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most promising solvent systems.

The research during the first year of this project involved the determination
of liquidus temperatures for a number of binary and ternary chioro- and
bromoaluminate systems, and the specific electrical conductivity studies of
the AlCI3-LiCl-NaCl system.
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FOREWORD

This report describes the work performed during the first year

of a three-year program dealing with the experimental evaluation of

some low melting halide s>stems for battery applications. This work

was performed at the Department of Chemistry, The University of Ten-

nessee, Knoxville, under Contract No. F33615 78-C-2075 with the U. S.

Air Force Aero Propulsion Laboratory, Wright-Patterson Air Force Base,

Ohio. The principal investigator is Professor Gleb Mamantov. The Air

Force Project officer is Mr. J. S. Cloyd, AFAPL/POE-I, Wright-Patter-

son Air Force Base, Ohio.

The personnel working on the project consisted of Dr. Cedomir

Petrovic, postdoctoral research associate, Jeff Ledford, Walter Li,

Jeff Nelson, and Robert Walton, undergraduate research assistants.
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1. INTRODUCTION AND SCIENTIFIC BACKGROUND

Molten alkali chloroaluminates ace of considerable recent interest as
solvents in several primary and seconlary batteries presently under develop-

ment (1-3). They have low liquidus temperatures, a relatively large electro-

chemical span and good specific electrical conductivity. For example, the
liquidus temperature of the AlCl 3-NaCl binary molten salt system varies as
a function of composition between 115 and 190'C; the potential span between
the aluminum deposition and the chlorine evolution is 2.1 V, and the specific

conductivity is in the 0.1-0.7 ohm-lcm-l range (4). The acid-base properties
of an aluminum chloride-alkali chloride system are a function of its composi-,
tion (5). Thus, the chloride ion concentration in these melts which dis-

cribes the Lewis acidity can be readily variud over several decades (5).

Even lower liquidus temperatures are possible in chloroaluminate melts
in which an organic halide is substituted for an alkali halide. For example,
some compositions of AICl 3-l-ethylpyrid&nium chloride and AlCl 3-l-ethyl-
pyridinium bromide are liquid at room temperatures (6-8). The former melt
system is being studied at the F. J. Seiler Research Laboratory for possible
battery applications (9).

Other low-temperature melt systems may be useful for battery applica-
tions. Recent compilations list a number of binary and/or ternary systems
in which MICI-3, AIBr 3 , GaCI 3 , GaBr 3 , SbCI 3 and FeC] 3 , among ot_-ars, appear
as one component (10,11). These compilations do not attempt a critical

evaluation of existing data and much of the information listed in them is

conflicting. The more critical recent volume by Janz et. al. (4) includes
only a few chloroaluminate molten salt systems. Low melting salt systems
which do not contain AICI 3 , such as AlBr 3 , GaC13 and FeCl 3 containing melts,
have received little attention to date as possible solvents for battery uses.

The purpose of this three year project is to critically evaluate a wide
range of binary and ternary low temperature molten salt systems for battery

applications. These systems include chlorides and bromides of aluminum,
Int i:::,, PalliuM and iron as one comTonunt, and various alkaLi, alkaline

earth and quaternary ammonium halides as the other(s) . Measurements ot the

liquidus range and the specific electrical conductivity will be performed
on a number of the above systems. Vapor pressure, background voltammograms

and Raman spectra will be studied for a few selected systems. Electro-
chemistry of selected cathode and anode materials will also be examined.
This is a report of the first year of the work. Two types of studies were
pursued during this period: the measurements of the liquidus range, using

differential scanning calorimetry, and of the specific electrical conduc-

tivity by the conventional AC technique.

2. LIQUIDUS RANGE STUDIES

2.1. Experimental

Sampl es of the melts studied in the present work were prepared by the
stondard proc K ores employed in our Laboratory. Anhydrous aluminum chloride



(Fluka, puris, distilled) was digested overnight at 210C with high purity
aluminum (Aifa-Ventron, m6N) in evacuated, sealed glass vessels and sub-
sequently redistilled in the same vessels. Anhydrous aluminum bromide
(Fluks, purum, distilled) was di gested at 140'C and redistilled in the same

manner. Alkali chlorides and bromides (Fisher and Baker), calcium chloride

(Mallinckrodt, anhydrous), and barium chloride (Vaughn, anhydrous) were
dried in vacuum at 400°C for five days. Tetrabutyl ammonium bromide (East-

man) was dried in vacuum at 90C for seven days; tetramethyl ammonium
bromide (Eastmau) was dried at 160 0 C for the same length of time.

Samples of the melts, 6-10 g for each composition, were prepared using
an analytical balance in a dry box (Vacuum Atmospheres), with the moisture
and oxygen levels of <2 ppm. in view of the very small size of samples
used in the DSC experiments (1.5 to 2.0 mg), special care was taken to in-
sure that the DSC samples were representative of the average composition of
the solid samples. The samples were prepared in specially designed melt
tubes with thin walled capillary sidearms. By quenching these sample tubes
in an ice-water bath, the melt in the sidearms was rapidly frozen. Samples
for the DSC measurements were taken from these sidearms and sealed in aluii-

num sample pans (Perkin Elmer Co.) in the dry box, and were kept under dry
nitrogen atmosphere until and during the DSC experiments.

A enlmere ial differential scanning calorimeter, Perkin Elmer DSC-IB,
wlas u:sed tO (t termine L1ie. his e tra]nst iton temperatures. The diLa were
c r 2o ien a Nost Iev Autograph 2D-2A X-Y recorder with SmV full scale

Sensi i vity. A low pass RC filter was used to reduce the noise. An Analog
I 4V i, IMIplI ifier, Model. AD 521, was occasionally used to increase the
sensitivity of the instrument. The samples were scanned at 5'C/min. At Iit is
slow speed no appreciable instrumental distortion of the )SC curves was
not ied. The calorimeter was calibrated at the same scanning speed with
sealed i igh purity indium and tin standards with the mielting temperatures
of 156.2 and 231.9'C, respectively. Only the melting curves were used for
cole cting the data. Due to severe supercooling, of the order of 20-50'C,
the cooling curves were of little value for our work.

