
ELECTRICAL CONDUCTANCE, DENSITY AND VISCOSITY 
STUDTES OF SUE ALKALI CHLORIDE - ZINC CHLORIDE MELTS. 

by 

IAN A. WEEKS, B.Sc., M.Sc. (New England) 

•submitted in fUlfilment of the requirements 
for the degree of 

Doctor of Philosophy 

UNIVERSrrY OF TASMANIA 
HCBART 

September, 1969. 



Abstract 

The binary MC1-ZnC12  systems have been investigated by the 

following methods: 

density Off = Li, Na, K 2  Cs), 

electrical conductance 	= Na, K, Cs), 

viscosity 0,1 = Na). 

Measurements have been made from the liquidus to 600 0  and from 

pure ZnCl2  up to 0.6 mole fraction MC1. 

The applicability of the free volume, configurational entropy 

and hole models to the results is considered. It is found that the 

data are equally well represented by either of the first two models 

and that the predictions of the hole model are in agreement with 

experiment for mixtures containing more than 0.6 mole fraction 

MC1. The effects of the alkali chloride on the ZnC1 2  structure 

are considered. It is concluded that the transport and density 

data are consistent with the breakdown of the network structure 

of ZnC12  by the alkali metal chloride to give complex ions. 

From the experimental point of view, particular attention has 

been paid to the frequency dependence of conductance. It is 

concluded that the Observed frequency dependence of 0.1% fram 

0.5 - 100 KHz is due to the error when the cell is balanced by 

a parallel codbination of resistance and capacitance. 
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1. DyramucrIoN 

The problem of a satisfactory description of the liquid 

state is complicated by its diverse nature. At one extreme 

are liquids camposed of uncharged molecules (organic liquids or 

monatomic liquids like argon) and at the other of charged particles 

(molten salts). Liquids containing a mixture of charged and Uncharged 

particles (aqueous electrolytes) are probably the most complicated 

of all. It is believed that an advance in any one of these fields 

will be of benefit to the rest. 

In recent years much work has been done on the theoretical 

nature of the liquid state; this has been at two levels. At 

the fundamental level, rigorous calculations have been attempted 

using the principles of statistical mechanics 1-3 . Although some 

success has been had, particularly with monatomic liquids, a lot 

more development is required before the predictions can be 

compared with experiment. At the other level, simple physically 

appealing models have been chosen and used to obtain correlations 

amongst the various physical properties. 

The second approach has proved popular for molten salts. 

However the lack of accurate experimental data makes comparison 

between the models difficult (e.g. Sjoblam 4  has concluded that self-  

diffusion data in molten salts are equally well represented, within 

experimental error, by a number of models). Transport measurements 

(particularly electrical conductance) have been frequently used to 

investigate the nature of molten salts. However while quite 

informative about the nature of the melt they are difficult to 

perform accurately. 

Electrical conductance measurements have been limited in accuracy 

. by an apparent dependence of cell resistance on frequency56
. The 

origin of this effect has often been attributed to electrode 

polarization but it has not always been clear that it might be due 

to the experimental measuring system. 
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For this work it was decided to investigate the electrical 

conductance and viscosity of molten zinc chloride and its mixtures 

with the alkali chlorides, paying particular attention to the 

frequency dependence. A number of investigations of molten zinc 

chloride and some of its mixtures have been made, indicating it to 

have unusual structural characteristics for a molten salt. However 

little quantitative work has been done on the models. 
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1.1 Models for ionic Melts  

The development of model theories for liquids has been 

strongly influenced by experimental results for the volume change 

on fusion and X-ray diffraction data on the liquid. The X-ray 

data indicate a slight decrease in internuclear distance on fusion
8-  

with a decrease in coordination nut 	
11

ter 	• For salts there is 

a decrease in the cation-anion distance and an increase in the 

cation-cation (or anion-anion) distance on fusion. Most salts 

show an increase in volume on melting. These results can be 

correlated if it is assumed that an excess volume has been 

introduced into the liquid. 

Various models have been proposed for the form of this 

excess volume; it has been regarded as due to holes of molecular 

size which may be partly filled with vapour or as a "free volume 

randomly associated with each atom or as due to the increased 

amplitude of vibration of the atoms, each confined to a cell 

centred on a lattice point. 

Some of the models that have been applied to transport 

processes in molten salts will now be considered. The models 

neglect the Coulomb forces, the distinguishing feature of ionic 

melts. However for the description of transport processes this 

does not appear to be serious. Rice 7'has conjectured, in view 

of the similar viscosities and diffusion coefficients of molten 

salts and molecular liquids, that only short range forces are 

involved.- The long range Coulomb forces contribute nmdnly to 

the cohesive energy and density. 

(a) Hole model  
Eyring  12 and FUrth 13 were amongst the originators of the hole 

model of liquids. More recently Bockris and associates have -

extensively investigated the application of the hole theory to 

liquids and molten salts in particular. According to the hole 

model, the mechanism of transport involves the kinetically slow 

step of formation of a hole by a spontaneous density fluctuation 



f011owect by the: kinetically -  fast step of -  the- jumping into the 
hole of an adjacent molecule.. The ho1es7 are regarded. as being - 
thermally; distributed in size with the most. probable. hole size 
equal to the volume: of a molecule.. The total. volume- of holes .: is 
equated:: to the volume, change on fusion., The energetics of' the :  
transport. process' involves the work done: against; the- surface. 
tension of the liquid to create the hole. Rip, and the energy needed: 
for the particle to junp-,. Er. 

Usually: the. approximation E. « F' is ,  made 	This has received,  
sane confirmation from constant volume measurements where the :  e.xperimental 
activation energy Fv• (identified with. 	was. less then, the- constant 
pressure: activation energy., e.g.., measurements by Nanis l. Bockris and 	• 

2 Richards18 of diffusion in NaN0 ,3. melts,. Jobling and' Lawrence 0.  Of 
2 viscosities of CC14 and benzene and Brunner 1  ' of-  conductances-. of salts. 

In NW' dimethyIfonnamide. 
BockriS4  Crook,, Bloan. and Richards19  have derlted arrequatiOn 

for the equivalent conductance: A l  on the: basiS of the.holeppdeL 
For a binary electrolyte of ions i and j: 

A = 
2 	2 F ( Iz d v exp (--AFI*J,i/RT) exp 	exp. (AN,i/R). wce   

+ zjdi vi  exp (-AH*JIRT) exp (-AN, j/FE2) exp (e.SH,j/R) ) 

where T is the temperature, e = 2.7128, di  Is the jUmp distange4 
is the enthalpy for jumping,- ARH,i' and AS 	the enthalpy and 

entropy respectively for hole fOrtation and vi  is the vibrational 
frequencY of the ion I. They found this; equation to fit the data 
for' the Gp IA and' IIA halides tO a factory" of 1.7. 

More' recently Bockris and co-,workers have concentrated on the 
relation E 2  F)  = 3.74 RTm  which they derived from the hole theory,, n 1 
En  (=R(dlnn/d1/1)p ) and ED  are the activation energies for Ylogous 
flow and diffusion, respectively and Tm  is the melting point, They 

 claimed this shows good agreement 
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with' experant;': - However both the theoretical derivation22 and 

the claimed agreement have been criticised 4, 23. 

Recently Bockris and EMi24 have rederived the relation 

Obtaining 

2 	1 d6VT 	1 daT 1 dVT = 3.5 FtTin  + RT - RT ( 	--cy---T   ...1.1 

and 

dV  1 da 	dV ,m2 f 1  T 	,T 1 	T)  _ ED = 35 117m AVT  dT 	2aT  dT VT dT . 1.2 

where AVT is the difference in volume between liquid and solid 

at temperature T, air  is the surface tension of the liquid and VT  

is the molar volume of the liquid. The agreement with 

experiment is still only fair. 

(D) Free volume model  

Cohen and TUrnbull25 have developed a free volume model 

suitable for glasses and supercooled liquids. The model is 

a hard sphere one in which a molecule is caged most of the time 

by its nearest neighbours. The volume available to the 

molecule in its cage is the excess volume. With increasing 

temperature the excess volume increases until at a certain 

temperature a cage can increase/decrease in size at the expense 

of another. The amount of the excess volume which can be 

redistributed with an energy < IT is called the free volume. 

For diffusive motion to occur there must be a fluctuation 

in the local density sufficient to open a hole of sane minimum 

volume v*; a molecule adjacent to the hole can then jump into 

it. The diffusion coefficient D is given by 

D = gau exp (- yv*/vf) 
	

13  

where g is a geometrical factor = 1/6, a* is the jump distance, 

u is the gas kinetic velocity of the particle (31a/m) 1 , y is a 
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factor to correct for overlap of free volume, v* is the critical 

void volume and vf is the free volume. 

By taking the free volume as the total thermal expansion 

above the temperature To, at which the "free" volume begins to 

appear, i.e. 

.1" 
= a Tr (T-T) 

where a = coefficient of thermal expansion, and 5 .in  is the mean 

molecular volume then 

D = gau exp (-yv*Al  (T-T0) ) 
 

1  4 

The values of the constants, gau and Yv*AcTrin  calculated from 

molecular parameters have not been in good agreement with the values 

required to fit the diffusion data. Instead they have frequently 

been regarded as adjustable parameters and attention concentrated 

on To . 

I .e. .1) = AT exp (-BAT-To) ) 	 1  5 
which reduces to the Arrhenius equation for To  = 001c. Using the 

Stokes-Einstein relation D = kT/6111yr an expression for the viscosity 

n can be obtained 

n  = AT2  exp (v(r-T0 ) )  1  6 

Eq. 1.6 has long been used to empirically describe the 

behaviour of non4rrhenius liquids . 26. In some cases it has been 

possible to identify To  with the experimentally determined glass 

transition temperature 27Tg  (either from heat capacity measurements 

or differential thermal analysis or the temperature at which 
•  n 1013  poise). T determined by heat capacity measurments marks 

a second order thermodynamic transition. It is dependent on the 

time scale of the experiment (because the relaxation processes are 

so slow) whereas To  corresponds to an experiment of infinite duration 

and so it would be expected that To < Tg . 

Angell28-38 has applied the free volume expressions for D and 
the equivalent conductance, A to molten salts and concentrated 

aqueous electrolytes. Using the Nernst-Einstein relation D =' RTA/hF 2 , 
.... 

A = A T-2  exp (-B/(T-T0) ) 	• .• 	1  7 
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Angell has shown that data for several glass forming nitrate 

systems' can be described by a common B value and that the To  values 

are linearly related to the mean cationic strength. However the • 

success here dependS.onsObtaining data in the temperature range 

To < T < 1.7 To which is not always possible for other systems 

because of crystallisation. At higher temperatures transport 

processes are no longer free volume limited and thus the description 

fails. 

One of the objections of the Cohen-Turnbull free volume 

model is that diffusion occurs by molecular size jumps. This is 

not BO with the alternative formulation of Adam and Gibbs 39  where 

diffusion is due to the cooperative rearrangements of groups of 

molecules. In this approach an equation of similar form to Cohen 

and Turnbull 's is obtained but with configurational entropy replacing 

free volume. As the temperature decreases the number of 

configurations available to the system decreases, becoming one 

at TO . 
Adam and Gibbs derived that 

1Z (r) = Texp (-Au s e*AaS e ) = A exp (-C/TSe ) 

where W(T) is the average transition probability, A and C are 
constants and Am is the potential energy hindering the cooperative 

rearrangement. se* is the configurational entropy of the critical 

size cooperative region and Sc  is the molar configurations entropy = 

zsCpin T/To  WherebCp  is the difference in specific heat between the 

liquid and glass states. IfACp  is constant 

(T) = A exp (-C/TIn TIT0 ) 

Since TIT°  > 1 this can be expanded using 

tnx = I x-3-cl 	RV' 4. 	+ 	for x > — 1 2 

i.e. tn T/To  (T-T 

or WT), = A exp (-c/(T-.T0) ) 

The transition probability a 1/relaxation time a 1A, 
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i.e. n = A' exp (137(T=T0) ) 	1  8 

and A 	= A exp (-E-- /(T=T0)) 	1  9 

which differs from the Cohen=rUrnbull expression by the prexponential 

T-1 . The effect of the 1174  term is small and has frequently been 

ignored in the Cohen-Turnbull equation. 

While the free volume - entropy model has frequently been 

applied to liquids showing non-Arrhenius behaviour Moynihan and 
Cantor40 have shown that liquids displaying an Arrhenius dependence 

can be described by the Adam-Gibbs model if the configurational 

entropy remains practically constant above T g • 

(c) Rate theory  
Eyring et a112 applied their reaction rate theory to the 

transport process in liquids and Obtained equations for the 

viscosity and the diffusion coefficient. In their model the 

transport step involves the passage of a molecule from one 

equilibrium position to another via a potential energy barrier 41 . 

Representing the height of this barrier by AG* (the free energy . 

of activation for viscous flow) the viscosity n, is given by 
n = (hN/V) exp (AG*/RT) 

= (hig/V) exp (AH*/RT) exp 
	 110  

where h is Planck's constant, N is Avogadro's nuMber, V is the 

molar volume of the liquid, (A1P3/andg,' are the enthalpy and entropy 
respectively, of activation for viscous flow. If AH* is equated 

to the experimentally determined Byl , it is possible to calculate AS*. 
The significance of AS* lies in the fact that the model requires the 
transition state camplex to have one less degree of translational 

freedom, i.e. requires AS* to be negative. Experimentally it is 

Observed that simple liquids have a negative AS* and associated 

liquids have a:positive AS*• Collins 42 has pointed out that the 

model requires the constant volume En  rather than the constant 

Pr.4s1 l.P. 11.41,14q, 
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Bockris et al42 have derived an equation for equivalent 

conductance of molten salts using yring's absolute reaction rate 

theory. 

Ai  = 5.18 x 1018 (e+ 2) di2- z1  exp (—mitime) exp (AS*i/R) 	...1.11 

where A is the equivalent conductance of the conducting ion i, 

Is the dielectric constant,. d 1  is the half migration distance of 

the ion, zi is the valency and AH* and AS*1  are the enthalpy and 

entropy differences respectively between the ion in the "normal" 

and "activated" states. 

As only approximate values are known for c and di , the 

equation is normally used to calculated values of IS 0 which are 

relatively insensitive to the values of c and d. Charges in AS* 

are then interpretated in terms of the change in structure of the 

liquid. 
Mated° and L1tovitz 43 have attempted to derive an equation 

for viscosity applicable over the whole temperature range. By 

coMbining Eyring's rate theory12 and the Cohen-Turnbull free volume 

model they obtained the "hybrid" equation: 

n = A exp (E*IRT + y vo/vf) 

where A and y are constants, NI/  is the activation energy for 

viscous flow at constant density (volume), vf is the free volume = 

v-v0  where vo  is the volume in same reference state and v is the 

specific volume. 

The transport process in this model requires the molecule

obtaining sufficient energy to overcame the attractive forces holding 

It to its neighbours foliaged by the creation of an empty site into 

which it can jump. Macedo and Litovitz found that for a wide range 

of liquids (molten salts were not considered) the values of 	and/ 

or vi required to fit the viscosity data were in reasonable agree-

ment with those obtained directly or by inference Iran other types 

of measurement. 

However, Brunner44 has criticised the equation for the fact that 

EA is not independent of density experimentally and would not be 

expected to be so on simple considerations. Hogenbloom et al
45 found 

112 
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that even expressing E as a function of 'V' was not completely 
satisfactory. 

