16.23
663 L1k 1.956 : -1.839 3.597 -16.13
.679 .103 2.117 ‘ -1.665 3.525 -16.17
704 - .0876 2.37h -1.434 3.404 -16.37
TRk L0762 '2.625 -1.279 - 3.357 - -16.78

.738 . 0686 2.813 -1.181 3.322 -17.22
LT45 . 0650 2.923 -1.160 3.391 -17.85
.750 . 0625 3.008 -1.093 3.288 -17.49
L7548 . 0605 3.07h -1.018 3.129 -16.83
.759 .0581 - 3.150 - 947 2.983 -16.30
.768 .0538 3.309 - 827 2.737 -15.37
177 . 0497 3.481 - .T26 2.527 C =1h.61
.789 .0klks 3.753 - 506 2.274 -13.62
.806 .0376 L.149 - 46T 1.938 -12.4h2
827 .0299 L, 783 - 325 1.555 -10.86
.837 . 0266 5.113 - 261 1.335 - -9.81
.842 .0250 5.320 - .230. 1,224 - 9.20
.856 .0207 5.942 - .126 . 749 - 6.09
.865 .0182 6.429 - .058 373 - 3.19
.886 .0137 7.518 - . olh .331 - 3.21

.899 .0102 8.902 - .033 .29k - 3.24
-907 . 00865 9.757 - .026 .25k - 3701
.926 .00548 - 12.500 - .026 .260 - 2.92
.949 .00260 18.615 - .008 .1k9 - 3.08
.987 . 00017 75.294 - .00l .075 - 5.88
1 0 0 0 0 0
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TABLE C-IV Continued

8 9 10 11
1ogX NeF anyg d.N2 5+ 8 logléy %1F3 lo_ggﬂ
add  -7.64b N
u63 ‘

0 0 7.307 - .337 - 1.58
-.h32 -.432 6.6U2 -1.002 - 4,38
-.365 -.797 5.205 -2.439 -10.00
-.791 -1.588 3.382 -4.262 -15.17
-.592 -2.180 2.616 -5.028 -16.01
-.770 -2.950 1.613 -6.031 -16.75
-.863 -3.813 - .112 -7.756 -18.42
-.227 -4.oko - 443 -8.087 -18.38
-.258 -L.298 - 773 -8.417 -18.26
-. kot -4, 705 -1.301 -8.945 -18.03
-.331 -5.036 -1.679 -9.323 -17.79
-.238 -5.274 -1.952 -9.596 -17.61
-.123 -5.397 -2.006 -9.650 -17.39
-.088 -5.485 -2.197 -9.8k1 -17.48
-.069 -5.554 C=2.425 -10.069 -17.70
-.083 -5.637 -2.654 -10.298 -17.88
- 143 -5.780 -3.043 -10.687 -18.11
-.135 -5.915 -3.388 -11.032 -18.26
-.169 -6.084 -3.817 -11.461 -18.40
-.220 -6.304 -4.387 -12.031 -18.51
-.24o0 -6.544 -5.028 -12.672 -18.53
-.100 -6.64k4 ~5.355 -12.999 -18.54
-.046 -6.690 -5.530 -13.17h -18.58
-.098 -6.788 -6.146 -13.790 -18.81
-.031 -6.819 -6.613 -14.257 -19.06
-.033 ~-6.852 -6.656 -14.300 -18.33
-.033 -6.885 -6.680 -14,.324 -17.73
-.017 -6.902 -6.736 -14.380 =17.47
-.038 -6.940 ~=6.802 -14.446 -16.84
-.050 -6.990 -6.878 -1k .522 -16.12
-.155 - ~7.145 -7.070 =14, 714 15.11
-.076 -7.221 -7.221 14.87

-14.865
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at 46.3 mole per cent AlF_ has a value of -.191 whichwhen adjusted by the

3

regular solution correction becomes -.337. The log XAJ.FS values in Column 10

of Table C-IV can then be corrected by adding -7.64k. A plot of log&AlF3 Vs,
, . : N 2

NNaF is shown in’Figure C-3. The shape and location of this curvlgall?s consistent

with the previous assumptions.