2. 2. Drermination of liqul dus Range from DSC Data

In our i l;it two quarterly repoit i, the first deviation of the melting
peaik from the basei Iine in the DSC recordings was interpreted as the solidus
temperature. In the present report, however, all DSC data have been rein-
terprctI. The ',)]idus tempe rat ture in Tables 1.1 t 1.3 is the "extrapolated
onset t" ter rit urt i.e. the intersection of the extrapolated linear section
of tlii ,isc ndin - m lting, peak wi Li the .-xtr:ir ,!, tcd baseline. Our "extra-

lt1 I a,*d ,t" vIllti( for tIe sol idiis tcmperature of the Al(:1 3 -NaC1 samples,
I'4' n.i,,") i 'I, FCeCMont with the LI iterature viI tie of ll5'C (12), ob-

tain . i, i I Vi : ll I ev.it ion technitque . Our "fir-st deviation" value
if '. I ' r th' , t ';ivotein, io. t- , was i n faiir ;,greement with the

mr,, r,,, (Tt I it, r-it or, vai ou 0 1( . 2"C (13) , also dctermined by the visual
retl ., tit, rt is no i;t-reirnt in the liter,ture regarding tlte correct
trte ' i t iit' lIe melt inc tc per ittires frot the DSC data (14-16),
tiw 1. r t 'I it i 1 the "ext I-,i11) t,,d on1et ", and the peak maximum temper-



at iireS h 1ill bUChe L -Cd , an indepeidea nt pe r imin t nimet hod was, so ugh t to
resolve thils i00UC.

Our nw vnsurerents ot tile elect rical 1 rnduct1 'ivito of the solid akl
chis tea lunlte t (discrusoeLd in miorte dleta i in Sect ion 3. 3) did nlot vyield
an un a b iguous solIidus tempe1)(ratuire . Even though ~l the conduct ivitv chaznge
during the melting' process was nearly Four oroers of magnitude, the change
itself was 4raidua an d difficul t to interpret.

'The interpret it-ion of the res;ults; was assisted by per torming4 USC e:.--
perL ios toit the Oakl' Rid ,120 NatioenalI Labs rat) ry using thle P'erkin-Elme r
USC-2 Inostrllk alt, which ibis a1 saer ior aeniistiVitV aind sga on S
rait is is Wel S 3o flat hieln.'liesec experimlents demonist rated that the
"first devi it in' temllperalture is a1 funetC jell Of thle Sensi tivity limit of the
inst rumen t (I igurc~ I) . In our me:s tremen ts with thle USC-Ill ins trumeint thle
"first deviation" tempe)Lra tore is, dote rminied by a corihinait ion Of. thle maim:Tum_
amp lit icr "1-10n tlk inst riimacot 1 tiSelvel ,and tile haseline curvat are
and, t tireore, does not have macli Rics -Ia en i n

I io cliar , in thc metohodl of read iinc , of thle solidus5 temperatuLre in thli:-
Repoi t ci e aeance. in1 the read inc' of thle liquidus temperCatuLre.

I., the ' xiiolac onset'C' tollPerlrrItlre is the true melt ing., po lot of a nare

ill LiOk Ii'n t;1 tile-11: Of fits neltiac!1)11 i sak , ind co r

tl~~e I) I it I '1 ) thntesneo that ptilUec on is Comp letely

r.o1l 1 i i tlio t 1 lieC Mla:,.:i~' C0 I thom ilIti no peak is, rear ie itd ( 16 () . In
tintI . ; t h I icini a;l temaerclltlll 01s .r a P1il1 L oinpollcent s:llIlp e is nieithier tile
te o' !r L lere o t ti" n tiLirli to tLelhl s 1)I. 11 L , nort the retiaoae etlirn11

tyO'I'inii toc 1Wreordiop beeAIne the mu ll~t ieonoooeni-1t SVos~e- t is1
is01,11 a l et,- 1v 20o 1 b V trio t ilao taoe last Ili ilm of the nleltillt;

car.-_ 1, 1re .oe tine- 1 Oaxi"in o tile Ilst JreajK si)oild 2 he read lS

ta 11 o' t ",I il-,. Ile tile rna I res i stLin cu p)rohahl Ilv p)1lax's a role here
II 1 1 11 atlerwhether it- is ecsaoto pcrform the the rm-al

1ha: r'on jorl I ii l'j ti ;Ii Oi (2 . '11e I jiqaidas temperalture datai in tis- Report
1ol 0 i tiCLe reaid the t: c 'lrd maixim-i ot" the las;t melt ing,

I roes! 1i(; a 11-are ot Co-rected for thle tihermal Lag.

2..AC I -l l 1-NaPI oste
3

ii \ o I I I I o , 1 ait nl sl t sos tenl appar itrc t i vc as-- a sol I en~
For- n)i t liV I l; Ihe sild it ion of liCIi to thle Al 1 -NaiM 4vstem i, tile mos t

W ' id I V1:C11 tl L le hIloro,i Iiium ia 1, t systeis , lowe rs thle Ii oius rang attie

1Iattr lltoiit illt,12~~i011 mo!;t of its otlie r pliios irsl anld chemical

P10)1 TLI i , ioili I itvo If te 1,i ratlt ion" i S lo:er than L 1 theIC O1 moiI it V
4"t tin ." CA 1IT n dhic to tile 522.1 1 ii oiii0 raIdills 01t ile (, o ler m111 d itLs

ttr io I ii i at 1n 1 tile ansi lsisill these1 1elts It- he re fo i-e
t l 5 i' I f l tiT I IC01 lkI' ti i vrii t voif tire *'ICI r-i? 1lt 1 s tno ho IpoX-

I .ol ~ 2T- ,~e to i i, Ir c i 11ol ijii :i' o 2 ifi ler-

I'l 1l file I 1 l t F1 I Irm -I o iioii-.i ;) I I t . o s' Ii 1i ilr' melt L 5 Ons , :; inic tile i

2I 1 or tIi iii lit) Ii !; .iLO de 1, . iiii'il d Ii' thle sil u;lIili111 i i ' it i k 1 1 pr 0 0
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and not by the alkali metal deposition.