Bills et al46 have derived an equation for equivalent conductance 

similar in form to the Macedo-Litovitz equation but is limited to 
Arrhenius behaviour. 

A = A exp-(WPT + BAV*/RT) 	1  13 

Where A is a constant, B = aT/0, a being the expansiVir and 0 
the compressibility of the melt and All* the activation volume = -RT 
(d1nA/dP)TA Using the values of g obtained in their studies on 

the pressure dependence of conductance of the alkali nitrates they 

calculated the values of AV* required to fit the equation. While 
the AV it Values appear to be an order of magnitude too small, the 
change 18 in the expected direction. 

Recently there has been a growing recognition of the need for 

constant volume studies to clarifY the volume concepts in the 
constant pressure models. 

(d) Significant structures model  

Of the models at present in vogue for the calculation of liquid 

properties, the significant structures model has been the most widely 

applied. Using it, thermodynamic and transport properties have been 
calculated Of organic liquids, molten metals and salts, liquid inert 

gases and diatomic liquids60  The model requires the liquid to be 
composed of molecules/ions possessingieither vibrational (solid-like) 

or translational (gas-like) degrees of freedom. Assundng that the 
volume change on fusion is due to the production of holes of moleculaxi 

size and that it is equal to the totalvolume of the gas-like molecule, 

the nuMber of gas-like molecules can be calculated as (V ,4S)N/VS 	- 

WhereV.is the molar voiune of liquid and Vs  Is theinolarvolume of 

the solid. The number of solid like molecules is then N-(V-4S)N/V 

or. VSNI/V. 
.61 Thus the partition function, f, for the liquid -can  be 'written 

as the product of the partition  functions for the solid-like and gas-

like molecules: 
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f TEVRT)114T1 (I/ 17S) 
e-r-  RT1V-Vs )/ 
len -a-F;sYrs nvsigr  ( ( affmkT ) 3/2  ev N(11-Vs )/T 

h3  

where the terms in the first set of brackets are for the solid-like 

molecules and in the second set of brackets for the gas-like molecules. 

Note that an additional term is included in the first set of brackets 

to allow for positional degeneracy of the solid-like molecules. E s  

is the sublimation energy of the solid, 0 is the Einstein characteristic 

temperature, and a and n are constants related to E s  and the co-
ordination number respectively. From the partition function all the 

thermodynamic properties can be calculated using 

A = -kT in f 

where A is the Helmholtz free energy. 

Agreement between observed and calculated properties has been 

quite good though this is probably due to the large number of "parameters" 

used. Despite Eyring et al. claim L61 that the model contains no 

adjustable parameters, sometimes one finds Es' VS' 0 as well as a and 

n assigned parametric values62 (which may or may not be compared with 

observed values) and calculation of the physical properties proceeded 

upon. Note that for the calculation of transport properties at least 

two extra parameters are required. Also in two recent papers on 

the molten. mercuric63 and alkali halides 64 the number of parameters has 

been increased to characterise the equilibria involved in autocomplexing 

of the solid and dimerisation of the gas respectively. 

Significant structure theory has been successfully applied to 

mixtures of organic liquids 65 . Although the properties of the pure 

components are used sane arbitrariness is introduced by the use of 

Weighting factors to determine their relative contributions. 

(e) Stokes-Einstein equation  
The models so far considered have made use of the Stokes-Einstein 

equation: 

D = kT/67nr 

which itself is based on a model of a sphere of radius r moving 

through a continuum of viscosity 1. In the derivation of the relation 

there is assumed to be no slip at the surface of the sphere ,  but even 
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allowing for free slip the numerical factor of 6w is only reduced66 

to 4.g• While the relation is not expected to accurately describe 

motions of spheres amongst similar sized spheres, for most liquids, 

it agrees with experiment to better than 50% (for molten salts see 
Fig.. 7 of ref. 18). 

It is interesting to note that Eyring 12 has derived an 
equation of the same form but fram a model where diffusion and 

viscosity are due to activated jumps: 

D = d11cT/d2d3n 

where d1  is the distance between two layers of molecules in a liquid, 
d2 is the mean distance between two adjacent molecules in the moving 

layer in the direction at right angles to the direction of motion and 
d
3 is the distance between neighbouring molecules flowing in the 

same direction. Subsequent modifications have been made to the 

expression to improve agreement with experimen -t67 

(f) Nernst-Einstein equation  
Although the Nernst-Einstein equation 

Di = RT A1/z1F
2 

where DAi and zi are the diffusion coefficient, equivalent 
conductance and charge of the i ion, is derivable from the laws 
of dilute solutions, its theoretical applicability is not limited to 
this17,68 . The agreement with experiment is not as good as for the 
Stokes-Einstein equation (see Figs. 8 and 9 of ref. 18) and appears to 

get worse with increasing temperature. The reasons for this are not 

clear. For molten salts Ange1l69 has tried to interpret the 

discrepancies as due to mutual ionic interference and Bockris 7°  as 

due to currentless diffusion. In the latter it is postulated that 

certain transport motions contribute to diffusion but not 

conductance, e.g. movement of an ion-pair ihtO a double vacancy. 
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1.2 Structural Investigations of Molten Zinc Chloride  

A brief summary of previous investigations into the structure 

of molten zinc chloride will be given. These comprise mainly 

transport and spectral studies though other types of measurements 

have also proved useful. 

(a) Transport studies  
46 

Mackenzie and Murphy proposed, on the basis of the large 

and temperature dependent activation energies for electrical 

conductance and viscous flow, that at temperatures near the 

freezing point molten zinc chloride is an associated 'liquid. 

With increasing temperature firStiZnC1 =6  units split off from 

the network followed by a general breaking up into Zril.  and 

ZnC16  loript. The Znelrg-  unit was selected because of Bruni and 

Ferrari's work on the crystal structure of solid ZnC1 2 . However 
48 

more recent work by Brehler has shown that in the crystal there 
is a tetrahedral coordination of chlorine atoms about the zinc 

atom. The tetrahedra are linked together by sharing corners 

to form a three dimensional network. 

Mackenzie and Murphy noted that the entropies of activation 

for electrical conductance and viscous flaw were - 5 e.u., for the 
alkali halides but the value of +30 e.u. for ZnC12  was similar to 
that for associated liquids. 

49 
Gruber and Litovitz made ultrasonic and shear viscosity 

measurements on molten ZnC12' Contrary to Mackenzie and Murphy, 

they observed an Arrhenius dependence of viscosity on tenperature 

and interpretated this as indicating that the network character - 

was completely destroyed at temperatures 20 °  above the melting 
18 

point. However, Bockris, Richards and Nanis have pointed out 

that this Arrhenius dependence is incorrect, due to Gruber and 

Litovitz not removing 3% water from the salt. 
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Bockris, Richards and Nanis 18 have measured the self 
++ 

diffusion coefficients of Zn and Cl -  in molten ZnC12. The 

activation energy forself diffUsion of the ions decreased from 
16 Kcal mole-1  near the melting point to 6 Kcal mole-1  at 

6000 . This is still larger than the value predicted by the hole 

theory and they concluded that remnants of the network structure . 
persisted to beyond 100°  of the melting point. 

Croat50 has concluded on the basis of the rapid changein 
viscosity and electrical conductance near the freezing point that 

the structure of molten ZnC1 24 consists of "a three dimensional network 

of polymers (Charged and uncharged), complex cations of varying 

- sizes and simple anions being interspersed with cationic .holes of 

varying sizes and holes of anionic size". This interpretation was 

also influenced by Bues t Rarnan work (see later). 
Angell in applying the free volume model of Cohen and Turnbull 

to the electridal conductance of molten ZnC1 has assumed it to be 2 i  
associated. After subtracting 8.5 Kcal mole -J' from Elc , to account 

for the dissociation energy, the correlation of T o  with the mean 

cationic strength is roughly in agreement with that for some nitrate 

systems. 

(b) Spectral studies  
Quite a number of workers have used Raman spectroscopy to study 

ZnC12  and its mixtures with the alkali chlorides. '  -1 Bues51 assigned the 230 an band that occurs in both the solid 

and melt to the vibration of a polymeric species. Other bands in the 

melt were identified with ZnCI3-  and ZnC14= . Bredig and Van 
Artsdalen52 have queried the existence of ZnC1

3
-  both an theoretical 

grounds and frap their freezing point measurements of ZnC1 2  in NANO

Irish and YOung53 , from their Raman measurements an molten ZnC12  

proposed that the melt contained polymers made pp Of the ZnC1 4=  unit 

that occurred in the solid linked together. Besides this polymer, 

fragments of ZnC12  and ZnC1n2-11  existed. Upon heating, the ZnC1 n2-fl  

species decapposed to ZnC1 2  + (n-2)C1. 
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Moyer, Evans and Lo 	their Raman results as 

showing a depolymerisation of the ZnC1 2  with increasing temperature 

but even at 5000  the polymer was still dominant. They describe 
the addition of KC1to the melt aa to cause depolymerisation: 

(ZnC12 )n  + Cl-  = (ZnC12 )n,471  + (ZnCl2 ) mC•-  

followed by bhigher concentrations of KC1 

(ZnC12 )mCl-  + Cl = ZnC1
= 	

(ZnC12 )111_1 

Ellis 55  has assigned the bands in his Raman spectra to ZnC1 2  
polymers and ZnC1 422 , ZnC13-  and ZnC12  groups both free and loosely 

- attached to the polymer. Increase of temperature breaks down the 

polymer, while addition of alkali chlorides causes splitting off of 
the peripheral units. 

WilMhurst56 has disagreed with the inference of definite complex 

. ions from vibrational spectra. He attributed the bands in his infra 

red spectra of mixtures of ZnC1 2  and the alkali chlorides as due to 

the lattic relaxation as a whole. 

Angell and Gruen57, from their spectral studies of NI 	mole %) 

in ZnC12-KC1 melts concluded that the Ni ++  ion was occupying an 

octahedral of distorted tetrahedral position. 

(c) Miscellaneous measurements  

Ellis et a158  have made surface tension measurements on molten 

ZnC1 2  and mixtures with KC1. For pure ZnC1 2  they Observed a sharp 

Increase in surface tension as the melt was cooled to the freezing 

point. Even close to the freezing point the value of the surface 
tension 0,  60 dynes cm72 ) was much less than that of the alkali 

halides. According to Ellis, molten ZnC1 2  is unique in showing this 

sharp increase in surface tension so it is not possible to correlate 

it with a structure type. 

The addition of 3 mole% of KC1 caused quite a large reduction 
In the curvature of the plot. 



16 

Ellis. et al found no change in the temperature coefficient 

of e.m.f. of the formation cell Zn/ZnC1 2/C12  right down to 3000 . 
Theyinfer Than this that simple ions must be present in the melt 
at all temperatures. 

Turnbull59 has measured the thermal conductivity of a number 

of molten salts. He found that Zn01 2 was unusual in showing a 
negative temperature coefficient whereas normal liquids show a 
positive coefficient. 



2. EXPERIMENTAL  

2.1 Preparation of Materials  

(a) Zinc chloride  

May and Baker (R) ZnC12  was heated under vacuum for 

several hours and then fused under vacuum. Chlorine was 

passed through the melt for 15-30 mins. The efficiency 

of this in reversing the hydrolysis reaction in ZnCl o  melts 
`71 

is unknown but was used in view of Maricle and Hume's 

success with L1C1-KC1 melts. 

The melt was transferred to the silica apparatus 

shown in Fig. 2.1 and distilled at 600 °  under one am pressure. 

The reservoir was maintained at 600 °  by an air furnace and 

the collector at 4000  by another furnace. The furnaces were 

fitted with windows to observe the distillation. A nichrome 

wire heater was wound around the side-arm and insulated with 

glass wool. An argon gas leak was used to prevent "bumping'. 

The clear, water-white distillate collected above the 

filter disc and was later dram through into the receiver. 

Usually the melt was used as soon as it was distilled, other-

wise it was kept in the (closed) tube in a dry oven at 120 ° . 

(D) Sodium, potassium and cesium chlorides  

B.D.H. (AR) sodium and potassium chlorides and .Koch-

Light cesium chloride were used without further purification. 

They were vacuum dried at 400 °  for three hours before use. 

17 
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FIG 2-1 	ZnCl2 DISTILLATION APPARATUS 



(c)Lithium chloride  

May and Baker Lid l was vacuum dried at 4000  for one hour 

followed by fusion under dry argon. Dry chlorine was bubbled 

through the melt until it was completely clear. The melt 

was drawn up into a silica pipette and added directly to the 

zinc chloride melt. 

(d)Silver nitrate  

AR grade silver nitrate and disodium ethylenediardne 

tetracetic acid were used without further purification. 

(e)Argon  

Welding grade argon was passed through copper turnings at 
4000  to remove oxygen and then through molecular sieve to 
remove water. 

19 



2.2 Conductance Measurements  

(a) Furnaces  

For temperatures up to 50.0 0,_aTiolten salt thermostat 

containing 30 Kg of a 1'IaNO2-Na1'T03 03  eutectic (40:7:53 by 

wt) was used 72. The melt was contained in a cylindrical 

stainless steel vessel 25 cm dia. x 35 cm high. The side 
was insulated with 14 an of Vermiculite. The main heat 

input was from a 1 KW immersion heater operated fnom a 

variable transformer. A second heater was used when it 

was required to raise the temyerature.of the bath. 

Fluctuations in temperature were ndnimised by a Bayley 

Precision Temperature Controller model 124 operating a 500W 
immersion heater, A brushless_stirrer .(Rota Line, Garlick 

Scientific Co.) was used so as not to produce electrical 
interference with the conductance bridge. With reasonable 

stirring a temperature uniformity of 0.2°  could be maintained 
over a volume of at least one 1. The temperature could be 

maintained constant to 0.1 0 Over many hours. 

For measurements above 5000 ,, an electrical resistance 
furnace was used. This consisted of a hollow cylindrical 

block of silver (wt. 5.6 Kg, dimensions 5.7 cm 00)., 3.2 an 
I.D.; length 30 am). Pieces of stainless steel tubing 10 an 

long and 3.5 an dia..were placed at either end of the block to 
reduce Conduction of heat'to.the outside. :  .The tax& was 

covered with Mica sheet and wound with 414 Q of 18 g. Kanthal 

20 
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Al wire. The side of the block was surrounded by 12 am of 

Vermiculite. 

Due to the large thermal capacity of the silver block 

and its high conductivity, it was possible to maintain the 

temperature of the furnace constant to 0.2 °  by manual 

operation from a variable transformer. 

(D) A.C. Wheatstone  bridge  

The bridge was constructed from a Sullivan and Griffith's 

Ratio Arm Box Type AC 1025/B (using the 100 2 arms) and non-

reactive decade resistance box, type AC 1013/B (5 dials, 

0-11111.1 2 in 0.1 2 steps). The stated accuracy of these 

components was 0.05% up to 1 MHz' 0-1200 pf and 0-100 pf air 

capacitors were oonnected in parallel with the resistance box. 

A 100 pf mica capacitor was placed across the cell leads so 

that the cell capacitance did not fall below that in the bridge. 

The bridge was fed from an Advance type SG 66 signal 

generator via a Sullivan and Griffiths type AC 300/A screened 

and balanced transformer. A low-capacitance switch was fitted 

to reverse the oscillator leads to the bridge to detect any 

unsymmetrical capacitance between the leads and earth. 	The 

mid-point of the ratio arms was earthed and the output fed to 

a Brookdeal Low Noise Amplifier type LA 350 and thence to the 

vertical deflection plates of a Telequipment type S32 cathode 

ray oscilloscope. With 100 mV across the cell, the sensitivity 

of the bridge was 0.01%. 