3. Determination of Activity of Sodium in Aluminum

Numerical values for log XNaF and log X AlF3 are now available from Tables

C-I, C-II, C-III and C-IV. Activity data for sodium in molten aluminum is

calculated for a range of NaF-AlF_ ratios in Tables C-V and C-VI, using the

3
equilibrium equation. The curve is plotted in Figure 6. This curve represents

the activity of sodium metal dissolved in pure aluminum in equilibrium with

pure fused cryolite electrolyte of a given ratio at 1010°C.
4
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TABLE C~V

Activity Data for NaF and AlF3 from Phase Diagram

N s, g:glo Lo NaF ¥NaF @ NaF log UA1F3 ¥ a1F ; QAlF3
.321 1.06 '-1.665 2.16 X 1072 1.47 X 1072 -8.417 3.83°X 1077 1.23 X 1of9
.296  1.19 -1.43k 3.68 X 1077 2.59 X 1072 ~8.945 1.1% x 1072 3.37 X 10710
276 1.31 -1.279 5.26 X 1072 3.81 X 10f2, - =9.323 4,75 X 10710 1.31 X 10'10
262 1.4 -1.181 6.59 X 1077 4.86 X 1072 -9.596 2,54 x 10710 6.65 x 1071
255  1.46 ~1.160 6.92 X 1072 5.16 X 1072 =9.650 0.2k x 10710 5,71 x 10711
250  1.50 -1.093 8.07 X 1072 6.05 X 1072 -9.841 1.4k x 1079 3.60 x 107
246 1.53 -1.018 9.59 X 1072 7.23 X 1072 -10.069 8.53 x 10711 2.10 x 107
241 1.57 - .9h7 1.13 X 1071 8.58 X 102 -10.298 5.0b X 1011 1,20 x 10711
232 1.66 - .827 1.59 X 1077 1.k x 1070 -10.687 S 2.06 X107 k.78 x 10712
-1 -1 =12 -12

223 1.75 - 726 1.88 X 10 1.46 X 10 -11.032 9.29 X 10 2.07 X 10

- ﬂg -



Activities of

TABLE C-VI

Sodium from Phase Diagram

Pt Crar (Gr)3 ¢ (e 2 %ﬁ:ﬁ’.‘f 2y,
1.75 2,07 X 1072 1.4 ¥ 10°1 .3.11 x 1073 5.04 X 10'1” .87 X 1072 .306
1.66 4.78 X 107 1.4 X 107} 1.48 X 1073 2.83x 100 s5.90x103 181
1.57 1.22x 107 8.58 x 1077 6.32 x 10 121 x 1004 g x 107 Logo7
1.53 2.10 X 10'll 7.23 X 1072 3.78 X 10‘” 7.22 X 10'15 344 X 107% .0701
1.50 3.60 x 107 6.05 x 1077 0.21 X 107% h.22 x 10715 1.7 x 107% o8y
1.46 5.71 X 101t 5.16 ¥ 1072 1.37 X 107 2.62 X 1075 4.59 X 107° .0358
181 6.65x 1000 h.86%x 102 1.15x 1070 2.20Xx 107 3.31x 1077 L0321
1.31 1.31 x 10710 3.81 x 1072 5.53 X 10-5 1.06 X 107> 8.09 x 10;6 .0201
1.19 3.37 X 10'10 2.59 X 1072 v1.7u X 1072 3.32 X 10'l6 9.85 X 1077 . 00995
1.06 1.23 X 1077 1.47 X 1072 3.18 X 1070 10717 y.oh x 108 Loo367

6.07 X

_gg_
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APPENDIX D

Dilution Calculations
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TABLE D-I

-Sodium . Activities for Cryolite (Dilution Factor .88)

(Qiar)3

Bath - €arFs QNaF <n1r 2 NeF K. (@uar)3 K. (Qer)] @na
Ratio 100% 100% 88% 88% - 75;5;3