The two b inarv aluminum chloride-alkali chloride systems have been ex-
tenSivelvN Sttudicd (4,12,13) .No phase diagram data, however, arc available
in thte literature for tile AiC1 3 -li('l-NaC1 ternary system. The latter is
presently hcin ,7' studied at F. J. Seiler Research Laboratorv (17) . Their re-
sults, combinecd with our data, will provide a detailed description of the
low inciting composition region of the phase diagram of this important ternary

Vsstemn.

Our daita for the three sections of the A1C1 3 LI -alsse r hw

in Table I.1. TIhe IACI to NaCi mole ratio in these sections was maintained
constanit, 3 to 1, 1 to 1, and 1 to 3, respectively. Two of these sect ions

*are also show.,n in Fig,,ure 2. The least squares fitting of these data, as well
as of the data from IKJSRI,, has not yet been performed iand only a brief
qualitative discussion of our experimental results will be given here.

TIhe 1.iquidus CUrves Of Lte two sections of the Aidl -iCl-NaCi ternary
3.

sv5 Lem rescmbhi the I iquidus curve of the Alid -NaCl svstem. Their m,,inima
3

are, dispLaced towards; the alkali chloride rich compoitions with respect to
the eutec tic corunosi Lion of the ALCi 3 -Na(:l system. T sdslcmn sa
n~like C as ca. . 5 noIc7of AIC 13 for thet L to I iACI to Nail sect ion . The
later aiS I s Xa i:t 10La the lowes t liq uldtis temipera ires . In V ick, of the S im-
iar it of thie tao 1ti Ii c~it fil-;s, a,, we 1 1 as of the .'\]lI-LiCI aud Mi("3 -

Nac(, 0 jicy!r :;V.AtcIS, theilt, i o 0t' ite 11(j111dos. curvesof )Fite three
stu le a': a sns e~toa Ic [tlt sol idus termperatiire at aill three,,

-11 W i ; hre ("I-. WC1 Wiith res;pect to tile AICI

1 IL I A 1t tire I S St I

1.1 1 a t(ur rca LiItLa (Table 1. 2) indlite that the solidusL tempera-
Li a t .i'-i' Vs toMs ca. 1O0 C foir the former, andl ca . 98017 for the lot-

te r, 11- roI[ itit 0! o e La each other. The 11 torat rice value1 of 930% feor the
Lerniir': otIJieCtil teMjperatUre Of thle AIC] 3-NtlCl-KCI svstent (18) is low in cen-,
patr i!;o to urti va ie . OtLe rcelparted vol Lies (Cf . refeoreinces in 18) are' even
IOLer inu ire prcobatbly incorrectL.

[le hoe diatgrl of- the AIdc -IACl-KCt system is available -in the liter-
at 1t~ I i) . ihc rep' Lt_,d tormar cv0 itcc ti c tem~po crl t Lire2 of 84 -85( seems al so

too lov in cottpari-'wi to our valu1e. of ca. 9801C. Our liquidIis terilpera tutre dtata
are i to no0t inl P00ot LIprei t _20101 W itht tieL I itecratutre vtlutes.* Cons ide ab lv mere.
worlk tor:qti i i I tile' .;til' t!iC:10 L-; Lt:'eiins1 o be Cairiflied.

2. ). A\ICI - laCh -Nit: 'System
3

Iit'' ph;tis d iagrati of titi' Alti 1 BiC,-N ternalry savatert htas

:;[' ai'I 1.i coit IV (20)) . '[11t 111CI t ij u~l pinlt- 01- 0017C has b)Len reported foc

till. to clii ,l: ilt c t ic witht the ('c~o .l) iti in ai Fi . (-2 .6-33.8 miole 7 (21) . Since

lip



Table 1

Phase Diagram Data for AICI3-LiCI-NaCI System

Composition Solidus Liquidus
(Mole %) Temperature Temperature

(°C) (°C)
AMi3 LiCI NaCI

3

52.0 24.0 24.0 86 105

54.0 23.0 23.0 86 101

56.0 22.0 22.0 86 96

58.0 21.0 21.0 86 100.5

60.0 20.0 20.0 86 124

62.0 19.0 19.0 86 136.5

68.0 16.0 16.0 86 168

53.4 35.0 11.6 86 119

56.0 33.0 11.0 86 112

58.0 31.5 10.5 86 105

60.0 30.0 10.0 86 107

68.0 24.0 8.0 86 172

52.0 12.0 36.0 86 128

56.0 11.0 33.0 86 110

59.0 10.2 30.8 86 105

62.0 9.5 28.5 86 105

55.0 27.5 17.5 86 103

6



00

16

50 6060 8

liquid) curves

I:] 7



Table 2.

Phase Diagram Data for Other Ternary Alkali
Chloroaluminate Systems

Composition Solidus Liquidus
(mole %) Temperature Temperature

(°c) (°c)

AlC1 3  NaCI KC1

55.0 31.6 13.4 100 118

61.2 24.S 14.0 100 108

63.4 22.4 14.2 101 147

Ai] LiCI KCI
3

51.2 35.8 :3.0 98 118

60.8 25.8 13.' 98 167

8



this is the lowest liquidus temperature reported to date for an inorganic
chloroaluminate melt, it was of interest to verify the information.

The results of our DSC measurements are shown in Table 1.3. One of our
samples was prepared to have exactly the same composition as quoted in the
literature for the lowest melting ternary eutectic; only the mole fraction
of AlCl 3 was varied in the other two. Thus the BaCl 2 to NaCl mole ratio was

the same in all three samples.

Our results do not reproduce the above literature data. Our sample with
the 63.6-2.6-33.8 mole % composition has the liquidus range of ca. 25°C, which
indicates that the true eutectic composition is quite far from the cited com-

position. The 60.0-2.9-37.1 mole % sample, with the liquidus range of ca. 10C,
is much closer to the true eutectic point. We do not observe any phase transi-

tions below 108'C. Since our results demonstrate that the addition of BaCI 2
lowers the solidus temperature of the AlCI 3-NaCl binary system by only 7C,
and does not change appreciably the liquidus temperatures at the studied com-
positions, the effect of BaCl 2 as an additive is marginal. In view of this re-

suilt, a further study of this system is probably not justified.