It has been pointed out that it is undesirable to earth 

the mid-point of the ratio arms
73 

However trials with a Wagner 



PLATE 1. 

A.C. Wheatstone bridge 

Legend 

A 	sinusoidal oscillator 

• screened and balanced transformer 
• reversing switch 

• ratio arm box 

• decade resistance box 

• phasing capacitors 

• law noise amplifier 

• cathode ray oscilloscope 
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• earth showed the bridge to be very sensitive to its setting 

so the procedure of earthing the mid-point of the ratio arms 

was adopted. 

In wiring up the components, plastic insulated copper 

wire was used instead of coaxial cable because the capacitance 

between the centre conductor and the (earthed) shield produced 

a frequency dependence in the bridge itself. 

The performance of the bridge was checked by measuring 

carbon resistors and another decade box similar to the one in 

the bridge. With carbon resistors, the resistance reading 

was constant within 0.01% from 0.5 - 100 KHz. Above 50 KHz 

where a change in resistance on reversing the oscillator leads 

became noticeable, the average of the two readings was taken. 

At 100 KHz, the two readings differed by 0.1%. According to 

Rayner and Ford carbon resistors have negligible frequency 74 

dependence at audio frequencies because their time constant 
- is < 1O 9 . 

When the bridge was used to measure the other Sullivan 

and Griffiths decade box (accuracy 0.05% to 1 MHz) the readings 

were within 0.02% for resistances up to 5 K 0 and frequencies 
up to 50 KHz. For resistances 5 - 10 K Q and frequencies 50 - 
100 KHz, the discrepancy was 0.05%. 

The whole measuring system of bridge and furnaces was 

placed inside a small screened room. This was to reduce 

externally generated high frequency interference. 
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(c) . Temperature measurement  

Temperatures were measured with four PtPt . (13%) Rh 
thermocouples with crushed ice-distilled water -  cold junctions. 

:E.M.F.'s were measured with a.Cambridge Instrument Co. 

Potentiometer type 44248, accurate to 0.1 PV. The standard 

-cell used was a Cambridge Instrument Co -. Weston Normal cell 

which was frequently checked against a Similar cell.. Pi Fluke 
model 8'flA electronic galvanometer (sensitivity l0 	was 
used to detect the null-point. 

• . The thermocoUples were calibrated several times during the 

'course of the work at the:F.P. of 99.95% Zn (419.5°) and 99.95% Cd 

(320.9°). They were twice checked against an N.P.L. certified 

platinum resistance thermometer (compensating leads type) and 

CallendarGriffiths bridge (accuracy 0.05 °  to 5000) over the 
temperature range 200-500° . 

The agreement between the two methods of calibration was 
0.2° . 

(d) -.Conductance cells: 

The two types of silica conductance cells used In this 

-work are shown in Fig. ,  2.2., The type I cell was used in the 
molten.  salt bath and'type:II in the silver block furnace. The 

.dimensions of typel cells were : height 35 cm, width 15 am, 
tube . dia. 15 mm and length of capillaries 3 cm. A Ccly:Ifndricdl 
platinum electrode 1.a[n :high and 5 mm dia. 'Idastitted  over the 

end of the Pyrex supporting tube and the platinuri lead (22 

or 26 g. wire) brought. up inside the tube d , ne'leadwas 

soldered to the brass cap and the Pyrex supporting tube 

Araldited into a recess in the cap. 



L1EGEND FOR FIG. 2.2 

A 	filling tube 
B capillary 
C 	cylinderical platinum electrode 
D platinum leEtd 
E glass supporting tube for electrode 
F 	brass cap 
G fine hole in capillary mall 
H platinum disc electrode 

hole in cap to allow melt to rise up tube. 
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Type II cells were made frmn I am dia. silica tubing 

and were 35 an long. The length of the capillary was 
3 - 4 an. Pieces of platinum sheet .1, 5 mm dia. were used 
for electrodes. 

A nutber of type I cells were used with cell cOnStants 

'ranging from 5 - moo cM-1 . Type II cells ranged frmn 

100 - 1000 am 1. The cell constants of the two ladles 

of type I differed by a factor of n ,  5, in order to check 
that the measured specific conductance was independent 
of resistance. The agreement between the two halves was 

0.1 - 0.2%. This comparison is necessary because errors 

have been reported due to the use of conducting thermostats 73 : 

a shunt path may exist between the electrodes via the cell 

wall and conducting thermostat. The resistance between 

the cell and bath was found to be too high to be measured 
with the apparatus available. 

The fixed electrode design of the cells -greatly 

facilitated obtaining reproducible results. The wide 

separation between the leads in type I cells prevented 

capacitive coupling and consequently a frequency dependence. 

(e) Calibration of conductance cells  
The cells were calibrated with Jones and Bradshaws' 75 

0.1 denial and 1 denial KC1 solutions.at 25 °. An 80t oil 

thermostat was used and the temperature controlled by a 

mercury-toluene regulator operating through a Strode 
thyratron controlled relay a 40w heater. The temperature 
of the bath wasmonitored on a thermanometer-dertified by 
N.P.L. to be addurate to 0.005 . It was possible to read 

this to 0.0010  With - a telescopic eye-piece and no fluctuations 

in temperature were visible. 



Each time a fresh 1 D KC1 solution was made, its 

resistance was measured in a cell kept specially for that 

purpose; the agreement between solutions was 0.03%. 

Before calibration, the electrodes were lightly 

platinised from a solution containing 1 g H2PtC16  + 30 mg 

Pb(NO
3
)
3 
+ 250 na 0.025 m HC1. Heavy platinisation was 

avoided as it subsequently tended to fall off into the 
melt. With light platinisation the electrodes remained 

obviously dark up to 4000  but above this the platinisation 
tended to be removed leaving a fairly shiny surface. The 

shiny electrodes showed a frequency dependence of resistance 

of 0.5 - 1% for frequencies 0.5 - 50 KHz. Platinisation 

reduced this to 0.3% and the resistance was extrapolated 
.1 to infinite frequency vs w. The cells were rinsed with 

the calibrating solution until the resistance readings were 

constant to 0.03%. 

(f) Procedure for a conductance run  

About 100 g of ZnC1 2  was distilled into a Pyrex tube 

fitted with a B34 cone. Approximately half of the melt 

was drawn up into a "p±pette n  and transferred to another 

tube. The approximate amount of alkali chloride required 

to give a mixture of the desired composition was quickly 

weighed out and added to the ZnC12  melt. After thorough 

mixing enough of the Melt was pipetted into the preheated, 

argon filled cell to cover the electrodes with I am of melt. 

The side arms were stoppered with rubber bungs and the cell 

placed in the molten salt thermostat. 

26 
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The Pyrex tube containing the remainder of the mixture 

was capped with a B34 joint and left in a dry oven at 120°  

until required for further use. With the other portion 
of ZnC12 another mixture was made and a cell filled and 

placed in the molten salt bath. The first conductance 

measurement was made only a few degrees above the freezing 

point. From then on conductance measurements were made 
at 100  intervals up to 5000 . 

At each temperature the contents of the cell were 

mixed with argon pressure until the resistance readings 

were constant to at least 0.1%. The hot junction of the (sheathed) 

thermocouple was placed close to the cell capillary; 

another thermocouple was also placed in the bath to check 

the temperature measurement. 

The frequency dependence of the cell resistance was 

checked a number of times during the run, but otherwise 

measurements were made at 5 KHz. For each frequency the 
output of the oscillator was adjusted so that the voltage 

across the cell was 100 roN% 

No condensation of zinc chloride wspour in the cooler 

parts of the cell was observed. At the conclusion of the 

run, which usually lasted two days, the melt was poured 

into a weighed silica basin and analysed as described later. 

The electrodes were platinised and the cell calibrated 

as described previously. The change in cell constant 

during a run was usually 0.1 - 0.2%. Repeated use of 

a cell did not produce any trend in the value of the cell 

constant, instead it tended to fluctuate about an average 

value. 



After a number of runs in the bath, the outside of 

the cell was bbviously corroded and remained so after 

washing with concentrated hydrochloric acid. In this 

case the cell was discarded. Corrosion only occurred 

at temperatures above 400°  for a cell used repeatedly 

at temperatures below this showed only slight corrosion. 

A correction was made to the observed resistance to 

allow for the resistance of the leads. The room 

temperature resistance of the leads was determined before 

the electrodes were sealed into the cell. They were 

0.15 or 0.4 depending on whether 20 S.W.G. or 26 S.W.G. 

platinum wire was used for the leads. The resistance of 

the copper connecting leads was 0.11 R. To determine 

the resistance when hot, a length of platinum wire of 

similar length to the leads in the cell was immersed in the 
molten salt bath at 4000  and the resistance measured. 

There was an increase in resistance of 0.2 and 0.35 n 

respectively. As resistance measurements were made in 

the range 500-5000 n the leads correction was <0.1%. 

For conductance measurements above 500 0, the procedure 

was as follows. Enough of the melt was pipetted into a 

thick wall opaque silica tube (30 am long, 3.0 am 0.D., 2.5 an 

I.D.) so that when the cell was placed in the melt the 

electrodes of the type II cell would be covered by 2 cm. 

The tube was placed in the silver block furnace and fitted 

with a sheet of rubber ,  with close fitting holes, so that 

the cell and thermocouple sheath could be inserted. 	The 

seal served to position the cell and sheath and also prevent 

28 
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contamination of the melt by water vapour. The seal was 

backed with Sindanyo board and copper sheet to prevent it 

becoming hot. 

The hot junction of the thermocouple was placed 

level with the middle of the cell capilliary. The cell 

was filled by immersion through the hole in the capillary. 

Conductance measurements were made from 500 - 600 °  with 

Increasing temperature. At each temperature the melt was 

mixed by moving the cell and allowing the melt to run back 

and forth between it and the container. The frequency 

dependence of resistance was checked periodically during 

the run; otherwise measurements were made at 5 Ellz. 

The steady-state temperature gradient in the melt 

was 0.3°  over 3 cm, though this would be reduced by the 
mixing process described above. At the conclusion of the 

run (lasting one day) the cell was calibrated as described 

previously. 

It was found that after use in the silver block 

furnace, particularly around 600 °, the outside of the silica 

tubes became coated with a fairly shiny yellow layer. The 

layer was only slightly attacked by concentrated alkalis and 

acids. The appearance of this deposit coincided with the fact 

that the cell resistance changed if the tube was allowed to 

touch the walls of the furnace. Usually a tube could be used 

for several runs before this happened; the tube was then 

discarded. A possible reason for this could be diffUsion of 

silver fram the block into the silica tube, forming a 

conducting layer. 

(g) 	Frequency dependence of conductance  

One of the factors limiting the accuracy with which 

electrical conductance measurements can be made in nolten 

salts is the apparent dependence of the cell resistance on 
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frequency. The majority of workers have obtained a "true" 

resistance by extrapolation against some function of the 

frequency to infinite frequency. This has required the 

assumption that the frequency dependence is due either to 

some process occurring at the cell electrodes or dissipation 

in the bridge or cell. 

If the frequency dependence is due to an electrode 
76. 	77 

process, Robinson and Stokes and Hills and Wordevic have 

shown that a knowledge of the equivalent electrical circuit 

of the cell is required to choose the correct extrapolation 

function. 

Usually the frequency dependence has been assumed to 

be due to a diffusion controlled farad, reaction at the 

electrodes and a (T 2  extrapolation Used i  the faradaic 

reaction may be due to the presence of hydrolytic Impurities 

formed in drying the salt. For this reason it is desirable 

to keep the voltage across the cell as low as possible. 

Van Artsdalen and Yaffe in their studies of the alkali 

halides used an unusual extrapolation of 14 2  "to eliminate 

leads inductance" 
79

. 

However in a lot of the cases where frequency 

dependences of from "negligible" to "several percent" have 

been reported, no mention of the frequency characteristics 

Of the measuring system has been made. , The observed frequency 

dependence in these cases May then be an artifact. 
5 

In agreement with this Buckle and TsaoUssoglou have 

measured the frequency dependence of molten KBr with a 

frequency independent bridge and cell and found the 

dependence to be 0.2% from - 1 - 100 KHz. 
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In the present work, great care was taken to design 

a frequency independent bridge and cell. It was found 

that with molten Zne12 and the mixtures with the alkRli 

chlorides there was a decrease in cell resistance of 

0.1% from 0.5 - 100 KHz. In the cases where it was 

possible to measure to a lower limit of 0.2 KHz, the dependence 

was 0.2%. The dependence was not influenced by platinising 

the electrodes. In aqueous solution work, platinisation 

reduces the frequency dependence by eliminating polarization 

errors. However, the efficiency of the platinum black is 

reduced in molten salts due to sintering. 

Increasing the voltage across the cell from 100 mV to 

1 V produced no change in the frequency dependence. This 

behaviour is consistent with the absence of hydrolytic 

impurities, but surprisingly, melts prepared by fusion of 

moist ZnC1 2 showed the same frequency dependence. 

The impedance of the double layer at the electrodes will 

vary with frequency. When the cell is balanced by a parallel 

combination of resistance RN  and capacitance Cm  at a 80  

frequency w/27r, an error of (10wR NCN ) 2% is introduced. 

The calculation of this is complicated by the fact that 

C varies with frequency. Resistance measurements in this 

work were made in the range 500 - 5000 Q. For RN  1,500 Q, 

C
N decreased from 1000 pF at 0.5 KHz to < 100 pF at 100 KHz. 

For resistances > 1000 0, CN  was < 60 pF (the mirdmum value 

in the bridge) and decreased with increasing frequency. 

To achieve balance, a 100 pF capacitor was then added across 

the cell, hence the value of 	could not be estimated 

accurately. Only at resistances of several kilohm and 

frpquencies > 50 KHz was it possible that the error could be 

of the same order as the observed frequency dependence. 

It is to be noted that in a recently published paper RObbins 6 

has also drawn attention to this error. 
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In order to check that the low frequency dependence 

observed in this work was not peculiar to zinc chloride, 

a few measurements were made on potassium nitrate. It was 

found that over the range 0.5-100 KHz the cell resistance changed 

by 0.2%. The conductance results for potassium nitrate differ.' 
dl 	 82 

from Angell 's A. C. measurements and King and Duke's D.C. measure-

ments by less than 0.2%. (Table 3.10). 

This work, together with Buckle and Tsaoussoglou'4 shows 

that with suitable attention to instrumental design, it is 

possible to reduce frequency dependence of conductance in molten 

salts to values comparable to other experimental errors. 

(h) Accuracy of conductance measurements  

The various factors contributing to the error in the 

specific conductance measurements are given below. 

The stated accuracy of the bridge components was 0.05%. 

This was also the overall accuracy of the bridge. 

The correction for the leads resistance was < 0.1% 

and the correction could be made with an accuracy of 0.02%. 

The change in cell constant was 0.1 - 0.2% during a run. 

An average value was used for the mid-portion of the run. 

An error of 0.1°  in the temperature would produce errors 

ranging from 0.3% for zinc chloride near the melting point to 

0.03% for the mixtures at higher temperatures. 