1.75 .07 x 10712 1,45 x 1071 1.82 x 10712 1.28 x 1001 2.10X 1073 L0 x 10'1“ 2.20 X 10'2. 280
1.66 .78 X 10'12 1.1% X 10°% ﬁ.eo x 10712 1.00 x 107% 1.00 X 1073 1.91 X 1o'lLL 4,55 X 1073 .166
1.57 22x 1070 858 x 102 1.07 x 101 7.55 X 102 k.30 X 107 8.1 x 10715 7.68 x 107 L0916
1.53 20 % 107 7.23%x 100° 0 1.85 x 107 6.36 x 102 2.58 x 10°%  5.93x 10 2.66 x 107F .o6kk
1.50 60 X 100 6,05 x 1072 317 x 10 5,30 %102 151 x 107% 2.88 x 10°15  9.09 X 1075 .ok50
1.46 .71 x 1001 5,14 x 1078 5.03 X 1077 452 x 107° 9.2k X 1077 1.77 X 10715 3.52 x 1072 .0328
1.41 .65 X 10711 4.86 x 1072 5.85 x 10711 4.28 x 1072 7.84.x 105 1.50 X 10°Y°  2.56 X 1077 .0295
1.31 .31 x 1010 3,82 x 1072 1.15 x 10720 3.36 x 102 3.79 X 1077 7.2k X 1ofl6 6.29 X 100 .o184
1.19 .37 x 10719 2.59 x 1072 2.96 x 1010 2.08%x107° 1.19x107° 2.27x 107  7.66 x 1077 .00915
1.06 .23 X 1072 1.46 X 107 1.08x 109 1.29 X102 215x10° w11x10Y7  3.80x 1008 .00336

- 88_



TABLE D-II

Sodium Activities for Cryolite (Dilution Factor .825)

B e T O n O s, SR o
1.75  2.07 X 107 1.5 x 1078 1.71 X 10% 1.20x 100t 1.73 x 1073 3.30 x 107 1.93 X 102 1268
1.66 5,78 x 10712 1.1 X 107 b6 x 107 o.b1 x 1072 8.33 X JLo'LL 1.59 X 1o’l§ 3.91 X 1073 .158
1.57 1.22 X:lO-ll. 8.58 X 102 1.0l X 107 7.08 % 1072 3.55 X io‘u 6.78 X 10757 6.71 X 10'“ .0875
153 2a0x10r 7.3x 102 173 x 107 597 x 107 2.13x w0t horx 10 2.5 x 107 L0616
1.50  3.60x 107t 6.05 % 1Q'2 2.97 x 100 499 x 107° 1.2k X 107 237 x 157 7.98% 1077 L0430
1.46 5.71 X 107 5.14 X 10'2 u.j;}x 10'11 Lok X 10"2 7.62 X 10'5 1.46 X 10'15 3.10 X 10'5 .o3iu
1.4 6.65 x 1070 .86 % 1070 5.9 x 100 401 x 102 6.45x 1077 123X 107 2.oh x 1070 L0282
1.31 1.31 x 107%° | 3.82 X 1072 1.08x 10720 3.15x 0% 3.13x 107 5.98% 1071 5.54 X 107 . 0177

- 68_



TABLE D-IIT

- Sodium Activities for Cryolite (Dilution Factor .84)
EZE?O QA1F5 7 eAlFB . ANaF ( QN&F)j K,(QTNaF)ill K.( €NaF)? qNa. -
100% 100% 84 8L 1.91 X 10 QAlF5 |
1.75  2.07x102  1us5x10t 1w x10t® 122x 100 1.80x 1070 s.u8x 10 2.00 x 1072 Lo72 |
1.66 L4.78x 10712 1.3k x 10t k01 x 101 g9858%x102  7.79x 10 1.68 x 10* k.19 x 1073 161
1.57 1.eex101l  8.58%x 102 1.0% x 107t 7.21 X 102 3.75 x 10 7.16 x 1015 6.95 x 107 0885
1.55 2.10x 10711 7.23 x 1b'é 1.77 X 1001 6.07x 102 2.2k x 107% 428 x 10715 2.4 X 107% L0623
1.50 3.60x 10 .05 x 10  3.02X 10-11 5.08% 1072 1.31 X 10%  2.50 x 1015 8.27 X 1070 .0h35
1.46  s.qrx 10 514 x 102 k.80 x 10t Lk32%x10°  8.06 X100 1.5k x 10715 3.28 x 1070 .0318
141 6.65x 100 4.8 x 102 s5.58x 10t 408X 10°  6.79Xx 100  1.30 x 10715 2.33 x 1070 0286
130 1.31x10719  382x10%%  1.10x101°  3.20%x102 0 3.31% 100 632X 10736 5.75 x 106 0179
1.19  3.37x 10710 259x102  2.85x 10710 2.18x 102 1.4 X102 1.99 x 1016 7.04 x 1077 .0089
1.06  1.23 X 1072 1.6 X 1072 1.93 X 1079 1.23x 102 1.86%x10®  3.55 x 1017 3.45 x 1078 00326

06 -



TABLE D-IV

. Sodium Activities for Cryolite (Dilution Factor .'78)