2.6. AlCl 3-CaCI2-NaCl System

No data are available in the literature for the AIC] 3 -CaCl-NaCl system.
Our DSC data for the samples with compositions similar to the A1Cl 3 -BaC] -
NaC1 compositions are shown in Table 1.4. These results indicate that trle
sol[dus temperature in the AiC1 3 -CaCl 2 -NaCl system is 108C. The liquidus
temperatures of tile studied samples with CaCl.) are very close to the liquidus
temperatures of the corresponding AlCl 3 -BaCl2NaCl samples, and therefore to
the Ilquidus temperatures of the binary AICI 3 -NaCl system at the same molt frac-
tion 1.\l 3. Porhips not unexpectedlyv, (aCl, a(i Ba l,] hive qua1litatively tile

same effect on the AI(CI 3-Na(] system. fn short, the effect of CaCI 2 is not
spectacular, and it does not seem very useful to pursue further measurements
on this system.

2.7 AIC 3-NaBr System

In order to find out whether the liquidus range of chloroaluminate melts
will le siinificantly lowered by the presence of a second halide ion, the
AIC 3-NaBr system has been studied. This system is a section of the more
complex AICi 3 -AlBr 3 -NaCI-NaBr system. The latter is still only a ternary
system, since its four components are related by the equilibrium

AI(A + 3NaBr = A113r + 3NaCi3 3

,olld its nomIlal composition can be expressed in terms of only three of its
C()pont n . Therefore, tile mole pe rentoges of only one cation and one anion

,ire , f eilent to define the tot;l nominal composition of tile system. No
ph~a;e (Ii ,raim d;ita ;ire vai i I cIe in the I i ter;iture for t htese s,,tens

i | - - : - : , '4



Table 3,

Phase Diagram Data for AIC 3-BaCI2-NaCI System

Composition Solidus Liquidus
(Mole %) Temperature Temperature

(°C) (DC)

AIM 3  BaCI2  NaCI

56.0 3.2 40.8 108 136

60.0 2.9 37.1 108 118

63.6 2.6 33.8 108 134

Table 4.

Phase Diagram Data for AIM 3-CaCI2-NaCI System

Composition Solidus Liquidus
(M-le %) Temperature Temperature

(°C) (°C)

AICI 3  CaCl 2  NaC1

5C.0 3.7 40.3 108 136

60.0 3.3 36.7 108 121

64.0 3.0 33.0 107 137.5
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TCable 1.5 and Figure 3 show our liquidus temperature data for the Aid13 -
NaB r systeml. '!We( literature data for thei AICl i 3 -N,,C 's'1st L'Il (12) and for tht,
Al B r 3 -NaB r -,vsturn (1 2) are aliso shoWnl inl this t iic'. Vlree featujres of the
AICI 3- Nar dalta are notLiCeab Ic:

1. The liquidus curve for the AlBr 3 -NaCl 3 system strongly resembles
the AlCl 3-NaC1 liquidus curve. Both have only one elutectic point
in the low melting composition region, the AIC1 3-NaBr system at
ca. 62 mole '7. AiC13 , which is very close to the composition of the
AM 13-NaCl eutectic of 61.4 mole % AiC 3 . On the other hand, the
AiBr 3-NaBr system has three minima at ca. 68, 78 and 81 mole Z AlBr 3
due to the existence of several compounds stable in the solid phase.
Phase diagrams of the other alkali bromide-aluminum bromide systems
also exhibit at least two minima (21,22).

2. The liquidus curve for the AlCI 3 -NaBr systemn is depressed by as
much as approximately 20'C2 with respect to the AlCl 3 -NaCl system.

3. The solidus temperature of the AIC13-NaBr svstem is not independent
of the composition. it gradually decreases from 86'C at 28 mole /'
NaBr to 720(2 at 48 mole Z NaBr. This effect is possibly due to the
exchange of the Cl and Br- ions in the hailal umina te species:

AlCl 4+ Br AIl1 Br + Cl

Thssgni ficant gain in the lowering of the liquidus range of the AlCl 3
Nailr system is partially* offset by- a probable reduction in the specific elec-
t rical conduct ivitv as well as the narrowing of the electrochemical spain com-
pared to the ARCA 3-NaCl system. No conductivity data are available for the
mixed chLoride-bromide system. The conduct ivitv in the pure bromide svstenr
AlBr -NnBr is c--nsid,'ra blV lower thanl Lb' condulct ivi t\' of
the IC1 3 -Nat~l system at the corresponding compositions (23) . Perhaps the
conduct ivity loss in the mixed chloride-bromide system will not be so severe.

Data on the eItc t rochemi cal s~pan in the msi:-'J '1 chlr1!- bromide melts are
available in 11itoerat ure . Thu bromine evol1ut ion potent ialI has been repo rted
as +1.61 V relative to the Al (1 1-Al (0) reference potentiail (2.4) , which
should be compared to + 2.09 V for the chlorine evolution potential in the
ARAI 3 - NaCl Systemf. The data for the A Cl 3 -NaBr-KBr melt,; show aI potential
of I. 71 V (24) , which has been attributed to the mixsed clior inc-b roi'n s
evolution. Thus the rceduct ion Of tHe e ct roche i 'a Is a in the m ixedI
choride-bromide systems amounts to 0).!; to 0.5 V'.

/.8. Al~r. -R Mir2'sem

The low meltinug polutsi of the pure 1stenr\ IMni m hal ides, (74-
4200; range, i''c4for the tefrr Imetilx' anld tot raoth\'l bromides sb li'll de-
compose be fore melt Wn01is 1 I t ill 111ieki s I: the ir caItions,
give rise to eXl)ectait iols that the alsInisom ljIIiIl-itrur ar,1on1ium hal ide
molten1 Sal t sysV-te'ms M~ay be low melt i n.' solvent - ot cons iderable promise for
the bittery appl icat ions;. T[e I(, o1 e rtiirv iml"I In IIIICa't i oss, be i bl' as ic C



Table 5.