The change in cell constant with temperature is calculated 

as follows: 

cell constant Cl length of capilliary/cross sectional 

area 

a - —z- Trr 

for a temperature change of T deg and coefficient of linear 

expansion of Cl 

_ - 	(1 	+ aT) a 	
- 

-r  - 1177  (1 + aT)2 	
ao  (1 + 
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83 
Using a - = 5.85 x 16 7  f6r silica, the decrease in cell'cOnstant 
for .a 600°  and 3000  change Intemperature is 0.035% and 0.017% 

respectively. Because of the smallness Of the correction it 
was neglected. 

The overall accuracy in the specific conductance 
measurements is then 0.5% for zinc chloride and 0.3% for the 
mixtures. 



PLATE 2 
General view of apparatus 

Legend 

A 	oil thermostat 
• water thermostat 
• viscometer 

conductance cell 
• silver block furnace 
• molten salt thermostat 
• temperature controller for molten salt thermostat 
73. 	electronic timer 

potentianeter 
electronic galvananeter 

• Faraday cage 
• maximum terrperature cutouts for fIrrnaces 
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2.3 Density Measurements  

Density measurements were made using apycnanetric 

technique. For the volatile ZnC1 2  melts this was considered 

to be a more accurate and more convenient method than the 

krchimedian. In the Archimedian method, allowances have 

to be made for surface tension effects on the supporting 

wire, expansion of the platinum bob and the condensation 

of vapour on the supporting wire. The non-corrosive (When dry) 

ZnC12 melts allowed the use of silica pycnometers with only a 

small correction for thermal expansion. One of the drawbacks 

of the pycnametric method, the presence of bubbles, was not 

encountered with the melts used in this work. 

(a) 	Pycnometers  

Silica pycnometers of capacity 10 - 15 mls were used. 

They were made from 20 mm O.D. tubing and were 4 - 7 an high 
with the end drawn out to form a capillary of I.D. 1 mm. 

The experimental arrangement is shown in Fig. 2.3. A small 

hook was sealed to the pycnometer so that it could be lifted 

out of the melt tube with a loop of platinum wire. 

(D) 	Calibration of pycnameters  

The pycnameters were calibrated with water at 25 ° . 

Filling of the pycnometer was achieved by holding it under 

the surface of the watex ,  with a glass rod and alternating 

evacuating the air space above it and admitting argon. After 

at least 15 mins. equilibration at 25 °, the pycnometers were 

removed from the tube, the outside dried and the pycnameters 

weighed. The reproducibility in the volume was 0.01%. 

(c) 	Procedure for a run  

The melt was prepared in a Pyrex tube with a B34 cone 

as described for the conductance measurements. The argon- 
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filled pycnometer was held under the surface of the melt with 

a Pyrex rod and filled by alternately evacuating and 
pressurising with argon. This procedure was conveniently 

done in a small furnace with windows. 

A loop of platinum wire was placed around the hook 

on the pycnometer and the glass rod replaced with a thermo-

couple sheath. The weight of this was sufficient to stop 

the pycnometer floating. Care was taken to ensure that 

there were no bubbles in the melt and that the tip of the 

pycnometer was covered by 1 - 2 am of melt. 
The pyrex tube containing the pycnameter was placed 

in the molten salt bath (or the silver block fUrnace for 

measurements above 500 0) and a thermocouple inserted into the 

sheath. At least 10 min. equilibration was allowed once the 

thermocouple reading had become constant to 0.1 o . The pycnameter 

was withdrawn using the platinum wire and allowed to cool in an 

upright position in a desiccator containing molecular sieve. 

When cold the outside of the pycnometer was carefUlly 

washed with water and the pycnometer weighed. The contents 

of the pycnometer were partially melted in a gas flame and 

the pycnameter immersed in the melt once again. Provided 

the solid was melted from the top downwards no breakage of 

pycnometers was experienced. 

Measurements were made within a few degrees of the 

liquidus and then at about 10 °  intervals up to 600°. Up to 

four tubes at once could be placed in the molten salt bath; 

they were supported in the following way: over the top of the 

bath was placed a Sindanyo box with a removable top. In 

the bottom were four holes through which the tubes could be 

lowered into the bath until just the ground joints remained 

inside the box. The box was filled with dry argon and several 

dishes of desiccant added to maintain a dry atmosphere. 
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Usually measurements in the bath took 3 - 4 days and in 

the silver block furnace, one day. At the completion of the 

run, the solid in the pycnometer was washed out with a fine 

jet of water into a tared container. The solution was weighed 

and analysed as described later. 

The pycnometers were calibrated after the run; the volume 

did not change within the reproducibility of calibration (0.01%). 

The change in weight of the pycnameter (invariably an increase) 

was 20 - 30 mg. This introduced a maximum uncertainty of 0.05 - 

0.1% into the weight of the melt. The change in weight was due 

to corrosion of the outside of the pycnometer for washing it with 

concentrated hydrochloric acid reduced it to its original value. 

As corrosion only became noticeable at temperatures > 500°  the 

original weight of the pycnometer was used up to this point and 

the final weight at higher temperatures. 

(d) Accuracy of density measurements  

The volume of the pycnometer at each temperature was calculated 

using the value 0.5 x 10-6 for the coefficient of cubical expansion 

of silica. The total correction was 0.05 - 0.1% and was made 

with an accuracy of 0.02%. 

The temperature coefficient of density of the melts is 
-1 

q,  0.05% deg so that as temperature measurements were accurate 

to 0.2°, the error would be 0.01%. 

As discussed above, the error due to the change in weight 

of the pycnameter should be rt ,  0.03% and the volume 0.01%. The 

vacuum correction factors used in calibrating the pycnometers 

and for the melt densities were 1,00106 and 1,00028 respectively. 
The overall accuracy of the density measurements should be 0.05%. 
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2.4 Analysis  

The sample of melt taken at the end of the conductance 

and density runs was weighed and then dissolvedAn.distilled 

water and the solution weighed.: The zinc chloride - alkali 

chloride mixtures were analysed for.Zn ++  and C17  and the 
amount of alkali chloride obtained by difference. To increase 

the precision of the analysis, weight titrations were done. 

In this technique a slight excess of the titrant is weighed 
into a weighed amount of a fairly concentrated solution of 
the unknown. The excess is back titrated volumetrically With 
a: dilute (I, 0.01 MD solution. With care, the back titration 

does not exceed 0.2% of the total . nuPber of equivalents added 
so that the method is capable of greatreproducibility. 

(a) Zn.".  Analysis 	
84 

The procedurewas generally that of Vogel About 30 g 
of the Znel2 - MCI solution was weighed into a 250 ml conical 
flask and enough of a NEILICH-NH4C1 buffer added to dissolve the 
precipitate. 'No drops of eriodhrome black T indicator were  
added and a slight excess of a standard disodiunLethylenediamine 

tetracetic acid solution weighed in (41.,M moles/Kg solution). 

The excess was then backtitrated volumetrically With 0.01 M - 
ZnC12  using a semimicro burette. The reproducibility was 0.03%. 

The EDTA solution was standardised against a ZnC12  solution 
prepared by dissolving 99.997% zinc in excess hydrochloric 

(b) C17 analysis  
The procedure was generally that of Vogel84,. About 30 g 

of the ZnC12-MC1 solution was weighed into a 250 ml conical flask 

and 10 drops of a 0..1% dichlorofluoroscein solution added plus 

2 drops of a synthetic non-ionic detergent, nonylphenoInon-. -  
aethoxyethanol.. The purpose of the detergent was to reduce 

coagulation of the AgQ1 precipitate. A slight excess of a 
standard AgNO solution (i.k. 0.4 moles/Kg solution in air) Was 



weighed in; the flask at this stage contained a light pink 
suspension of AgC1 plus same coagulated AgCl. This was 

quickly back titrated with a 0.02 M NaC1 solution using 

a semimicro burette. The end-point was taken as the point 

where the suspension turned white although the coagulated 

AgC1 still remained pink. The reproducibility of titres 

was 0.05 - 0.1%. 

The AgNO solutions were made up by weight and also 

analysed against standard NaC1 solutions. The agreement 

between the two was 0.05%. The amount of coagulation of 

the precipitate in the standardisation was not as nearly as 
++ great as when solutions containing Zn were analysed. 

The agreement between the weight of ZnC1 2-MC1 solid 

weighed out and that calculated fram the analysis was 0.1 - 

0.3%. Analysis of samples of ZnC1 2  prepared by distillation 
++ - showed that the Zn /C1 ratio was within 0.1% of the 

stoichiometric value. 

39 
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2.5 Volume change on fusion  

The density of the solid was determined from 25 to the 

melting point by a displacement technique using Dow-Corning 

550 silicone oil. A pycnameter similar to the ones used 

in the liquid density measurements was used. The density 

of the silicone oil as a function of temperature was separately 

determined. Using the known density of the melt the volume 

change on fusion was calculated. 

It was difficult to cbtain reproducible results because 

of bubble formation, especially at higher temperatures. Above 

250°  the silicone oil darkened in colour and the density changed 

after a time. 

2.6 X-ray analysis  

Powder X-ray photographs of ZnC1 2  samples were taken 
(at roam temperature) using a 57.33 mm radius Debye-Scherrer 
camera and Cu K 3 radiation. The exposure times were 10 - 20 
hours. 

The solid samples were either powdered up and placed in 

fine Lindermann capilliaries or the melt was sucked up into 
very fine Pyrex capillaries and allowed to solidify. The ends 
were. sealed with wax to prevent ingress of moisture 8171 the solid 

remained transparent during the irradiation. 
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2.7 Viscosity Measurements  
(a)Viscometers  

Capillary type viscameters were used (Pig. 2.4) in which the 

liquid was driven through the capillary under an external pressure 

and the flow time measured electronically. 

The viscometers were constructed fram Pyrex glass with length 
of capillary 9 an and bores 0.5 - 1 mm. Platinum mire electrodes 
were sealed into glass supporting tubes which were positioned 

several mm from one another and the walls of the viscometer so that 

no film of melt could form to short-circuit the electrodes. The 

supporting tubes were sealed through the brass cap with Araldite. 

The common platinum electrode was soldered to a brass plug which 

was sealed through the glass with Araldite. A scale engraved on 

the outside of the viscometer facilitated adjusting the volume 
(N 40 an3) of the liquid for the condition that the liquidbvels 
were crossing at half time

bi5 
This reduces the hydrostatic head 

correction and thus the density of the liquid is not required 
(see section d). 

(b)Pressure system  

The liquid was driven through the capillary by dry nitrogen 

at a pressure of 20 t 1 an of mercury. A 20 R. ballast vessel and 

Negretti and Zambra Type R182 pressure regulator were used to 

maintain the pressure constant to 0.02 an during a run. The 
pressure was read off a mercury manometer with a Precision Tool 

and Instrument Co. cathetometer (accuracy 0.01 mm). 

(c)Timer 

A Decatron tube timer with resolution 0.01 sec (using the 

mains 50 Hz as standard) was used. Timing commenced when the melt 

closed the electrical contact between the cannon and lower electrodes 

and stopped when the contact between the upper and cam= electrodes 

was closed. Once contact was made the electronics were arranged 

such that no current flowed through the melt, thus preventing 
electrolysis. 



LEGEND FOR FIG. 2.4 

A 	platinum lead from lower electrode 

B platinum lead from upper electrode 

C 	common platinum lead 

D brass cap 

E connection to nitrogen pressure or atmosphere 

F brass plug 

G hook (for spring) 

H glass supporting tube for electrodes 

I 	scale engraved on glass 

J capillary 
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The sensitivity of the timer was 1 Mn. Although the melts 

were not highly conducting the adequacy of this was shown by the 

following: if the glass sheaths of the electrodes were allowed 

to touch one another or the walls of the viscometer, the film of 

melt retained on the glass was sufficiently low in resistance to 
prevent the timer operating. 

(d) Calibration  

Each visoaneter was calibrated at 25°  over the range of 
viscosities it Was to be used. The calibrating liquids were 

30 - 65% sucrose solutions using the N.B.S. values for the 

viscosities. (Note that the value given in the Handbook of 

Physics and Chemistry for 60% sucrose is Incorrect; instead a value 

of 0.4397 poise was used) 87 . 	To avoid bacteriological 

deterioration of the sucrose solutions they were used within a 

day of preparation. 

About 150 g of the sucrose solution VW prepared and the 

viscameter filled to the level required for the liquid levels to 

be equal at half-time. The viscaneter was placed in a 20 2, glass-

sided waterbath with the 'temperature maintained at 25 It 0.01. 

When the dry nitrogen pressure was constant at n,  20 an flow times 

were measured visually with a stopwatch. The point of contact 

of the platinum wire with the (rising) liquid surface was easily 

determined and should correspond closely with that when the 

electronic timer WES used. The reproducibility of the pressure-time 

product (Pt) was 0.2%. Flow times were corrected to a pressure of 

P = 20.00 am. Over the pressure range 10 - 20 am, Pt varied by 0.3%. 

Pt was faund to be fairly insensitive to the volume of solution; a 

change of 10% in the volume (corresponding to 2 ran in height) caused 

a 0.3% change in Pt. Flow time measurements made with a falling inner 

liquid level were 0.5% greater than with a rising level because of 

adherence of the liquid to the electrodes by aurface tension. 
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Calation curves were drawn for the viscamaterc using the 

modified Poiseqille equation: 

4 TrPr t 	mATp 
Ti-

-  8w.IBTE 

where n is the viscosity (dyne sec am 72), P is the pressure drop 

along the capilliary (dynes am-2 ), r is the radius of the capillary 
(am), t is the time (sec.), V is the volume of liquid flowing 

through the capilliary (a0) . , 4 is the length of the capilliary 

(am), m is a dimensionless constant (q.,  1) and p is the density 

of the liquid (g.cm7 3 ). 

In the experimntal arrangement used in this work P is composed 

of two terms; that due to the applied pressure of 20 an and that 

of the (varying) hydrostatic head. For the condition that the 

liquid levels at half time are equal the algebraic sum of the 

hydrostatic head should be zero. In any ease the maximun valued 

of the hydrostatic head is only 4% of the applied pressure. The 

above equation can th;31 be written as: 

n/t = A - Bo/t2  

where A and B are instrumental constants. As the second term on 

the right is negligible compared to the first (4 x 10-6  and 
8 x 10-3) the change in density between the calibrating solutions 

and the melt should not significantly affect the calculation of 

viscosity. Calibration curves are shown in Fig. 2.5. 

(e) Procedure for a run  

Approximately 100 g of ZnC1 2  was distilled as described before. 

Dried NaC1 was weighed into a Pyrex tube and molten ZnC1 2  added. 

The tube was allowed to cool and weighed tO determine the amount of 
ZnC12 . The composition was then calculated directly. 

Enough. of the mixture was filtered through . a porosity 3 
sintered disc into the viscometer to fill it to the Predetermined 
level. 	Measurements Were made in the molten salt thermostat fram 

a few degrees above the liquidus to 500 ° . At each temerature at 
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least three flow time measurements were made with the inner liquid 

level rising. Pram the average value of Ft the flow time at 20.00 an 

was calculated. Pt was reproducible to 0.2% for flow times of 50 - 
1000 sec. 

Temperatures were measured as described before. At the 

conclusion of the run the viscometer was observed to be only slightly 

corroded around the (uper) electrdde. The viscaneter was recalibrated 
and the change was within the reproducibility of calibration 0.3%. 

(f) Accuracy  

The NES values for viscosity of sucrose solutions are accurate 
to 0.1%. As the solutions were within 0.01% of the desired composition 

the error in viscosity would be 0.05 - 0.1%. The error in the 

calculated now time at P = 20.00 an is 0.3% due to the error of 0.1% 

in measuring the pressure and the reproducibility of Pt. 