Bath | @ALF, @ NaF Zn1rs , éNaF (@ar)) K.(¢NeF)°  K.(<NaF)>
Ratio  100% 100% 78% ! 78% ' 1.91 x 10711 @AIF, <na
1.75 2.07 X 10712 C1sx10t 1.62x1012 1.13x 1000 1.4k x 1073 é.75 x 10-* 1.70 X 102 257
1.66 4.78%x 10 1.k x 10t 3.72x 10% 8.8 x 1070 7.05x 10 1k x 10 5.60%x 107 153
157  1.22x 10 8.58x10°  9.52x 107% 6.69%x 100 2.99X 1070 5.71 % 1070 6.00 x 107 .08kk
1.5 2.10 X 107 723x10? 1evx10tt s.ebx10° 1.79x 10" suex 107 2.08 x 107 L0592
1.50 3.60X 107 6.05x 107 2.81.%x 1000 k.72 x 107 15 x 10t 2,00 x 1070 7.16 X 1970 .okls
1.46  5.71 X 107 5.14 X 102 khsx 10 ho1x102  645x 1070 1.25% 100 2.76 x 100 0302
1.41 6.65 x 107t 4..Aé6‘ x 102 s.19x 10 3.79x% 102 5.4 X 107 1.04 X 10717 2:00 X 107 L0271
131 1.31x 100 3.8x10°  1.02x 1070 2.98x10%  2.65%x 1070  5.06 x 100 496 x 10° o170
119 3.37%x10°  2.50x102  2.63x10° 2.10x102 930x 100  1.78% 1070 6.76 x 1077 00875
1.06 1.23 X 107 1.46 X 1072 9.60 X 16’10 _J_.llrx 107 . 1.48 X 10’6 2.83 X 10737 2.95 X 1o‘8 .00308

_-[6._
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APPENDIX B

Experimental Results
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TABLE E-I

- Sodium Activities.(Aiumina-Saturatéd<Pure Cryolite)

Run Initial Bath Wt. % Mole % &Ne.
No. - Composition Ratio Na - - Na
Ll Pure 1.4k 2,90 21.2 .035
1.41
45 Pure 1.43 3.10 22. 4 .038
57 Pure 1.43 2.80 20.6 .033
| 1.37
L7 5% AlF5 1.56‘ 2.20 16.8 .02k
1.34
58 5% ALF, 1.34 2.40 18.1 .027
, 1.32 :
50 10% ALF : 1.25 - . 1.80 k.2 .019
3 . 1.18 | |
51 10% AlF, 1.2k 190 14.8 .020
| 5 1.24
59 S 10% AlF5 1.25 1.50 12.1 | .016
1.27
60 10% AlF 1.2h 1.70 13.5 .018
1.20 S
61 10% ALF, 1.26 1.80 1.2 .019
1.18
48 15% AlF5 1.17 1.0 11.3 .015
1.13 '
49 15% ALF, 1.19 1.40 11.3 .015
1.12
52 20% AlFz 1.18 1.00 8.3 .012
1.09
53 20%‘A1F3 - 1.1k 0.90 7.6 .011
- 0.99

Sk . 20p ALFy - 1.08 1.00 - 8.3 .012




TABLE ‘E-TI

Sodium Activities (Alumina-Saturateéd.: Reduction Cell Electrolyte)

Run Tnitial Bath Wt. % Mole % 4ye
No. Composition Ratio Na Na

13 1.55 1.68 L.78 31.2 .082
14 1.55 1.68 L .58 30.2 .076
15 1.55 1.68 4 58 30.2 .076
16 1.55 1.70 4.38 29.2 .069
17 1.55 1.66 4.28 28.6 . 066
18 1.55 1.67 k.90 31.6 .085
19 1.55 1.66 4.88 31.6 .085
20 1.55 1.68 5..20 33.0 . 096
21 1.39 1.60 4,18 , 28.2 . 064
22 1.39 - 1.63 4.00 27.2 .058
23 1.39. 1.67 4.30 28.8 - .067
24 1.39 - 1.65 4,20 28.2 .06k
31 1.55 +'5% AlF 1.70 L.4o 29.25 .070
32 1.55 + 5% AlFBY - 1.70. 4.70 ' 30.8 .079
3% 1.55 -+ 5%'A1F% o 1.70 4.50 29.8 .073
34 1.55 + 5% AlF% 1.70 4.60 30.3 .076
R S N 50 316 s
3 . + o . . : o . . :
37 1.55 + 10% AJ_F5 1.67 L.30 28.8 .067
38 1.55 + 10% AlF5 . 1.68. 4. .20 ' 28.2 . 064
39 1.55 + 10% ALF? 1.63 L.80 S 31,2 .082
Lo 1.55 + 10% AlFy 1.51 3.10 22,4 .039
L1 1.55 + 10% ALFy 1.hk2 2.20 16.8 .02k