Phase Diagram Data tor AICI 3-NaBr System

Composition Solidus Liquidus
(Mole %) Temperature Temperature

("C) (°C)

AlC13 NaBr

52.0 48.0 72 127

56.0 44.0 80 117.5

60.0 40.0 80 100

64.0 36.0 83 112

68.0 32.0 85 146

72.0 28.0 86 165

12
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well as chemically very stable due to the saturated character of their bond-
ing, have similarities with the alkali cations. How ver, the large ionic
radius of even the smallest of the quaternary ammonium cations, the tetra-

methyl ammonium ion, introduces a significant new factor in the structure
of their haloaluminates, and thus influences the physical and chemical prop-
erties, such as the electrical conductivity, of the quaternary ammonium
haloaluminate melts. Also, the expected structural ditterences in the solid
phase, due to the size of their cations, make it difficult to predict the
shape of their phase diagrams. The aluminum halide-quaternary ammonium
halide molten salt systems have not been studied to date.

We are studying two quaternary ammonium bromoaluminate systems at pre-
sent: AlBr 3-Bu 4 NBr, and AlBr 3 -Me4NBr. The bromide were chosen to start with,

since the quaternary ammonium chlorides are mte difficult to prepare in the
anhydrous form than the bromides. Since it is not clear at this point how

reproducible are our preliminary data, only a qualitative discussion of our
results will be given.

2.9. AlBr3 -Bu 4 NBr System

This system appears to be thermally stable below (-;i. 140'C for extended
periods of time (No observable changes for periods up to 3 weeks.)

The melts in the 60.0 to 70.0 mole Z of Bu NBr range are liquid at the
room temperature. This is a most important finding. it also indicates that
the solidus temporatu re of al 1. tho me it. a in the Bu4 NBr rich composition,
region is probably below the room temperature as well. The appearance of a
liquid phase was observed in most of the AlBr 3-Bu 4 NBr freshly prepared sam-
ples before melting in the furnace. dowever, the solidus temperature of
these samples was too low to be verified with our DSC-lB instrument. The
solidus temperature(s) of the AlBr 3 rich composition, :rL in the 60-70°C
range.

2.10. AIBr -Me4NBr System
3 4

In view of the smaller size of the Me 4 N+ ion compared to the Bu 4 N+ ion,
the AlBr 3 -Me 4 NBr system is probably the more interesting of the two molten
salt systems. This system is also thermally stable below ca. 130-140'C for
extended periods of time. As was the case with the AlBr 3 -Bu 4 NBr system, the
AlBr 3 rich composition region of the AIBr 3-Me 4 NBr system is also not very
low melting, since its solidus temperature is in the 70-80C range. However,
the major difference between the two quaternary ammonium bromoaluminate
systems is that the N1e4 NBr rich composition region of the AlBr 3 -Me 4 MBr
system does not melt completely even up to 230'C, which is the decomposition
temperature of the pure Me4 NBr. If this finding is verified in our further
experiments, the AIBr 3-Mle 4 NBr system may not be as promising as it was orig-
inallv expected to be.

It should be noted here that the DSC-1B instrument used in our studies
i:s not suitible for the low temperature work. Although its temperature range

14



can be extended down to 0 0 C with the aid of a liquid nitrogen dewar type
cover for its furnace, the instrument does not perform very satisfactorily
in this temperature range, nor is it able to maintain these temperatures
for an extended time. We plan to rely more on the visual observation of
samples sealed in Pyrex in a very slowly heated silicone oil thermostat
bath in the uture work.

3. ELECTRICAL CONDUCTIVITY STUDIES

3.1. Experimental

The specific electrical conductivity measurements were performed by
the conventional AC method. The equipment consisted of a Hewlett-Packard
wide band oscillator Model 200 CD, an RC bridge built in our electronics

shop, General Radio precision decade resistors and capacitors and a
Tektronix Model 549 oscilloscope. The furnace with an aluminum block body
and non-inductive cartridge heaters was controlled by a proportional con-
troller also built in our electronics shop; the temperature of the cell
was read with a chromel-alumel thermc -ouple and a Fluke Model 895 DC dif-

ferent ial vol ti1.o r

A small volume capillary conductivity cell with platinum foil electrodes
was built of Pvrex (Figure 4). It was calibrated at 25°C with the I demal
KCI solution according to the standard procedure of Jones and Bradshaw (25).
The value of the cell constant was 218.93 cm - 1 , and the mes ured resistances
w,,r, [! tho , ii)()- I 3M ,lhn riuo . The c:lIu]:,ted tempoer:iture dependence of the
cell CoIOL to ,i L1h, order of d.Of i5 err-Ide,'

-
. S in,_,the calculated

cho' e tM ol<-;t out over tho ie O)C t mimr !] ti r ro;lnc was ony, (1.05 cm - 1 ,
it- ros,' [t'ior,_ a [ i o .[Y}II [ r OYK{

The measurements were performed at the frequency of 1.0 klo. The fre-
quency dispersion of the melts was not studied, since the tetperature of the
furnace was net ziufficiently stable to permit the retuning of the RC bridge
for different frequencies.

The conductivity equipment is currently being improved by the addition
of a irae volum e silicone oil constant temperature bath and a Bavley Model
124 proportional temperature controller. This setup is e×oec tcd to provide
the temperature st:bility of the order of ±0.01O(.

3.2. AIC 3-LICI-NaCt System

No electrical conductivity dat a are available in the literature for the
AICI i-lCl-N IC molten sAlt systum. owever, the work on this system is
alL o in prIreos at the F. J. Seiler Research Laboratory (' -)

O)ur sp ,cifIc conductivitv measurements on the AlC1 3 -LiCI-NaC1 svstem
were per I rmcd in the tempL rat ure ran 'e from the melting point of the samples
to '300'C. In the very ;c idic me ts w h ich have considerable vapor pressure,
the upper temperature lim i t was lOwered c cordin iv . The same samples which
were used for the l(q1duo range . Id ies were also used for the condcr tivitv

1 3



Figure 4. Electrical Conductivity Cell.
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work. The reproducibility of the data was checked bv performing measure-
ments on two different samples of the 54.0-23.0-23.0 mole '. melt. The agree-
ment of the measured conductivities was within 0.25/ and was probably limited
by the reproducibility of the sample compositions.