Vertical alignment of the viscaleterwas not critical since the 
hydrostatic head is self-cancelling. Drainage errors should be 

minimised by using the rising liquid level. 

Although the viscaneterms calibrated at 25°  and used at 

higher temperatures, no correction for thermal expansion is needed 

since the ratio r4/Sit is dimensionless 88
. 

The application of Poiseuille's equation to the calibration requires 

that the flow be streamline; an empirical criterion for this is that 

the 7eynolds number, R I  should be <2000. 

R = vdp/n 
where v is the velocity of the liquid flowing through the capillary, d 

Is the diameter, and p is the density of the liquid 89  For this work, 

Reynolds numbers of <200 are calculated. 

The accuracy of the viscosity measurements should then be 0.5%. 
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3. RESULTS  

3.1 Calculation of Results  

(a) Conductance measurements  

From large scale plots of the experimental density - 

temperature data isotherms of density vs mole fraction of the 

alkali chloride were constructed at 50 0  intervals from 300 - 
600° . From the isotherms, graphs of density vs temperature 

were drawn for each of the compositions used in the conductance 

measurements. 

The equivalent conductance, A was calculated from 

A = 

where K is the specific conductance, p is the interpolated 

density and 2 is the average equivalent weight 90 . 
The Ex  results given in Figs. 3.11 - 3.13 were calculated 

from 2.303R A log K/A 1/T 01 = 1.486 cal deg :4  mole-1) for 

successive Points (10°  - 20°  interval). They are a good indicator 

of the consistency of the results because an error of 0.5 0  in T or 

1% in K produces an error of 5% in E. 
The EA values given in Tables 3.5 - 3.7 were calculated from 

2.303R A log A/A 1/T between successive points. These results were 

then smoothed using a computer program. 

The Arrhenius activation entropies for eauivalent conductance 

given in Tables 3.5 - 3.7 were calculated fram eq. 1.11 using the 

smoothed values of E for AH*, and 5.83 x 10 	the prexponential A 	-16 constant (c = 3, d2 = 2 x 10 , z = 1). As the conductance process 

probably involves at least three ions meaningfUl estimates of d i  are not 

possible. Fortunately the AS* values are not very sensitive to the 

value of the prexponential constant and the main interest is in the 

comparative AS values rather than their absolute values. 
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The values of the constants in the free volume and 

hybrid equations were determined by an unweighteileast squares 

analysis using an Elliott 503 computer. The data was least 

squared for a series of Tii;; values and the To  value selected 

was the one with the minimum standard deviation. 
(b)Viscosity measurements  

The E
n 
results given in Table 3.8 were calculated from 1.986 

A lnn/Al/T for successive points. 
The Arrhenius activation entropies for viscous flow were calculated 

fran eq. 1.10 using a constant value for the molar volume, V of 50 am 3 

mole-1 

The data were least squared to the hybrid and free volume equations 

by a similar method as described for the conductance results. As a 

check on the progran, MOvnihanis91  results were recalculated with 

excellent agreement. 

(c)Density measurements  
Partial Molar volumes were calculated from the average molar volumes 

using the method of intercepts92  . However instead of visually 

estimating tangents to the curve an analytical method was used. The 

average Molar volumes were least squares fitted to a quadratic equation 

in the mole fraction of alkali chloride and the intercepts calculated. 



3.2 Comparison with Previous Work  

(a) Conductance results 

The specific conductance results for molten ZnC1 2  

differ from those of Crook by 30% at low temperatures 

and 2% at higher temperatures5° • Mackenzie and Murphy's 116 

results are intermediate between these and Grantham and 

Yosim's show too large a scatter for useful comparison 93 

The discrepancy between this work and Crook's is far outside 

the limits of accuracy claimed. Part of it may be due to 

the large extrapolation (", 5%) that Crook used to convert his 

resistance readings to infinite frequency. 

The only previous work on the mixtures has been Duke and 

Fleming t conductance measurements on KC1-Znel 2 at 475-650 
94 • 

(b) Density results  

There have been several previous investigations of the 

density of molten 7nC12 . Watcher and Hildebrand's results
95 

4  

are 0.2% lower than this work Duke and Flemind 0.2% higher? 

while Mackenzie and Murphy h results agree within 0.1% at higher 
46 

temperatures but differ by 0.3% at the fPeezingpoint • Smith 

and Smith's results agree to 0.1% with this work
96

. 

Comparison of results with the mixtures is more difficult. 

For 0.05 and 0.30 CsC1-ZnC12  this work agrees with Smith 

add Smith's to 0.2% while at 0.42 CsCl-ZnC12  the agreement 

is 0.5% 96 . For 0.28 KC1-ZnC12 the agreement is 0.1% 9? 
The agreement between this work and Duke and Flings 

KC1-ZnC12 results is 0.3%. 

The value of 11.8% for the volume change of fusion obtained 

in the present w5k is in good agreement with Bockris et al 

result of 11.6%. • 

The value for 

in this work (2.92 

al and Klemmh
98 

the density of solid ZnC1 2  at 25°  obtained 

g.aM-3 ) is in good agreement with Bockris et 

values (2.908 and 2.92 respectively). 

Calculations fran the X-ray data give for the a, a, and y forms 

the values 3.00, 2.98 and 3.10 g.cm-3 respectively99.. 
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3.3 Observations on the cooliie.  behaviour of the melts  

In the fallowing sections will be given some Observations on 

the cooling behaviour of the melts. The observations are relevant , 

when it dames to deciding the applicability of the free volume model 

for transport in the MC1-ZnC12  OA = Na, K, Cs) systems. 

(a) Supercooling  

From the large number of conductance, density and viscosity 

measurements made close to the liquidus of the MC1-ZnC12  systems there 

did not appear to be more than 10 0  supercooling. Note that the 

liquidus temperatUres given in Tables 4.6 and 4.7 are <200  below 
00 those given in the phase diagrams'. Freezing point measurements made 

on pure ZnC12  showed the f.p. to be quite sharp at 317 °, with an under-
cooling of 4, 100. The lack of supercooling Observed in this work As in 
contrast to a previous clatm 38 . 

(b) Glass formation  

Slow cooling of pure molten ZnC1 2  frequently resulted in a 
transparent MOBS with a tendency to shatter as it cooled down. None 

of the mixtures produced transparent solids on slow cooling (amounts 

>10 g.). Qualitatively it was observed that the viscosities of the 

mixtures were much less than that of molten ZnC1 26 
The glass forming behaviour of ZnC1 2  was studied by taking X-ray 

powder photographs of samples that had been cooled at different rates. 

The pattern of a sample taken from a large transparent, "glassy" mess 
of ZnC12 (slowly cooled), shcwed a nutber of sharply defined lines 

Which indexed with the a form given by W3rdkoff99 . Faster cooling of 

the melts was achieved by sucking the melt into thin glass capilliaries 

and allowing to cool in air or quenched in liquid nitrogen. In the 
first case the X-ray pattern consisted of a number of weak lines, 

(Which did not index with any of the known crystalline forms)plus 
several haloes. In the second case only haloes were Observed which 

might have been due to the Piex glass container. The pattern fram 
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a sample or 0.5 m.f. KC1-ZnC12  showed many more lines than for pure 
InC12' This has also been noted for NaC1-ZnC1 2

101 . 

Various people have commented an the glass-forming nature of 

ZnC12 * Sdhulz
102 found it to be formed only at high cooling rates, •  

CUbieciotti and Ed1ngl°3  reported difficulties in their heat capacity 

measurements due to glass formation and Goldstein and Nakonecznyj 104 

Obtained the glass for their volume relaxation measurements by 

allowing the melt to cool to roam temperature. It seems then that 

pure glassy ZnC12  is only Obtained at high cooling rotes and at slower 

cooling rates same crystallisation occurs. 

Vhilethe binary chloride systems with ZnC1 2  do not appear to be 

glass-forming (except possibly at extreme cooling rates), the ternary 

systems with T0 105 or Ne,S0h (m.f. of ZnC12  rt,  0.6) appear to be much 
` 106 more strongly glass-forming 	. 



Tables of Results 
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X[LiCl] 	t 
(mole fn) (C) 

P 
(gcmt3) 

TABLE 	3 .1 

DENSITY LiC 1-ZnC 12 

t 	P 	t 
(C) 	(gcmt3) 	(C) 

MELTS 

P 
(gcmt3) 

t 
(C) 

P 
(gcmt3) 

.0000 314,2 2.529 320.9 2.525 325.1 2.523 333,1 2.518 
352.1 2,507 363.8 2.498 401.2 2.479 417.8 2.471 
443,8 2,457 459..6 2,449_ _488 .1 2,436 345. 2,510 
327.0 2,524 375,9 2.489 399.8 2.480 407,4 2 .4 75 
475,1 2,441 516,4 2,421 347.0 2.510 387.0 2,486 
410.1 2,275 445,4 2,456 4 75 .1 2.441 513.0 2,423 
562.0 2.400 

•0292 307,9 2,516 312.9 2,513 317,6 2,510 344 2,505 
334,5 2,500 344,6 2.494 3 54 ,6 2.486 367.7 2,401 
390,4 2,468 405,3 2,460 418 .3 2.452 431 2.445 
449.3 2,437 469.1 2„425.„.,489 .1 2.415 519,3 2,399 
539,1 2,386 560,4 2,377 	589,5 2.362 

.1160  299.2 2.467 304 .7 2,484 313,2 2.476 318 .0 2,475 
• 325.0 2,471 334,8 2,465 34. 2.459 355,0 2.453. 

367.9 2.446 389 .0 ,432 404 2;424 416,2 2,416 
430.6 2,409 440.4 2,399 468,2 2.389 487.9 2,377 
5161 2,361 537,5 2,350 559,0 2 ,33 7 583 .6 2.324 
605,5 2,312 

.1860 292.7 2.463: 297,9 2.461 305.6, 2,455 313,6 2 ,4 50 
310,5 2.447 325,4 2,443 335.4 2,437 345.3 2,430 
355,3 2,424 368,4 2,417 390..Q: 2,403 495,5 2,399 - 
419,5 2,367 431,6 2.379 449.4 2,369 469,2 2,368 
439,3 2,346 522,5 2,325 5375:  2.317 556,9 2;305 
587.6 2.288 .601.9 • 2,280 



TABLE 3,2 

	

X[NaCl] 	t 

	

(mole fn) 	(C) 
P 

(gcmt3) 

DENSITY NaC1-Z nC 12 

t 	P 	t 
(C) 	(gcmt3) 	(C) 

MELTS 

P 
(gcmt3) 

t 
(C) 

P 
(gcmt3) 

.0261 315.9 2.517 349.5 2.496 358.1 2.491 336.4 2.475 
• 395.7 2.471 419.0 2.459 435.5 2.450 453,6 2.440 

476.7 2,422 513,1 2,409 

.0460 308.6 2.519 315.7 2.515 320.7 2.512 326.5 2.507 
338,5 2.501 351,0 2.494 363,9 2.487 383.1 2.476 
400,1 2,466 420.2 2.455 440,0 2,444 462.7 2,432 
473.6 2.423 495.3 2.415 530.3 2.395 545.5 2.337 
572,0 2.373 595,1 2.360 

.0621 317.1 2.506 354.7 2.461 360.6 2.478 382.9 2.465 
394.1 2,453 411.4 2.445 430.5 2.439 459.5 2.422 
487.6 2.407 

.0970 309.4 2,501 314.7 2.498 320.5 2.495 326.2 2.490 
333,0 2,484 350,7 2.473 363.6 2.469 332,7 2.458 
400.4 2,447 420,0 2.436 436.7 2.425 462.9 2,412 
478.9 2,403 495.9 2.394 552.2 2,362 570.0 2,351 
593,2 2.336 

.1250  319.0  2.480 350,2 2.461 393,0 2.435 420.1 2,420 
434,2 2.413 455.6 2.401 498.3 2.377 

.1920  323.3 2.454 356.7 2.432 359,0 2,431 381.5 2.416 
394.7 2,410 427.9 2.390 463.6 2.367 

.2420  302,2 2.441 316.4 2.436 342,3 2.419 360.6 2.407 
394,6 2.366 402,4 2.382 424.4 2.367 443.9 2.351 
473,3 2..333 .499.3 2,321 

.2980  292.2 2.433 297 .8 • 2 .430 302.7 2.426 3013,9 2.422 
• 322.4 2,413 331.6 2,407 341.7 2.401 351.3 2,394 

360 ,4 2,389 .377,2 2.377 390 ,6 2,368 400.4 2,362 
416,8 2,351 435.5 2,339 452.9 2,327 469.6 23i.6 
495,0 2.300 530,2 2,276 564.1 2.254 595.6 2,236 

.3960  287.4 2.303 300.5 2 .373 308 .7 2.366 330.4 2.353 
344.7 2.343 366.1 2.328 334,5 2,315 399.7 2.306 
416.1 2,294 435,8 2,280 446.0 2.275 4132.2 2.251 
499,1 2.241 

.4070 283.6 2.382 294.2 2.375 3044 2.368 313.9 2.361 
324.5 2.354 335.5 2.346 343.9 2 •340 353.1 2.334 
366.0 2.325 382,4 2.314 392,1 2.308 4u2,9 2,301 
413.8 2,294 438,2 2.277 456.3 2.265 478.6 2,250 
496.4 2.239 512,0 2.228 543,5 2.207 575.3 2.135 
606,9 2.163 



TABLE 3 .2 

X[NaCl] 	t 
(mole fn) (C) (gcmt3) 

' DENSITY NaC 1-ZnC 12 

(C) 	(gcmt3) 	(C) 

MELTS 

(gcmt3) (C) (gcmt3) 
.4660 294.4 2.337 301.1 2.326 308.4 2.322 31 9.7 2.314 

328 ,3 2.3C 3375 3.303 349,0 2.296 360 49 2,289 
369.3 2,204 389,01 2.271 401..4 2 263 42G 6 2,252 
433.5 2.243 449,3 2,232 46641 2,221 483,4 2,209 
494,0 2202. 540,4 2,170 557„4 2.158 576.2 2.146 
592.6 2.136 606,3 2.126 

•5530 362.7 2.218 371.3 2,212 391.3 2,200 402C 2.192 
420,7 2.181 434,5 2,172 449.3 2.162 466.7 2.151 
483.3 2.141 495.6 2.133 515.5 2.120 540,4 2,1L4 

.5530 563.4 2.086 591.2 2,071 603.3 2.063 

.6500  44 7 .4 2.097 475.1 2,079 432.6 2,073 496.6 2.065 
• 51 7 .5 2,050 532,3 2,042 548.1 2.033 564,C 2,022 

573.0 2.014 

514 



55 TABLE 3 .3 

X[KC1] 
(mole fn) 

t 
(C) 

P 
(gcmt3) 

DENS ITY KC 1-ZnC 12 	MELTS 

t 	P 	t 	P 
(C) 	(gcmt3) 	(C) 	(gcmt3) 

t 
(C) 

P 
(gcmt3) 

.0243 322,6 2.515 340.7 2.503 353. 2.493 387.1 2.476 
399.8 2,470 419.3 2.456 437,2 2,449 448.8 2.443 
475.9 2.423 493.7 2,420 

.0457 309.1 2.516 314,9 2,512 320,7 2,509 328 .2 2,505 
337,5 2,496 350,3 2.491 363.4 2,463 332,7 2,472 
399,9 2.461 419.8 2,451 439,3 2,423 4 78 .5 2.419 
495,2 2,410 532,8 2,390 547.9 2.381 577.4 2,364 
596,8 2.354 