1.41
L2 1.55 + 10% ALF 1.44 2.40 18.1 . 027
, S1.57
L3 1.55 + 10% AlF; 1.45 2.60 194 .030
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- TABLE E-III

‘ SodiumAActivities, (Pure Cryolite and Reduction Cell

T% CaFg

Electrolyte'with»7%~CaF2 Addition)
B e W' e
. \ Na Na. ~tNa
26 1.55 + 7% CaFj 1.76 4.10 27.8 .062
27 : 1.55 + T% CaF,  1.86 3.58 25.0 .ou8
28 1.55 + 7% CaF,, 2.02 u;la 28.0 .062
29 1.55 + 7%»CaF2 1.86 -5.8u" 26.4 .05k
30 1.55 + 7% CaF,, 1.78 4,30 28.8 . 067
55 Pure + 10%. ALFz " 1.26 1.60 12.8 .017
+ 7% CaFy’ 1.13
56 Pure i 104 AlF, 1;22’" ‘i.ub” S 11.3 .015
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APPENDIX F

' Mathematical Anslysis and Computer Data

'_ ngboléi‘
Y,y o= 1n SN

Yo 1283

X e "log.XNaF12'83

A(I) o = 1n A1F31283

: = %8 TR 31083
= Y

1283
My = ,NA1F3.
C - = K = '11.9'1'x’1‘o'll. {equilibrium constant)
Yoy 7 e T

S
T(I) =. T K
R = gas constant (4.575).

I) = heat of solut‘ién "



e

1. Chemical equilibrium equation

ANA = 1-N) e
T Ne

"3 e &
/e

Y

3y

e

N

Qg
EE
=i

w

3Y-A

1l
'_l
jm3
Q=
2!>} s
T
i o
N

3Y-A = %

2... Gibbs-Duhem equation

Cfor T =1, N=.223  Y-=-1.672

for T+ 1, Substitute 2 into 1

- N=.223

N=N BRI

Y, df + B + 2%
SN :
N=.223

Differentiating with (2 + 1) Y' =~ X
respect to N - E N

Yo = N A
2N.+ 1. -

YYo= N Z' dN + constant
5N + 1. o
.223
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‘Whelfe;"thej constant equals the value of Y'223' = -1.672

Y =-1.672 + / N 7' AN = -1.672 +
~ oN + 1
_ - Y223
o o N '
. NZ - Z _...];_.g anN
N IR o (28 + 1)
L. Jeez o /223
YC = Y/2.3026 - -
AC = A/2.3026
EL = . (YC-X) R -
—+ - L
1283 T



PRINTED ON JUL, 1171962 FOR P. E. AYLEN

FORTRAN 1A COMPILE

83035 W, DETTNILER FOR P. AYLEN -

o
83CC C
8300 . READ 29 Ny Cy R
8348 2 - FORMAT (13,3X,E12,2,F12.C)
8391u - PRINT 3 .
sulg 3 ‘FORMAT(7X1HZ]]X1HY]]X1HA]]X‘HL/)
8s8y - DO 4 1=1yN
8596 : READ 5y ENy ANA, X, T
8656 5 - FORMAT(F12,0,F12,0,F12.04F12,3)
8694 o lo LOG((EN/C)G(ANA/(1.V-EN1) 83 )
881L : YN = Z"ov/((2ou'EN+] Cles2)
8922 _ IF (I-=1) 64746 -
899C 7 Y = =]1,672
9C26 .. 60 TO 8
9034 6 Y = Y + (ENP- EN)“(YN*YO)/Z.U +EN“Z/(Z.V’EN+1.u)-FNP*S/(Z-C’ENP+1-)
937C 8 YO = YN :
9394 S =7
o418 ENP = EN
oLy 7 A= 3,0»y -7
Qu9 g AC = A/2,3026
19526 YC = Y/2.3026
9562 EL = ((YC ~- X)GR)/(I.u/]283.v - ].u/T)
9718 4 . PRINT 18,Z,YC,AC JEL
9814 10 FORMAT (F12.5,F12.5,F 12, 5'F]2 5)
9852 SKIP TO 1
9864 END

Fig ure F-1. Computer Program

- 00T -



TABLE F-I.