Our data for the AIC1 3-LiCI-NaCl system are listed in Tables 2.1 to 2.13

and the specific conductivity vs. temperature plots are shown in Figures 5 and 6.
The data were fitted by the least squares method to a polynomial equation of
the second order in temperature:

= A + AIT + A 2 T (1)
-i -

where K is the specific conductivity in ohm -cm , and T is the absolute tem-
perature. The coefficients A., A1 and A2 are listed in Table 3. The second
order coefficient A2 is a measure of the curvature of the conductivity vs.
temperature plots.

Table 3 and Figures 5 and 6 indicate that the curvature of the conduc-
tivity vs. temperature plots becomes more positive with the increasing mole
fraction of AICl 3 in the melts. This may be due, in part, to the increasing
volatility of AICl 3 in the acidic melts. The loss of AIC1 3 from the molten
phase effectively increases the concentration of the two alkali chlorides,
and therefore of the Li+ and Na + cations, which are the dominant conductin.
species in the ehloroaluminate melts.

A comparison of the conductivitv of the melts with the same AiCI 3 mole
fracthon , but different 10iCI to NaCIl mole ratio is not very revealine. The
specilic conductivity. of the melts with 3:3 LiCl to NaCl mole ratio is col-
5 at!,> lower thuMi the conductivitv of the corresponding 1:1 melts. In
the most acidic melts this difference is about 107. This is in agreement with
the lower ionic nobility of the Li+ ion compared to the mobility of the Na+

ion, both in the aqueous solutions (26) and in the binary chloroaluminate
melts, and is probably due to the more covalent character of the interaction
of the .i+ c:lt ion with the other species in these melts.

The conductivity data for two compositions may require further study.
The curvature of ti conductivity vs. temperature curve for the 62.0-19.0-
19.0 mole 7 melt is clearly oiit of sequence (Table 3). The conductivity
curve for the 0).(0-20.(-20.0 mole 7' melt, on the other hand, has a barely
discernibl, break at ('a. 200'C (Figure 5). This results in the apparently

large r curvature than the curvature of either section of the conductivity
vs. temperatu re plot for this composition.

3. 3. Masurements in the Solid Phase

AC cotiductiviLv in the solid phase was used as an alternate technique to
sit tdV the solid-iliqLlid phase Lransitions of some AICI 3 -NaCl and AiC1 3 -iC-
NaC I Iep le0. Ilie m;suremeit, s were performed with the same equipment used
for tht, molten ilt conductivity studis, except for the conductivity cell,

wili ch wil ; eI t he collven_ tioall Iow r,; i i;lce i,aui d L', w . l'] l 1 ten 01 api 2IS

were trosen in the -elI bv quenching: in the i c-water balth, and then ,meal ed
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work. The reproducibility of the data was checked by performing measure-

ments on two different samples of the 54.0-23.0-23.0 mole % melt. The agree-

ment of the measured conductivities was within 0.25% and was probably limited

by the reproducibility of the sample compositions.

Our data for the AICl 3-LiCI-NaCl system are listed in Tables 2.1 to 2.13

and the specific conductivity vs. temperature plots are shown in Figures 5 and 6.

The data were fitted by the least squares method to a polynomial equation of

the second order in temperature:

2
= A + A IT + A2 T (1)

where K is the specific conductivity in ohm cm -
, and T is the absolute tem-

perature. The coefficients Ao, A1 and A2 are listed in Table 3. The second

order coefficient A2 is a measure of the curvature of the conductivity vs.

temperature plots.

Table 3 cnd Figures 5 and 6 indicate that the curvature of the conduc-

tivity vs. temperature plots becomes more positive with the increasing mole

fraction of AiC 3 in the melts. This may be due, in part, to the increasing

vuiatility of AIC1 3 in the acidic melts. The loss of AIC1 3 from the molten

phase effectively increases the concentration of the two alkali chlorides,

and therefore of the Li + and Na+ cations, which are the dominant conducting
species in the chloroaluminate melts.

A comparison of the conductivity of the melts with the same A\lCl 3 mole

traction, but dif ferent LiCi to NaCI mole ratio is not very revealing. The
5pcci:c conductivftv of the melts with 3:1 LiCI to NaCI mole ratio is con-

t l '.,:r thin the conductivity of the corresponding 1:1 melts. In

the most acidic melts this difference is about 10%. This is in agreement with

the ioo.er ionic ohilitV of the Li+ ion compared to the mobility of the Na+

ion, both in the !queotc; solutions (26) and in the binary chloroaluminate

meIS, and is probably due to the more covalent character of the interaction

of the Li + cation with the other species in these melts.

The conductivity data for two compositions may require further study.
The curvature of the conductivity vs. temperature curve for the 62.0-19.0-

19.0 mole . melt is clearly out of sequence (Table 3). The conductivity

curve for the 60.0-20.0-20.0 mole Z melt, on the other hand, has a barely

discernible break at (_,1. 200C (Figure 5). This results in the apparently

larger curvature than the curvature of either section of the conductivity
vs. temperature plot for this composition.

3.3. measurements in the Solid Phase

AC conductivity in the solid phase was used as an alternate technique to

;t idv the solid-Iiquid phase transit ions of some A]CI.3 -Na( and ACI 3-LiCI-

,aC I samples. The measurcments were performCd with the same equipment used

for the molten salt conductivity ttidics, e:..cept for the conductivity cell,

1i, ci; wasj of the convent ionah low 1'*,, ;tncc, li I id t'ip. The mol ten s;Imp l es

were frozen in the cel by q enChing in the ice-water bath, and then annealed
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Table 6.