.0630 317.7 2.496 333,0  2.435 339.6 2.460 357.0 2.472 
374,9 2,461 368.0 2,454 411,5 2,441 447.6 2,422 
469.3 2.411 43,0 2.404 503,9 2,39 

.0054 303,3 2,482 321.9 2.473 330,7 2.463 345.9 2.459 
• 365,1 2 ,44 7 375.2 2,443 390,3 2.435  402,3 2,428 

432,3 2.410 446,9 2,403 464.1 2,392 4 79 .3 2,365 
510 ,0 2,366 

.1630 300.6 2.460 307.1 2.456 315.5 2 .4 50 325.3 2.443 
333,.6 2,438 343.5 2.432 353.0 2.426 364,1 2,418 
401,0 2.395 4113.2 2,385 444.5 2.368 460,3 2.358 
430,3 2.345 

.2760 278,6 2.412 234.0 2,408 292,1 2,403 299.7 2,397 
309,6 2,390  320,1 2,333 330,4 2,376 340,8 2,360 
350,5 2,362 359.6 2.356 376,1 2.343 339.5 2.334 
399.4 2,327 416,0 2,316 434,9 2.303 452.6 2,290 
469,3 2,270 495.0 2.261 535,2 2.232 557.5 2,217 
577,2 2.204 600.3 2.137 

.3430  269,1 2,372 274,4 2,368 263,5 2.363 294.1 2.355 
304,5 2,343 313.3 2,340 324,1 2.333 334,3 2,324 
343,9 2,313 353,5 2,311 366.2 2.302 332,5 2,291 
392,0 2,284 402,6 2.276 412,3 2,269 437,4 2,251 
455.9 2,239 4 78 ,6 2,223 496,2 2,210 520 ,0 2,192 
560.5 2,164 577.8 2,151 611,3 2.126 

.4220  246.6 2.337 253,4 2,327 260.1 2,324 269,3 2,317 
263,4 2,307 294.1 2,299 304,3 2,291 314,0 2,234 
324,5 2,277 335.7 2,268 344,4 2.262 353,7 2,255 
367.0 2.246 382.7 2,235 392,1 2,223 402,3 2,220 
415.5 2,212 438.1 2.195 456,2 2,182 478,8 2,166 
496,6 2.154 517,2 2,136 546,7 2.116 581,2 2,092 
607,7 2.072 
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57 TABLE 3 .4 

	

X[CsCl] 	t 

	

(mole fn) 	(C) 
P 

(gcmt 3) 

DENSITY CsC 1-Z nC 12 

t 	P 	t 
(C) 	(gcmt3) 	(C) 

MELTS 

P 
(gcm13) 

t 
(C) 

P 
(gcmt3) 

.0062 313.2 2.530 320.8 2.533 327.0 2.529 345.0 2.513 
363.6 2.508 390.4 2,493 401 .7 2.486 447.7 2.463 
466,9 2.458 433,0 2.444 508,3 2.431 

.0130 	314,4 2,542 324.5 2.535 343,7 2.524 361.7 2.513 
373,6 2,506 390,9 2.497 401.6 2,491 411.7 2.486 
437.1 24,472 454,5 2.463 463.9 2.458 482.7 2,450 
500,4 2..441 

•0487 305,4 2,573 309•3 2,571 317.0 2,566 322,3 2.562 
332,5 255G 341.4 2,550 350,3 2.546 459.6 2,540 
376,4 2 .529 339,7 2.520 399,7 2.514 416,3 2.505 
435,1 2.404 452,7 2.483 469,5 2.474 495,0 2.459 
521.4 2.444 549.9 2.427 573.1 2,413 597,0 2.400 

.0078 307.4 2,599 315.8 2.593 325.5 2,587 333,3 2,582 
344.1 2,575 353.5 2,569 364.9 2,561 402.1 2,537 
413 .6 2.527 444,9 2.510 460,1 2.500 488,0 2.481 

.1480  293,2 2,652 297,7 2.648 305.6 2.644 310,5 2,639 
2,628 330,7 aip..6 

 
2.625 341,0 2.618 350,3 2611 

359,6 2,6C4 376.4 2,591 389.7 2.531 399,7 2,574 
41.6,3 2;562 435,1 2.549 452.7 2.536 469.5 2,524 
495,1 2.506 542,9 2,460 565,8 2,453 583,8 2,440 
596.8 2,430 

.2860 233,7 2,741 294,1 2.722 304,9 2.713 344.3 2.678 
354..8 2.671 367,2 2.660 383,0 2,646 392.4 2.638 
403.1 2.629 413,7 2,620 438.3 2.600 456,5 2,585 
478.8 2.566 496,6 2,551 518,4 2,531 545,4 2.509 
582..0 2.476 611.7 2,451 

.3380 293,1 2,751 299.2 2.746 309,0 2.737 313.0 2.733 
321 ia 2,726 329.7 2, 718 350,4 2,700 391,2 2.665 
402.„7 2 ..655 420.4 .  2.639 434.3 2.627 450,0 2,613 
467j. 2,598 484.2 2.583 496.1 2.573 512.3 2.556 
535,2 2,537 555,0 2.519 588.4 2,489 605.0 2.474 

.4190  257,0 2,822 273 .2 2,300 282.9 2 .708 203 .5 2,738 
307,2 2,775 318.7 2,765 332 ,0 2.753 341,4 2,743 
353,6 2,735 367.8 2.719 383,8 2 ,700 408,5 2,682 
419.4 2.672 429 IQ 2,664 433.1 2,655 446.9 2 4 648 
456 .4 2.638 466.5 2.620 474,7 2,622 482,1 2.615 
496.4 2.602 523,0 2,577 537.0 2,564 554,0 2,549 
576,8 2,528 580.3 2,515 
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TABLE 3.5 

CONDUCTANCE NaC1-ZnC12 MELTS 

x(Naci] 
(thole fn) 

t. 
(deg .C) 

K*1000 
(1/ 	cm) 

A 
(cmt2/ 

E*10-3 
eq) (cal/mole) 

AS 
(e,u) 

.1006 480.9 246.5 6.948 9.05 -1.37 
489.6 263,6 7.445 8.65 -1.89 
497.9 280.5 7.937 8,52 -2.06 
483.2 250.3 7.148 8.65 -1.87 
495.5 275.2 7.783 6.79 -1.71 
505.4 296,6 8.410 3,73 -1.82 
516,4 324.3 9.222 8,60 -1.95 
529,7 349.3 9.960 8.67 -1.86 
537,0 366.2 10.46 8.71 -1.81 
543.9 382.1 10.93 0.62 -1.92 
553.3 406.5 11.66 8.36 -2,23 
562.1 427.3 12.29 2.21 -2.41 
574,1 457.1 13 .1.8 6.15 -2.48 
.534 ,3 482.9 13.95 8.16 -2.47 
59466 509.9 14 .77 3.18 -2.45 
600.6 525 .6 15.25 6.23 -2.39 

.1583 291.0 48.75 1 .318 '11 .9 4.37 
29.7.6 55 .02 1.490 11.3 3..35 
.304.3 6T .90 1.680 10.8 2.53 
315.9 74,04 2.015 10.5 1.96 
328,9 89.20 2.435 10.1 1.40 
336,4 101.8 2.785 9.76 .767 
353.2 122.5 3.364 9.44 .263 
365.7 141 .6 3.899 9.16 -.164 
377.4 160.6 4.437 ,83 -.606 
390.0 182,5 5,057 .64 -.975 
403.6 207.4 5.766 6.47 -1.22 
413.7 226.7 6.320 8.31 -1.46 
424,0 247.4 6.913 8,14 -1.70 
434.1 268.6 7.525 7,96 -1.95 
445.5 292.9 8.226 7.79 -2.20 
456.1 316.3 8.910 7.67 -2.36 
467.4 341.7 9.654 7,62 -2..43 
479.1 0. 10.45 7.10 -3.13 
489.1 393,0 11.16 6.64 -3.71 
498.3 414.5 11.80 6.60 -3.77 
492,6 404 •3 1/ .51 7,01 -3..21 
507.0 440,4 12.57 7.12 -3.07 
515.2 461,2 13.19 7.15 -3,03 
522.8 .481.3 13.79 7.10 -0,08 
533.5 509.5 14.64 7.04 -3,17 
540.3 527.8 . 15..19 6. .93 -0,29 
547..8 547.9 . 15,80 6.81 -3.45 
560.4 581 .9 16.84 6.58 -3.72 
572..0 613.1 17.79 6 .82 -3.43 
581.3 638.1 18.56 6.97 -3.26 
589.0 658,6 19.20 6.82 -3.45 
594.1 676.5 19.74 6.43 -3,88 
603.3 699.4 20.46 5.76 -4,65 
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TABLE 3.5 

CONDUCTANCE NaC 1-ZnC 12 MELTS 

X[NaCl] 
(mole fn) 

t 
(deg .C) 

II*1000 
(1/ ilcm) 

A 
(cmt 2/ Oeq) 

E*m-3 	As 
(cal/mole) (e .u) 

.4084 390 .9 
301.3.0 99,00 

2.420 
2,696 

9.97 1 .91 
2,08 

. 313.4 107.0 2.918 :9,97 1 .91 
321.1 118,4 3 .236 9.75 1 ,51 
339.4 156.8 4 .305 9,05 ,453 
350,6 176.6 4 .863 ,8 .67 - .182 
360.0 1 96 .5 5.424 S .,17 -.957 
377.1 231,0 6.406 7,92  -1.36 
3139.0 256,7 7.136 7.72 -1 .66 
3EY3 .1 277,0 7.719 7.57 -1 .89 
408,6 301,6 8 .429 .7,40 -2.14 
419.0 326,2 9.133 7.19 -2,44 
431,9 358.3 10,08 604 -2.79 
447.0 398,3 11.25 6,73 -3,08 
4654 12.56 6,59 -3,27 
470.3 430,9 13 .69 6.48 -5,42 
496.8 525.7 15.04 6,41 -3.51 

„3035 275.0 144.6 3 • 930 8 .40 .823 
281.5 1 53.1 4.305 8,34 .721 
287.5 170.9 4,662 8,28 .606 
293.1 183.3 5,008 8.31 .645 
299,5 198..1 5..421 8,09 .255 
305,3 213.9 64,863 7,62 -.528 
315.5 233 09 6,568 7,36 -,984 
325.7 264,5 7.291 7,16 -1.32 
.335.7 291.2 8.049 6.94 -1.68 
344.6 315,5 8.742 675 -1..99 
354.6 343,3 9.541 6 .58 -2,26 
364.7 372,0 10.37 6.43 -2,50 
375,7 4 04 ,2 11.30 6,16 -2.89 
388.3 441.8 12.39 6.03 -3.11 
4 01 .4 4Z;1,4 13.55 5,90 -3.29 
423,4 545.6 15.45 5 .76 -3 .51 
431,7 

 
573,4 16.28 5.51 -3.86 

440,4 59,9 17,07 5.38 -4.04 
44,2 641.1 18.32 5.33 -4,12 
463 .5 669.5 19.18 5 .24 -4.25 
475.8 707.8 20,35 5,02 -4.53 

487.3. 143 .6. 21 .45 4 .8.9 -4,70 
496.6 771..1 24,30 4..91 -4.68 
484 	- 736.9 21 .23 4.99 -4 „57 
496,4 775,0 22.42 4.98 -4 .57 
505;,5 803,0 23.29 . 4.95 -4,61 
511.7 " 024 ,6  23.89 4.95 -4 .61 
519.2 845,4 24,62 • 	4.„91 -4.66 
530,7 880 .9 25,73 4.88 -4.71 
539.5. 908.8 26,62 -4,75 
5503 941,6 27.66 4,02 -4,78 
560.7 970'48 28.70 4.75 -4,86 
569,0 99.3 29.51 4470 -4.92 
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TABLE 3.5 

CONDUCTANCE NaC1-ZnC12 MELTS 

X[NaCl] 
(mole fn) 

t 
(deg.C) 

K*1000 
(1./.cm) 

A 
(cmt2/ neq) (cal/mole) 

S. 
(e.u) 

.5250 531..3 1291 39.13 3.65 -5,40 
539.5 1316 40.01 3.59 -5,48 
550,8- 1354 41.29 3.049 -5,59 
563,2- 1394 42,68 3.31 -5.81 
577,4 1433 44,05 3.39 -5,71 
591,4 1475 45,54 3.53 -5,56 
598.0  1492 46.14 3,68 -5,38 
607A -  1525 47,32 3,69 -5,27 
513,1 1227 36,99 3,55 -5,53 

.6260 422.9 670.4 29.14 3.93 -4.27 
432,0 1005 30,21 4.54 -4.02 
440,3 1036 31,21 4.71 -3.78 
452,2 1097 33.18 4,33 -4,29 
463.4 1153 34,99 4.02 -4.70 
475.9 1199 36,51 3.54 -5,35 
487.4 1238 37,83 3 020 -5.79 
496,6 1273 39 •00 3,15 -5,85 
491.5 1265 38,69 3.52 -5.36 
503.1 1308 40,14 3.58 -5,20 
509,0 1330 40,30 3,57 -5,2B 
521,7 1375 42.43 3,57 -5,29 
531,3 1498 43.59 3,64 -5,19 
541,5 1444 44.03 3,66 -5,13 
550,5 1476 45.95 a,60 -5,25 
560,9 1515 47,32 3.50 -5.36 
568.1 1530 43.15 3,54 -5,31 
582.3 1586 49.05 3.63 -5,21 
594.5 1627 51,32 3.72 -5.11 
605.8 1666 52,79 3.82 -5.00 
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TABLE 3.6 

CONDUCTAKE Kc -2 nr, 1.2 MELTS 

X[KC1 
(mole fn) (deg .C) 

K* 1000 
(1/.cm) 

A 
(cmt?/ 

E*10-43 
eq) (cal/male) 

A S 
(e.n) 

.0303 559,1 355.6 1v.33 • .9.26 -01,45 
577,4 397,9 11 .67 9,02 -1.74 
5e3 .4 449.4 13.25 842 -1,85 

.2090 299.3 83.55 2,358 -19.4 2.71 
203.3 5.)5 .12 2,719 0 .42 ,66 
313.3 103,6 2,935 9.33 .307 
324,9 119.4 3,392 8.99 .232 
3354 135,3 3,855 a„67 -.3430 
2e14,2 149.7 4.276 U..054 -.497 
254..4 186.6 4 ,772 3,32 .852 
367.3 189,5 5,447 7.95 -1.44 
380,1 215.8 6,223 7.50 -2.11 
396,3 245.1 7,102 7.31 -2.41 
497.9 268.0 7.791. 7.18 
422,6 208 .4 8.0709 7,97 -2.76 
433„2 3208, 9,394 6.92 -2,97 
442,0 340,6 9,995 6.75 -3.20 
454.0 367,0 19.31 6.68 -3.31 
464.4 399.0  :11 .0 6.37 -3.73 
432..7 432.5 12,84 5.57 -4.78 
404..3 459,3 13.63 5.36 -4,36 
512,5 492,7 .14 .75 6,65 -3.41 
527.9 519,4 .15.62 7.27 -2,69 
535.9 550 ,4 .16.50 6.70 -3.37 
553...0 504.1 17.99 6,39 -3,74 
577.1 665.1 20,29 6,01 -4.17 
535.9 606.2 20.99 5,96 -4,23 
516.9 513.2 15,53 5.05 
593 '.3 712,3 21.36 5.97 74.25 
610.5 745 ,0 22 .95 5.04 -4.27 
495,6 4663 13.39 5.38 