: Activity>Data for NaF and AlF

3

- ‘Computer: Data . . i B ‘Computer Results . Calculated Thefmddyﬁamicj

4 v | o : 1l _ ' Values — '_

‘NS ANA . X T. oz e AC e ... _AC.
DR | - S NA1F32 - 'NNaFe
f;gé3 - ‘.o9u S - 733 'i272;6f i6{8§;31 --:7é613 -9.49375 .61 N 15.72
'.252 - Lete - .832 1277,2n 15?03§L3‘ ;;78113 -9,30703 14;5é . 15.78
,j,eﬁl' - .053 - .9hg 1280.u 15.27§2u ~7;83u22 -9.i357o k.35 R -15.86
246 '~;Qu65 -1.019 1281.3 1&;9?198'sff85926 -9;05789 120 15.92
250 .ok -1.094 1é81}6 1&,6#782 ;.878§3v;--8.9982h _»"'ih;o6 . . 15.98°
255  .037  -l.162 1281.3 1&.367&& -.9037h  -8.92482 |  13.91  16.08
.262 .032 21183 1281.0| 13.92729 -.93187  -8.8M413 13.59 16.23
.é76 , ",023 -1.283 1é77.5 13.04608 ;}99882_ _-8.66228 : 13.11 116.53
.296 .0158 -1.451  1267.2 }12.07363 -1.07569 -8.47057 12,28 | 17.08
.321 .012 1,719 1243.7 | 11.43787 -1.12841  -8.35063 10.95 'A | 18.12

- 10T -
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Analysis of Na-Al Binary System
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APPENDIX G

Analysis'of Na-Al Binary System

A reﬁiew of the literaturego shows very little published data. on
the Na-Al system. . Originally it was thought that there was no. mutual

solubility in the liquid state.  However, re-investigation of the Al-rich

fgl 22 established

alloys by Fink, Willey and Stump and Ranéley and Neufeld
the existence of a true monotectic. ‘Fink et al. established the hypo-mono<-
tectic . liquidus by bgth direct and differential thermal analysis and set

the monotectic point at .18 weight per cent sodium and at a temperature 1.2%K.
below the melting'point of pure aluminum. . They also found that the soluBility

of liquid sodium decreased with increasing temperature.

| Ransley and Neufeld accepted Fink et al.’s thermal data for the
hypo—mbnotectic liquidus and concentrated:their interest on the solid
' soluﬁility limits and the liquid miscibility boundary. They established the
ménotectic ét 0.14 weight per cent sodium and observed a more orthodox increase
of solubility with increasing temperature. The solid solubility of ‘sodium in
aluminum was reforted by both teams of researchers to be <{.003% weight per cent
at the monotectic temperature. A composite of the two phase diagrams sppears

.'as Figure G-1.

An attempt was made to calculate thermodynamicrdata from the composite
phase diagrams. . Several iﬁconsistencies became apparent during this treatment.
Ransley and Neufeld’s data (see Table G-I) on the solubility of liquid sodium
was plotted to obtain a graph of log N Vs. 1/T (see Figure Gf2). This plot
established the monotectic point at .00l7 mole per cent sodium (.145 wéight
per cent).  The sloPé_of the line gives a value for the partial heat of

solution of 9230 calories.
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I
. 1
o !
661.0 L !
—@Fink et al. I
. !
IR :’,6'50'5' ——  --- Ransley and I\Teufell.de2 :
- 660.0 % |
Temperature b !
(o] t [
0 659.5 L = l
Vo T~ T~ |
' : ‘ T®- _ I
o 6594;m{ __ Tt~y
| A
658.5 . |L l -' l l I | I [
.0 .02 - .0k .06 .08 .10 12 .1k .16 - .18
Wt. % Na
800 |—
Tempgrature
’ Cv )
750 L
—@ Fink et aldt
--O Ransley and
- o Neufeld®
700 L L o
| | |

Coeso L1 |

Wt. % Na

Figure G-1. Na-Al Phase Diagrams from Data of Fink et al. and

Ransley and Neufeld.
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TABLE G-I

Partial Heat of Solution Data for Na-Al Binary

Na Content Nya, T°K 1/T

wt. %

0.1h4 .0016k3 938 .066 X 1072
0.15 001761 ol .060 X 1072
0.15 . 001761 943 .060 Xli0'5

- 0.18 002112 973 .028 X 1072
10.22  -.002582 998 .002 X 1072
0.20 . 002347 998 .002 X 1072
0.23 . 002699 1023 9775 X 1072,
0.22 .992582 1023 L9775 X 1072
0.25 . 002934 1048 L9542 X 1072
0.15 001761 958 LOkk X 1073
0.19. .002230 988 012 X 1073




Nyg

.007
. 006

. 005

.00k

.0C3

.002

o
(@]
H

9230 cal/mole

0.8

Figure G-2.