Specific Conductivity Data for AICI3-LiCi-NaCI System at 1.0 KHz

Composition: 52.0 - 24.0 - 24.0 (Mole %)

Temperature Specific Conductivity

(°C) (ohm-lcm- )

120 0.2377*

130 0.2637*

140 0.2894*

150 0.3155

160 0.3400

170 0.3645

180 0.3889

190 0.4129

200 0.4 370

210 0.4608

220 0.4844

230 0.5075

240 0.5298

250 0.5522

260 0.5743

270 0.5956

279.3 0.6162

290 0.6377

298.3 0.6549

Gilculated from Eqn.
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Table 7.

Specific Conductivity Data for AlCI 3-LiCI-NaCI System at 1.0 Kliz

Composition: 54.0 - 23.0 - 23.0 (Mole %)

Temperature Specific Conductivity
(°C) (ohm-lcm- 1)

110 0.1895

119.2 0.2122

130 0.2344

140 0.2568

150 0.2794

159.3 0.3002

170 0.3240

182.5 0.3519

190 0.3690

200 0.3909

210 0.4120

220 0.4333

230 0.4545

240 0.4754

250 0.4959

261 0.5183

270 0.5362

280 0.5558

290 0.5752

300 0.5944

19



Table 8.

Specific Conductivity Data for AlCI3 TiCl-NaCI System at 1.0 KHz

Composition: 56.0 - 22.0 - 22.0 (Mole %)

Temperature Specific Conductivity
(°C) (ohm-lcm- I )

100 0.1404*

110 0.1620*

120 0.1835*

130 0.2048*

140 0.2265

150.7 0.2483

160 0.2674

170 0.2881*

180 0.3081

190 0.3285

200 0.3486

210 0.3684

220 0.3882

231 0.4097

240 0.4271

250 0.4464

260.6 0.4667

269.8 0.4840

280 0.5027

290 0.5200

300 0.5387

(.lcul itod From Eqn. 1
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Table 9.

Specific Conductivity Data for AICI -LiCI-NaCI System at 1.0 KHz

Composition: 58.0 - 21.0 - 21.0 (Mole %)

Temperature Specific Conduytivity

(0C) 
(olim-cm )

120 0.1629*

130 0.1821*

140 0.2023

150 0.2196

160 0.2378

170 0.2568

ISO 0.2755

190 0.2939

200 0.3121

210 0.3301

220 0.3480

230 0.3657

240 0.3832

250 0.4005

260 0.4178

270 0.4346

280 0.4517

290 0.4683

300 0.4847

(alculated from Elqn. I
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Table 10.

Specific Conductivity Data for AlCi 3-LiCi-NaCi System at 1.0 KHz

Composition: 60.0 -20.0 -20.0 (Mole %)

Temperature Specific Conduytivity

(OC) (ohm-cm )

130 0.1667*

140 0.1837*

150 0.2009

160 0.2175

170 0.2351

180 0.2523

190 0.2683

200 0.2862*

210 0.3036

220 0.3202

230 0.3373

239.9 0.3553

250 0.3728*

259.4 0.3905

270 0.4085

280 0.4256

290 0.4424

300 0.4601

Calculated from Eqn. 1
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Table 11.

Specific Conductivity Data for AlCI3-LiCI-NaCI System at 1.0 KHz

Composition: 62.0 - 19.0 - 19.0 (Mole %)

Temperature Specific Conductivity

(OC) (ohm-lcm
- )

150 0.1783

160 0.1940

170 0.2101

180 0.2259

190 0.2417

200 0.2581

210 0.2747

220 0.2915

230 0.3090

240 0.3256

250 0.3432

260 0.3587

270 0.3755

280 0.3925

290 0.4095

300 0.4254
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Table 12.

Specific Conductivity Data for AICI -LiCI-NaCI System at 1.0 KHz
3

Composition: 64.0 - 18.0 - 18.0 (Mole %)

Temperature Specific Conductivity
(°C) (ohm-lcm- I)

160 0.1801*

170 0.1941*

181.4 0.2098

190.8 0.2231

200 0.2360

210 0.2503

219.8 0.2641

230.6 0.2791

241 0.2934

250 0.3069

260 0.3208

269.8 0.3349

Calculated from Eqn 1
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Table 13.

Specific Conductivity Data for ACl -LiCI-NaCI System at 1.0 KHz
'3

Composition: 68.0 - 16.0 - 16.0 (Mole %)

Temperature Specific Conductivity

(IC) (ohm-lcm - I )

180 0.1790

190 0.1907

200 0.2027

210 0.2134

220 0.2250

230 0.2368

240 0.2482

250 0.2603
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Table 14.

Specific Conductivity Data for AICI3-LiCI-NaCI System at 1.0 KHz

Composition: 53.4 - 35.0 - 11.6 (Mole %)

Temperature Specific Conductivity
(°C) (ohm- 1 cm- I )

130 0.2283

140 0.2506

150 0.2730

160 0.2949

170 0.3170

180 0.3385

190 0.3607

200 0.3825*

210 0.4038

220 0.4250

230 0.4462

240 0.4666

249.8 0.4868

260 0.5074

270 0.5270

280 0.5464

290 0.5654

300 0.5854*

Calculated from Eqn. 1.

26



Table 15.

Specific Conductivity Data for AICI 3-LiCI-NaCI System at 1.0 KHz
3!

Composition: 56.0 - 33.0 - 11.0 (Mole %)

Temperature Specific Conductivity

(°C) (ohm-1 cm -1 )

130 0.1912*

140 0.2116*

151 0.2338

160.8 0.2534

170 0.2717

180 0.2914

190 0.3111

200 0.3301

210 0.3497

220 0.3688

230 0.3869

240 0.4053

251.9 0.4273

261 0.4436

270 0.4599

280 0.47/9

290 0.4955

300 0.5126

Calculated From Eqn. 1.
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Table 16.

Specific Conductivity Data for AICI3-LiCI-NaCI System at 1.0 KHz

Composition: 58.0 - 31.5 - 10.5 (Mole %)

Temperature Specific Conductivity
(OC) (ohm-lcm-1 )

120 0.1526*

130 0.1711*

140 0.1902

150 0.2076

160 0.2255

170 0.2435

180 0.2612

190 0.2792

200 0.2968

209.9 0.3139

220.2 0.3316

230 0.3497

240 0.3667

250 0.3832

260 0.4002

270 0.4172

281 0.4348

292.7 0.4543

301.6 0.4689

Calculated from Eqn. 1.
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Table 17.