•3380 255.5 06.75 2,310 8.59 1..07 
260.4 104.1 3,029 3.68 1..25 
268.1 117,2 3,420 8.62 1.15 
275.4 130.4 3 .313 „38 .714 
233,4 145.7 4,271 8,04 .113 
294.8 168.3 4.948 7,72 -.453 
303.4 . 196.6 5.805 7.42 -.975 
316.1 213.2 6.311 7.16 -1.41 
324.8 232.3 6.897 6.93 -1.79 
334.6 254.3 7.570 6.74 -2.11 
345.1 278 ,..8 8 .325 6.53 -2,44 
354,9 . 301..3 9 ..043 6.32 -2,78 
366 .1 329.0 9 .3G3 6.12 -3.10 
379,0 360,2 19.37 5.94 -3.38 
339,0 386.0 11.72 5.70 -3,59 
402.5 	. 418.3 12,72 5.69 -3.76 

. 411,9 441.7 13.47 5.59 -3,90 
465.6 14 .24 5.43 -4,05 
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TABLE 3.6 
CONDUCTAICE 1-2nC12 MELTS 

X[HC1 ] 
(mole 	n) (deg .C) 

IC*1000 
(lin cm) 

A 
(emt2/Ci eq) 

B*10-3 
(cal/mole) 

I S 
(e.u) 

63380 431.4 491.7 15.08 5,38 -4.20 
441.9 518.3 15,95 5,30 -4,31 
451,9 543,7 16.79 5.,20 -4 .44 
461,3 56941 17,63 5..13 -4,54 
472.5 596.6 18,54 4,80 -4.98 
435,0 627.9 19,59 4,56 -5,29 
495,1 653.1 20,44 4,55 -5,31 
493.4 649.6 20,33 4.76 -5,02 
502,6 673.3 21 .13 4 073 -5,01 
517.1 710,3 22 ,40 4 .78 -5,00 
525,0 730,2 23.08 4.74 -5,05 
533,2 763.6 24,24 4.64 —5.17 
552.5 800.1 25,52 4.59 -5,22 
564.1 327.7 26,50 4.57 -5,25 
575.0 853.9 27,44 4 .51 -5.32 
584.3 877.3 28.28 4.44 -5,41 
595,9 9043 29 .25 4 .33 '4 053 

,4700 237,1 91.26 2.787 9,21 2,85 
243,1 101,2 3.096 3.93 2,32 
249,2 112.1 3.437 8 .70 1.89 
254.7 122,3 3.755 3,52 1 .55 
266.5 145.4 4,481 8.31 1,15 
277,2 167.3 5.139 7.37 .344 
233,4 195.0 6.053 7,30 -.648 
297,5 215,9 6.721 7,02 -1.14 
307.6 233,1 7,434 6,89 -1.38 
317,9 263,0 3.240 6.60 -1.86 
323,1 239.4 9,095 6,31 -2,35 
338,9 316.6 9.934 6.01 -2,34 
344.6 330,3 10,44 5.33 -3.05 
349.7 343.2 10,36 5,62 -3.46 
356,0 357,3 11,34 5,48 -3,69 
361.3 372.7 11.34 5,32 -3.93 
372,8 396.6 12,64 5,54 -3.61 
334,3 425,9 13,63 5,53 -3.54 
395•5 455,0 14,61 5.53 -3.55 
410.8 501,5 16.19 5.39 -3.82 
423,2 534,3 17.31 5,21 -4.07 
435.3 569.7 18,53 4.93 -4.47 
454,7 620,8 20,33 4.87 -4 ,55 
466,4 651.2 21 ,40 4.33 -4,61 
476.5 677,2 22.33 4,40 -5.13 
434,7 700,4 23,16 4,03 -5.67 
497,2 729.6 24.22 4 •03 -5,65 
492,5 722,0 2.3 .93 4,27 -5.34 
500,0 741,3 24.64 4,24 -5.38 
513,3 775,3 25,90 4.23 -5.38 
523.8 799.6 26,78 4,27 -5,34 
534,1 824.7 27,71 4.26 -5.34 
546,1 854.5 28.33 4.39 -5,19 
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TABLE 3.6 
CONDUCTAICE KC1-ZnC12 MELTS 

X[ICC1 
(mole fn) (deg .0) 

K*1000 
(1/ nom) 

A 
(omt2/ C2eq) 

B*10-3 
(cal/mole) 

AS 
(e.c) 

.4700 554.5 875.1 29,61 4.39 -5.19 
• 564.5 896.6 30,50 4,30 -5,30 

572.4 920.7 31.34 4.11 -5.52 
585,1 947,6 32,40 4,07 -5.57 
595 972,4 33.36 4.01 -5.64 
607.3 993.6 34.40 3.94 -5.71 

.5410 265.0 146.5 4.653 7,30 -.598 
269,0 153.4 4.878 ,26 1 .16 
274.1 162.2 5.167 8.59 1.73 
280,0 182.1 5.812 7.81 .388 
291,7 204 •5 6.552 7,65 .050 
300.8 229.1 7.363 7.19 -.726 
310.6 253,6 3.1 76 6,74 -1.50 
317.3 270.3 8,732 6,47 -1,96 
323.7 299.2 9.702 6,32 .21 
337.9 320.9 10.44 6,23 -2,37 
347,6 343.0 11.35 5,96 -2,80 
356.9 372,6 12,20 5.75 -3.13 
367.7 401,1 13.17 5.59 -3.37 
376.4 423.8 13,96 5.46 -3.58 
333.5 • 4 56 ,O 15,08 51135 -3.75 
397.4 479.8 15.91 5.22 -3.94 
409.2 511.2 17,03 5,11 -4 .10 
422,2 546.6 18,23 5,00 -4.26 
435,6 532.2 19,56 4.83 -4,50 
447,1 613.3 20,63 4 .72 -4,66 
453.7 643.5 21 .79 4 .58 -4,84 
469.7 670,6 22.79 4,50 -4.96 
473.6 694,5 23,67 4.51 -4.94 
48941 719.2 24 .60 4.57 -4,86 
49711 7 741 .4 25.44 4 .55 -4•90 
4 93 .0 728.2 24,95 4.50 -4.96 
504.1 755.6 25.98 4.41 -5.08 
517,7 790.6 27.31 4.07 -5,51 
524,9 809.1 28,02 3.94 -5,67 
531.0 822,0 23,52 4,22 ,32 
540.0 839.1 20,22 4.43 -5,07 
550,3 869.3 30,33 4,24 -5.29 
560,5 396.1 .  31 .42 4,25 -5,23 
568,3 913.0 32,11 4.32 -5 .20 
577.5 934.2 32.95 4.18 -5.36 
587.9 964,0 34,14 3.85 -5.73 
599.3 987,7 35,10 3,69 -5.92 
607,3 1004. 35.73 3.64 -5.98 

.6320 430,4 575.3 20 .15 5,14 -3.95 
433.3 597.7 20 •99 4 .90• -4,29 
443.7 623,0 21 .95 4 .73 -4.53 
4 64 .0 663.7 23.50 .  4.73 -4 .4 7 
4 73 .9 638.6 2446 4,24 -5.20 
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714 TABLE 3,6 

CONDUCTANCE KC1.-ZnC12 NEWS 

X[KC1 
(mole fn) 

.6320 
(deg ,C) 
482,5 
494O 
491 ,5 
504,4 
511,5 
519,7 
531.7 
539,6 
551' .4 
562,5 
570,5 
579.3 
590,5 
599.5 
603,0 

K*1000 
(1/ Ocm) 

712.2 
742,5 
740,3 
774.9 
794,4 
315.6 
349.1 
369.9 
901,2 
930.6 
952.6 
976;1 
1005 
1029 
1052 

A 
(cmT2/ Oeq) 

25.37 
26,55 
26,44 
27,80 
28.56 
29,41 
30 73 
31.53 
32,83 
34.03 

-34 .92 
35.39 
37,10 
33,13 
39,06 

E*10-3 
(cal/mole) 

3.74 
3j0 
4,23 
4 .33 
4.46 

..4.44 
. 4 ,44 

.4 .47 
. 4 .45 . 

• '4 .44 
. 4 .43 
4,42 
4.33 
4 3 1  

As 
(e 
-#5,86 

-15.19 
.4.499 
-4,89 

.84 
690 

-4 .90 

-4,89 
-4,90 
-4.91 
-4:93 
-4.97 
-5.05 
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TABLE 3.7 
CONDUCTANCE CsC 1-ZinC12 MELTS 

X[CsCl] 
(mole fii) 

.0616 

.1510 

(deg .C) 
469.9 
478,7 
433 .9 
497,7 
500,5 
519,9 
526.3 
533.1 
547,2 
555.0 
559,6 
569,5 
579,5 
503,7 
599,7 
6096 

284.8 
239,3 
294,6 
300,0 

•309.9 
314,9 
320,4 
325,1 
335.3 
345,4 
354.9 
366,1 
377,2 
339.2 
399.4 
410,9 
420,5 
435,7 
444,8 
454.5 
464,7 
474.9 
435,0 
496,2 
483,7•
494 .4 
504,6 
5094 
518,4 
527,3 
537,5 
550,0 
561,6 
573.3 

K*1000 
(1/ Pen) 

146,9 
158,6 
173.3 
136.9 
109.8 
221.7 
232,6 
253,9 
271.3 
236 2 
295.8 
314,0 
335,1 
354.0 
378.3 
400,2 

37.74 
40.75 
44 ,61 
48.56 
56.42 
60.89 
65.48 
69.98 
79.93 
89,72 

•100.1 
112.3 
126,4 
141,9 
155.2 
171.5 
135,5 
208,3 
222.6 
238,5 
255,3 
272,4 
290,0 
310.4 
290,4 
309,5 
328,5 
337,4 
354,1 
371,1 
391.4 
417,0 
441,4 
465,1 

A 
(cmt2/ 2eq) 

4.222 
4,567 
5,004 
5,409 
5,497 
6.453 
6,778 
7.424 
7.949 
3,402 
3,695 
9.277 
9,899 
19.51 
11.24 
11.92 

1,034 
1,172 
1.285 
1,400 
1.632 
1.764 
1.899 
2.032 
2,329 
2,620 
2.931 
3,313 
3,724 
4,194 
4.600 
5,100 
5.531 
6,239 
6,685 
7,181 
7,710 
8,251 
8,303 
9,460 
3,817 
9,427 
19.03 
10,32 
10.36 
11.41 
12,07 
12,90 
13,71 
14,50 

•E*10-.3.-. 	-A S 
(oal/mole) 	(e 

;943' 	• -1..27 
9.17. 	-2,00 
8,99•.21 
9,55 	-1,49 
9,71 	-1,28 
9,76 	-1,21 

V.  

9.7.9 	-1,18 
9,63 	-1,37 
9,42 	-1.62 
9.37 	-1..67 
.9.29 	-1 ,77 
9.18 	-1.90 
9.12 	-1.97 
9,09 	-2.00 

10,8 	2,25 
10,7 	2,06 
1065 	1.78 
10.3 	1 043 
10,1 	1.14 
9.87 	.690  
9,70 	.394 
9,41 	-,030 
9,22 
9,02

•  3,34 	-1 .0 1 
8,62 	-1.36 
3,40 	-1.69 
3,24 	-1.94 
3:11 
7,94 	-2,38 
701 	-2.56 
7,71 
7,58 	,89 
7,44' 	-3.08 
7,41 	,13 
7,24 	-3,35 
7,08 	-3.56 
7,02 	-363 
703 	-3,42 
7,16 	-3.43 
7 •00 	- -3.53 
7,02 
7,04 	-3.59 
7.10 	• -3.51 
7.02 
6,36 	• -3,31 
6,69 	--4,01 
6,71 	-3.99 
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TABLE 3,7 
CONDUCTANCE CE4C1•ZI1C12 MELTS 

X[CaCl] 
(mole In) (deg .C) 

Vit 1000 
(1/ n'cm) 

A 
(cmt 2/ 0 eq) 

E *10-0 
(cal/mole) (e ,u) 

.1510 584.7 487.7 15.25 6.78 -3.91 
601.5 523,0 16.43 6.85 -3.03 
608.9 539,6 16.99 6.95 -3.71 

.2030 264.6 43.11 1.266 10,1 2.03 
269,8 47,12 1 .336 9.99 1 .32 
275,4 52.37 1 .543 9.80 1.51 
281 .3 57.59 1 .700 9..53 1 .02 
291 .6 67.33 1.993 9.23 .483 
302.4 78.36 2,327 3.94 •.006 
310,7 87,36 2,600 3.65 -.505 
321,2 90 ,30 2.965 3.33 -.963 
332,3 113 .5 3,400 3,10 -1.42 
342,3 126.1 3,783 '7419 -1.76 
353.4 140,2 4.226 7,65 -2.15 
360,4 149,7 4,521 7.45 -2.47 
3 74 ■6 169.9 5,153 7,32 -2,66 
335.5 135,6 5.640 7.26 -2.76 
396,2 202,1 6,170 7.03 -3.02 
407,1 219.3 6.731 6.37 -3,33 
41 7 ,9 237,4 7.295 6.73 .54 
429,1 255,4 7 .372 6.67 -3,62 
433.3 270,3 8 ,373 6.58 -3.75 
443.7 238,3 8.955 6.44 -3.95 
4 63 .3 315.4 9.829 6.40 -4,00 
4 73 .9 333.3 10 .42 6.12 -4 .37 
432.6 348.7 10.93 5 1;79 -4,80 
494 •0 3 70 ,1 11,64 5,1;73 -4,87 
439,3 363,4 11.41 6.05 -4.42 
499 ,0 380.2 11.98 6.22 -4,24 
506,5 395,3 12.43 6,16 .4,30 
517,2 416.4 13,19 6.19 -4.27 
526,4 433.9 13,73 6.18 -4.20 
536.6 4 54 ,6 14.48 6.11 -4.37 
545.6 4 73 a 15.12 604 -4.45 
559,4 500.1 16,05 6.04 -4.45 
570.0 521.3 16.31 5.93 -4.53 
532.2 546.1 17.65 5.09 -4,63 
593 1 7  563,9 18.46 5.33 -4,70 
606.3 596.3 19.43 5.79 -4.75 

.3206 274.4 30,15 2,534 8.52 .178 
280,0 86.57 2.743 8.44 .045 

93.75 2,975 8,28 -.250 
294.3 105,2 3.349 8,01 -.721 
304 ,7 118.5 3.785 7,70 .26 
315.3 134.3 4,304 7.39 -1 .73 
328•9 153,2 4 ,930 7.12 -2,22 
338,4 167.5 5.407 .  6.39 -2.61 
353,2 190.6 6.182 6.65 -2,98 
365,7 210.6 6;357 6.47 -3.27 
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, 

X [CsC1] 
(mole fn) 

TABLE 	3.7 
CONDUCTANCE CsC1-ZnC12 MELTS 

K* 1000 	A 	E*10-3 
(deg.C) 	(1/ nem) 	(emt2/ 	eq) (cal/mole) 

AS 
(e .u) 