9 11 x 1073 10

Plot of Iog N vs. 1/T for Ransley and Neufeld's Data

- 90T -
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Examination of the hypo-monotectic liquidus established by Finic
et al. shqwed‘further discrepancies. . Therefore, it was necessary to
reconstruct a phase diagram which was consistent with thermodynamics but
'compatible-with the.limited experimental data. Data supplied by I—Iollingsheade3
(see Table G-II) on the concentration of sodium in aluminum at different
NaF-AlF5 bath ratios was used to obtéin. X’Na.values in the low concentration
region. A plot of the data is shown in Figure G-3. The Xbm.values were
obtained by utilizihg the plot developed from Appendix C (see Figure 9..)
adjusted for CaF, and A1203 gontent. Uéing this data, it was possible to
establish a hypo-monotectic liquidus for the Na-Al binary (see Figure G-M).
It wgs.necesSary to alter the tempefature différential between the melting
" point of alumiﬁum and the monotectic temperature to .8% from 1.2°K. to

provide thermodynamic conéistency. .This change should be well within the

expected experimental erfor of the original- researchers.

The activities of aluminum are calculated from the relationship

dp - ,
log | TAl = (Tq - TNAJ.) AHp +» log N
L.575 Ty T
. S
where T, = 955.OOK.
T = m.p. at N,_ (from phase diagram, Figure G-4)
Npg IN)
He = 2570 calories25 :

N' = solid solubility of Na in Al = ¢.003%

As the solid solubility of sodium in aluminum is negligible, it can

“be disregarded in this calculation. The relationship then reduced to

log v = (T, - Ty, A S,
4.575 T
| Ny -
where ASf. = 2570 = 2.7575 e.u.

1933.0
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TABLE G-IT

Sodium Content of Aluminum from Reduction Cells as a . Function of
NeF/AlF5 Retio (from Hollingshead®?)

" NaF/AlF . Na CaF,  Temperature
by wt.o ppm % oc.
1.16 18 8.9 939
1.22 30 8.7 964
-1.23 33 " 9.0 ghl
1.25 40 8.5 k6
1.27 Lo 8.8 957
1.28 30 - 978
1.30 Lo - 969
1.30 40 - 975
1.32 53 9.1 960
1.33 50 - 957
1.7 85 8.1 970
1.38 70 - 960
1.38 75 8.0 982
1.39 70 8.3 960
1.29 70 8.3 972
1.4 80 8.4 gkt
1.43 105 9.0 982
1.4k 90 8.4 967
1.k7 160 8.2 971




.01k
012 [ -
010 |
.008 |
We. % Na o
. o ]
o X -
L006 | 2
)
ook
.002 |
o | I | l | | |
1.1k 1.18 1.22 1.26 1.30 1.34 1.38 1.42 1.16 1.50
NaF-AlF3 Ratio
Aluminum from Reduction Cells as a Function of NaF-AlF3

Figure G-3. Sodium Content of
‘ Ratio (from Hollingshead 3)
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Figure G-4. Revised Na-Al Binary
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The activities of sodium can then be calculated using the Gibbs-
Duhem integration-technique26:l9 (see Table G-III). The tie point in the
-ihtegration is the moenotectic point where the activity of sodium is unity,
since the alléy is»in equilibrium with pure sodium gaes at this poeint. . The
value of Xﬁh.at the monotectic is 588 and Coluﬁn 13 of Table G-III has to

be corrected by a constant factor.

The values of & Na can then be determined at 128%°%K. assuming

that the solution is non-ideal using the relationshipl9

d1n & = d1n%¥ = L
aT aT RT2
this reduces to
In ¥, = - L T2 "7
31 R
where 752, Xl = +the activity coefficients at T2 and Tl

T = . heat of solution (9230 calories)
- R =- the gas constant.