Specific Conductivity Data for AIC 3-LiCi-NaC1 System at 1.0 KHz

Composition: 60.0 - 30.0 - 10.0 (Mole %)

Temperature Specific Conductivity
(0C) (ohm cm- 1)

120 0.1389*

131 0.1571

140.3 0.1719

150 0.1874

159.8 0.2035

171 0.2217

180 0.2362

190 0.2526

200 0.2687

210 0.2847

222.6 0.3048

230 0. 3162

240 0.3321

230 0.3481

260 0.3639

271 0.3812

280 0.3957*

290 0.4120

300 0.4269

(lculated from Eqn. i.
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Table 18.

Specific Conductivity Data for AIC 3-LiCI-NaCI System at 1.0 KHz

Composition: 68.0 - 24.0 - 8.0 (Mole %)

Temperature Specific Conductivity
(0C) (ohm-1 cm - I )

170 0.1571*

180 0.1681*

190 i.1791*

200 0.1898

210 0.2011

220.3 0.2121

230 0.2228

240 0.2336

250 0.2446

Calculated from Eqn. i.
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Figure 5. Specific Conductivity of AICI3-LiCI-NaCI System

(LiCI-NaCI Mole Ratio 1:1).

Composition in mole % is indicated on the curves.
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Table 19.

Temperature Dependence of the Specific Conductivity of the

AiC13-LiCi-NaC1 System

Composition Coefficients for Equation 1
(Mol L'

AiC13 LiC1 NaC1 A A1 x 10
3  A2 x 10

6

(LiCl-NaC1 Mole Ratio 1:1)

52.0 24.0 24.0 -1.02747 3.81867 -1.52860

54.0 23.0 23.0 -0.84931 3.09007 -0.99411

56.0 22.0 22.0 -0.79713 2.85035 -0.90625

58.0 21.0 21.0 -0.70954 2.51345 -0.74940

60.0 20.0 20.0 -0.48036 1.51815 0.21516

62.0 19.0 19.0 -0.44525 1.33423 0.32510

64.0 18.0 18.0 -0.39984 1.28372 0.12712

68.0 16.0 16.0 -0.30053 0.96894 0.19290

(LiC -NaCi MIol.k Ratio 3:1)

53.4 35.0 11.6 -0.87078 3.15976 -1.08030

56.0 33.0 11.0 -0.79300 2.82780 -0.95952

58.0 31.5 10.5 -0.67084 2.3355- -0.61367

60.0 30.0 10.0 -0. 53101 1.77409 -0.17893

68.0 24.0 8.0 -0.36936 1.27100 -0.18757
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prior to the experiment at 10-20C below the solidus temperature of the
sample. Since the high resistance limit of our RC bridge was ca. 10 megohms,

the measurements on the solid samples were limited to the temperatures
above 75OC for the ACI -NaCl samples and above 55C for the AlCl 3-LiCI-NaCl

samples. A new thin film conductivity cell, which is being built now, is
expected to extend the range of measurements towards low temperatures, as
well as to improve the uniformity of the temperature within a sample. The
heating rate in our experiments was ca. 2.5 0C/hr. Both the resistance and

the capacitance of solid samples were measured. However, the capacitance
was too small to be measured with our RC bridge until a sample was well with-
in its liquidus range.

Our best solid conductivity data are shown in Figure 7. Since our in-

terest was in the shapes of the electrical conductivity vs. temperature
curves, the cell used for these measurements was not c'librated, and only
the reciprocal resistance is shown on tile ordinate a:is in this figure.
However, the linear, low temperature section of the I/R curve for the 54.0-
23.0-23.0 mole % AICl 3-LiCl-NaCl sample extrapolates to 1.6 x 10 ohm- I

at 25C. The corresponding value for the same, completely molten, sample

at 120C is 1.6 x 10 - 2 ohm- 1 , and its specific conductivity is 0.2120 ohm- ,
cm- 1 (Table 2.2). Therefore, the extrapolated specific conductivity of the
solid 54.0-23.0-23.0 mole 11 sample at 25C is 2.1 x 10 - 7 ohm-lcm- I . Thus it
is roughly an order of magnitude higher than our value for the specific con-
ductivity of the solid AICI -NaCl at the same temperature and composition.
This is not unexpected in vLew of the lower solidus temperature of the
AICI 3 -LiCl-NaCl. Since these values are extrapolated far beyond the ex-
perimentally measured range, they should be accepted with caution.

The shape of the conductivity vs. temperature curves (Figure 7) is
difficult to interpret. The conductivity changes by four orders of magni-
tude in tile phase transition, and its temperature dependence drops from 25
deg - 1 at 60'C in the solid to 0.19 deg-l at 120'C in the melt for tie 54.0-

23.0-23.0 mole ' ARC 3 -LiCl-NaCl sample. However, the change is quite
gradual and without discontinuities. Both the conductivity and the capac-
itance assume their quasi-linear shape at ca. 106C, in agreement with the
DSC liquidus data (Table 1.1). On the other hand, the solidus temperature

is not well defined. The change of slope of the conductivity curve at ca.
77%C corresponds to tile "first deviation from tihe base line" in tihe DSC-IB
experiments. The experiments on our AICI3-NaCI samples performed on the

DSC-2 instrument at ORNI, however, have demonstrated that the "first devia-
tion from the baseline" was a function of the sensitivity of the instrument,
and thus has little physical sign ificance. The "extrapolated onset" of the
steeply rising section of the conductivity curve at 85-86°C corresponds to

the "extrapolated onset" on the DSC curve for the 54.0-23.0-23.0 mole %
sample. Thus it appears that though both the DSC and conductivity techni-
ques yield information on the same process, the conductivity measurements
do not provide an unambiguous independent verification of the solidus tem-
perature!; in the:;c melts.
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