. The ratio of 2{2 is 5.79 for the above case. The activities of

Y1

sodium calculated by this method (Table G-III) are plotted against concentration

in Figure G-5, and as a function of weight per cent sodium in Figure G-6.



TABLE G-IIT

Determination of Sodium-Activity from.Revised:Na-Al Binary -

1 ) 3 L 5 6 7 S8 9
: ' “Ny.N -Nyg N
7 N N a1 ¥a1 log ¥A1 N NeTal _11\\11a AL 1og &A1
Na a1 ‘ : ) Nea -NNa2 Na

933.00 0 -1 1. 1 0 - .10 - ) -

932.988  .000020 ..999980  .999980 1.0000000 O L X 10 4.9999 X 10 -
932.976 - .000040  .999960  .999963 1.000003 .0000013 1.6 X 1072 2.4999 x-lo”,h -.032499
1 932.963  .000060  .999940  .999947  1.000007  .0000030 3.6 X 1079 1.666567 X &o -.049897
932.951  .000080  .999920  .999923 1.00000% .0000013 6.4 X 18‘9 1.2499 X 10 -.016249
932.939  .000100  .999900  .999907 1.000007 = .0000030 1 X 10~ 9.999 X 100" -.029997
932.927 . .000120  .999880  .999891 1.000011 .0000048 1.k x 10-8  B8.332333 x 100 -.039995
932.915  .000140  .999860  .999871 1.000011  .00000M8  1.96 X 1078 7.141857 X 100 -.03L4281
932.903  .000160  .999840  .999855 1.000015 .0000065 2.56 X 1078 6.249 X 105 -.0k0619
932.86 .000235  .999765  .999791 '1.000026  .0000113 5.523 X 10-8 4.2539 X 100 -.0k8069
9%2.78  .000353  .999647  .999671  1.00002k  .0000LOk  1.246 X 1071 2.8%207 X 100  -.02945k
932,64 .000587  .999413  .999466 1.000053  .0000230 3.4Lk6 X 107/ 1.70242 X 1€ -.039156

932.50 .00082% © .999177  .999255 1.000078  .0000%339 6.773 X lO'Z 1.21k12 X 100 -. 04159

932.35 L00117h  .998826  .999034 1.000208 . .0000903 1.378 X 10™ -, 8.50959 X 109 -.076842
932.24 .001550  .998450  .998867 1.000418  .000181k 2.4025 X 1076 6.441612 x 10° -.116851
932.20 .001700  .998300 ' .998807 1.000508  .0002205 2.89 X 0-6 5.872%5 X_10° -.129485
: .002000  .998000  .998807 1.000809 .0003511 4 X 10~ k.99 X 10° -.175199
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.gTABLEfolII Continued

10 ' 11 12 13 . . 715 16 17 18
_ 9+ g e : ' _ L
l;g }gAl §°52XM Mar _:l;’gdx e, _-',X',Na952. N Ty Uy % Na
Mer N e M oeisgr o 0 T=9230 |
812.5 . ..1971k9 164650  3.039047 . 109k 0000k - . 289 .0116 .003h ¢
- 833.3 180691  .130694 - 3.005091. 10l2 . ..00006 268 ~.0161 - .0051
203.1 . 170327 .154078  3.028475 1068 . ©.00008 . 282 L0226 L0068
300.0 © . .165296 .135299 .3.009696 - 1023 ©.,00010 - - 270 © . .0270 - . .0085
'333.3 - .158963 .118968  2.993365 985 - .00012 260 SJ0306 0 L0102
2hlk,9 - .153181  ..118900 2.993297 . 985 .00014 260 L0564 .0119
253.9 . .1h8193 107574 2.981971 959 L0006 . 253 - .0k08. L0136
204.,6 130999 . .082930 . .2.957327 906  .000235 . 239 .0562 .02
83.5 114001 .084s5h7  2.95894L - 910 .000%53 240 - o847 .03
66.7 . .096428 057272  2.931669 835 .000587 220 7 .129 .05
50.1 .. 082646 .ok1k87  2.915884 824 000823 218 .179 .07
65.5 - .062358 . -.014484 2.859913 T2k .00117h4 191 224 .10
75.5  .035850 --.08100L 2.793396 622 .001550 164 .25k L1k
2.769377 588 .001700 .264

76.3 .02kh65 -.105020

155

.17

- g-[-[_
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Figure G-5. Activity of Sodium as a Function of Concentraticn in Al Metal.
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