.3206 377.4 230.0 7.519 6,26 -3.59 
390.0 250.9 8 ,235 6,05 -3.90 
403,5 274.2 9.0041 5.89 -4.15 
413.7 291.3 9.633 5.31 -4,27 
424.0 303 • 7 10,25 5.76 -4.34 
4340 326,7 10.33 5.65 q,4,50 
445.6 347,1 11.30 5.53 -4.66 
456.1 335,9 12.23 5.41 -4.32 
467.4 386.0 12,09 5 a3 -5.00 
479.1 406,5 13.75 5.45 -4.77 
439.2 424,5 14 .4 0 5,77 -4.35 
493.2 440,6 14.00 5.39 -4.21 
497.6 440.3 14.94 5,57 -4.63 
607,6 459.5 15,69 5,30 -4.96 
516.0 4 74 .2 16.26 5,21 -6.03 
524,6 490.2 16.83 5.19 -501 
531,7 5(4, A 17,32 5.14 -5,17 
533.4 515.6 17.79 6 •07 -5.26 
545,6 528.3 13.29 5,01 -5 33 A 

554,3 544.6 13.39 4.03 5,42 
563,0 560.1 19,49 4,37 -6,60 
571.7 575.3 20.09 4.84 -5.53 
585.5 599.6 21 .03 4.86 -5,52 
597,1 620.3 21.84 4,86 -5.51 
604,0 632.7 22.33 4.88 -5.49 

.4192 248,4 59,23 1.983 9.30 1.97 
253.9 64.97 2,178 9,14 1.67 
261,0 72,96 2,452 8.93 1.28 
267,4 80,41 2.709 8.65 .752 
274.9 83.53 2.939 3.36 . .225 
280.2 96.33 3.259 3.00 
280.6 10.1 3.632 7.83 
297,2 113,8 4.042 7,60 -403 
303,9 135,2 4,617 7.33 -4.50 
314,9 144.0 4,927 7,14 -1.92 
323 .3 156.7 5,377 6,90 -2.31 
332.4 1 70 4 5,362 6:73 .60 
339.3 131.7 6,260 6.51 .02.95 
351.7 200.6 6,947 6.25 
361.9 216,9 7.533 6,08 -3.63 
374.1 236 8.244 5.93 
334.1 252.2 8.333 5.85 .99 
394:9 270,6 9,512 5.70 4,22 
406,9 290,6 19.26 5.59 *4.38 
417,3 203 10,91 5.51 -4,50 
427,3 325,2 11,46 5.40 4.64 
4394 346.0 12,35 5,29 -4,21 
4434 361.5 12,94 5.16 -4 .93 
457.8 377,3 13.55 5,11 -5,05 
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2[CsCl] 
(mole fn) 

.4192 

TABLE 	3.7 

CONDUCTANCE C8C1-.ZnC12 MELTS 

	

lE*1 COO 	A 	E*nra 
(deg •C) 	(11 Porn) 	(cmt2/0 eq) (cal/mole) 

	

4 70 .1 	397.8 	14.35 	5 406 

	

4 80 .9 	416,1 	15.06 	4 ;95 

	

439.7 	431,4 	15.67 	4134 

	

493,0 	445,0 	16 21 	4.36 

	

472.2 	404.0 	14.58 	4 .94 

	

484.3 	424.2 	15.37 	4.97 

	

439.3•432.3 	15,72 	4 .95 

	

500,1 	4 51 .3 	16.45 	4,91 

	

506,0 	461,1 	16.84 	4,87 

	

515,3 	4 76 48 	17.48 	. 4 .33 

	

522.4 	438 .0 	17.96 	4.78 

	

536,3 	512.3 	18.92 	4.74 

	

550,1 	535.8 	19,38 	4 .67 

	

559,3 	550.9 	20.52 	4.61 
56940 	567.4 	21 ,20 	4 .56 

	

530,7 	586,1 	21 .99 	4 .55 
5914 	603.6 	22.73 	4.53 

	

600.2 	617.7 	23.34 	4.51 

as 
(e.u) 
-5,122) 
-5,27 
-5,41 
-5.38 
-5.28 
-5,23 
-5.26 
-5.31 
-5.37 
-5.41 

.48 
-5.53 
-5,61 
-5.63 
-5.74 
-5.75 
-5.78 
-5.30 
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x 
NaC1 

(mole fh) 

TABLE 	3.8 

Viscosity of NaC1-ZriC12 melts 

t 	n 	En  
(°0 	(paw) 	(kca)/rnole) 

ASn 
(e.u.) 

0.117 305.1 2.983 17.94 37.9 
3111.1 2.348 18. 1. 37.3 
325.3 1.755 18. 3 36.4 
335.5 1.356 17.8c 33.6 
3113.0 1.134 15. 6. 26.7 
356.3 0.865 15.3 211.5 
367.1 0.704 15. 5 24.2 
378.0 0.574 13. 6 18.3 
387.2 0.496 1.9 21.2 
398.2 0.411 13. 24 16.8 
407.1 0.360 15.2 20.7 
416.4 0.310 1.5 18.5 
430.7 0.2149 13.2 14.7 
443.6 0.2105 12. 3. 11.6 
1456.5 0.1812 12.0 10.8 
478.5 0.1423 10. 8 7.8 
496.2 0.1204 7.3 

0.207 297.1 0.930 i. 8 31.2 
305.5 0.770 1.9 30.7 
315.9 0.612 12. 5 21.8 
325.9 0.512 13. 3 23.4 
336.2 0.424 12.6 20.4 
347.9 0.348 12. 5 19.2 
356.5 0.303 12.1 17.7 
371.9 0.2411 11.6 15.3 
382.0 0.2094 11.5 14.5 
392.2 0.1828 10. 8 12.1 
1402.1 0.1622 10. 8 11.8 
411.6 0.1450 10.9 11.7 
421.7 0.1290 10. 5 10.2 
430.2 0.1177 10. 2 9.2 
441.5 0.1049 10. 2 8.8 
453.8 0.0929 10. 4 9.0 
463.1 0.0848 9.7 7.0 
472.5 0.0780 9.8 7.1 
482.1 0.0717 9.2 5.7 
495.2 0.0646 5.4 



TABLE 3.8 

	

Viscosity of NaC1-ZnC12  melts 	89 

XNaC1 	t 	n 	El 	an  

(mole fh) 	(oc) (poise) 	(kcal/mole) 	(e.u.) 
0.304 	279.6 	0.485 	11.6 	24.2 

	

290.6 	0.395 	10.8 	20.3 

	

298.3 	0.347 	11.4 	21.5 

	

313.6 	0.267 	10.6 	17.7 

	

323.9 	0.2281 	10.0 	15.1 

	

333.2 	0.2004 	10.2 	15.1 

	

347.1 	0.1657 	9.7 	12.9 

	

357.6 	0.1453 	9.8 	12.4 

	

367.9 	0.1282 	9.1 	10.2 

	

380.2 	0.1120 	8.8 	8.8 

	

391.8 	0.0995 	9.1 	9.2 

	

402.6 	0.0891 	8.6 	7.3 

	

421.3 	0.0750 	8.4 	6.4 

	

431.8 	0.0685 	8.1 	5.3 

	

441.8 	0.0632 	8.0 	5.0 

	

452.9 	0.0579 	7.5 	3.4 

	

464.4 	0.0535 	6.6 	1.4 

	

474.4 	0.0503 	7.9 	3.9 

	

483.7 	0.0471 	7.3 	2.3 

	

496.0 	0.0436 	2.1 

0.381 	259.8 	0.437 	1147 	27.8 

	

271.5 	0.345 	10.8 	23.3 

	

280.4 	0.2935 	10.5 	21.2 

	

290.9 	0.2456 	9.9 	18.1 

	

299.9 	0.2138 	10.1 	18.0 

	

311.9 	0.1782 	9.3 	14.4 

	

322.3 	0.1550 	8.9 	12.4 

	

333.2 	0.1355 	8.8 	11.6 

	

343.9 	0.1194 	8.7 	10.7 

	

354.3 	0.1062 	8.3 	9.1 

	

364.5 	0.0955 	8.3 	8.8 

	

375.7 	0.0852 	7.9 	7.1 

	

387.5 	0.0764 	7.6 	6.0 

	

397.9 	0.0698 	7.8 	6.2 

	

408.9 	0.0635 	7.6 	5.4 

	

421.7 	0.0573 	7.6 	5.1 

	

431.2 	0.0531 	7.3 	4.1 

	

445.0 	0.0480 	7.0 	2.9 

	

458.7 	0.0439 	7.1 	3.0 

	

471.8 	0.0402 	6.8 	2.0 

	

483.6 	0.0375 	6.5 	1.2 

	

499.1 	0.0344 	1.0 



X 
NaC1 
(mole fn) 
0.557 

TABLE 	3.8 

Viscosity of NaC1-ZnC12 melts 

E n t  n  

	

(°C) 	(poise) 	(kcallircae) 

	

361.4 	0.0641 	6.8 

	

368.6 	0.0603 	6.5 

	

378.5 	0.0558 	6.3 

	

390.0 	0.0513 	6.5 

	

401.9 	0.0470 	6.1 

	

412.3 	0.0439 	5.4 

	

423.2 	0.0412 	6.3 

	

436.7 	0.0378 	5.8 

	

449.9 	0.0351 	5.4 

	

462.2 	0.0329 	5.5 

	

471.5 	0.0314 	5.6 

	

484.5 	0.0294 	2.6 

	

497.7 	0.0286 

an 

(e.u) 
5.6 
4.5 
3.7 
3.8 
2.6 
0.6 
2.5 
1.0 

-0.1 
0.0 
0.0 

-6.3 
-6.4 
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FIG 3.15 VISCOSITY OF NI-ZnC12 MELTS 
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TABLE 3.9 

DENSITY EQUATIONS FOR MC1 - Zne12  MEEKTURES 

p = a - bt 

p in 	t in oC, x2 = mole fraction of MCI 

a b x 104 std. dqv. 	temp,. range 
x2 	 x'10J 	(uC) 

0 	2.7232 	6.156 	0.78 	315 - 370 
0 	2.6764 	4.943 	0.93, 	370 - 560 
0 	2.6864 	5.330 	40.3 	315 - 560 

	

LiC1 0.0292 	2.6818 	5.448 	1.09 	307 - 590 

	

0.1165 	2.6568 	5.724 	0.92' 	299 - 605 

	

0.186 	2.6363 	5.934 	1.13 	292 - 602 

	

NaC1 0.0261 	2.6917 	5.572 	1.69 	316 - 513 

	

0.0459 	2.6887 	5.536 	0.86 	308 - 595 

	

0.0621 	2.6849 	5.731 	1.75 	317 - 488 

	

0.0977 	2,6767 	5.712 	1.08 	309 - 593 

	

0.1247 	2.6618 	5.735 	0.97 	319 - 498 
0.1917' 	2.6503 	6.091 	0.54 	323 - 464 

	

0.2418 	2.6319 	6.241 	1.03 	302 - 500 

	

0.298 	2.6239 	6.543 	0.54 	292 - 596 
0.396' 	2.5748 	6.723 	0.97 	287 - 500 
0.407 283 - 607 6.730 	0.41 2.5722 

2.5265 

	

0.466 	6.582 	1.59 	294 - 607  

	

0.553 	2.4508 	6.419 	0.30 	363 - 603 

	

0.649 	2.3793 	6.331 	0.51 	447 - 578 

EC1 	0.0248 	2.6912 	5.531 	1.02 	322 - 494 

	

0.0456 	2.6866 	5.602 	3.47 	309 - 597 

	

0.0630 	2.6672 	5.467 	1.12 	317 - 504 

	

0.0955 	2.6537 	5.615 	0.91 	308 - 510 

	

0.1635 	2.6511 	6.374 	0.42 300 - 480 

	

0.276 	2.6066 	6.986 	0.37  278 - 600 

	

0.348 	2.5651 	7.168 	0.49  269 - 611 

 

0.422  2.5120  7.238 	1.08 	247 - 608 

	

0.461 	2.4763 	7.202 	1.08 	233 - 596 

	

0.526 	2.4176 	6.983 	0.53 	256 - 598 

	

0.616 	2.3290 	6.6o4  0.58  438 - 603 

csm. 0.0062  2.7043 	5.374 	2.04 	313 - 508 

	

0.0138 	2.7100 	5.422 	1.27 314 - 508 

	

0.0487 	2.7535 	5.946 	0.89  305 - 597 

	

0.0878 	2.7982 	6.491 	0.33 	307 - 489 

	

0.1477 	2.8648 	NN 	1.26 	293 - 597 

	

0.286 	2.9763 	2.31 	283 - 611 

	

0.338 	3.0109 	8.854 	0.60  293 - 605 

 

0.419  3.058 	9,193 	0.70 	257 - 590 
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TABLE 3.10 

SPECIFIC CONDUCTANCE OF MOLTEN KNO3 

(°c) (n-1 am-1) 

340.2 0.6339 
345.1 0.6499 
352.3 0.6723 
359.0 0.6930 
372.0 0.7332 

TABLE 3.11 

DENSITY OF SILICONE OIL 

(0c) P 
(g. am  ) 

25.0 1.055 
173.3 0.943 
220.0 0.909 
277.2 0.867 
304.8 0.847 

( CIO 

	

TABLE 	3.12 

DENSITY OF SOLIDS 

721C12 	0.47MC1 - 0.53ZnC12 

P 

	

(g. CM7j ) 	(°C) 	(g. CM 	 ) 

25.0 2.92 25.0 2.48 
50.6 2.91 204.5 2.43 

176.2 2.88 216.5 2.42 
237.6 2.88 223.3 2.43 
250.0 2.88 229.0 2.41 
287.3 2.88 231.0 2.38 

240.3 2.31 
247.5 2.32 

CV -V )/V m 11.8% at 317°  S L 	S 
248.6 
258.5 

2.32 
2.32 

267.7 2.31 
269.5 2.32 

S L )/VS  = 11.0% 
at 232°  
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4. DISCUSSION 

4.1 Density Results  

(a) Law temperature behaviour  

The density results for molten ZnC1 2  and its mixtures with 

LiC1, NaC1, KC1 and CsC1 are given in Tables 3.1 - 3.4. A least 
squares analysis of the data is given in Table 3.9. Same of the 
density-temperature data is plotted in Figs. 3.1 - 3.4 and show 

that except for the region near the liquidus, at low mole fractions 

of MC1, the relation is linear. For pure ZnC12  there is a marked 
departure from linearity at temperatures <370 0. Table 3.9 shows 
that the data is better fitted over the temperature range by two 

linear equations. For the mixtures the change in slope Is not 

nearly as obvious and disappears at m.f. of MC1 of 0.1 - 0.2 (Lin), 
0.05 - 0.1 (NaCl and KC1) and 0.05 - 0.09 (CsC1). 

This behaviour is similar to that found by Ellis58  for the 
surface tension. He found that below 390o the slope of the surface 
tension -temperature plot for pure 7nC12  was 0.1 dynes am-1 deg; 
In in the range 390 - 550°, 0.013 dynes am- 1  deg 	above 5--° , 50 	0.02 
dynes am-1 deg-1 . Addition of 0.04 m.f. of KC1 practically 

eliminated the low temperature behaviour. Ellis proposed that 

the change in slope as the temperature was decreased below 390 °  
was due to fragments of the network linking together to form a glass. 
However in view of the observations in 3.3, it seers more likely 

• that instead, quasi-crystalline clusters are forming; these could 

then act as nuclei for crystal formation at lower temperatures. 

UbbelOhde107 has used cluster formation to explain prefreezing 
phenomena in organic melts but the evidence for prefreezing in inorganic 
melts is very sparse. 

Returning to the point concerning .the concentration of MC1 at 

which the density data is linearised, the average distance apart of 
the M+ ions (d) can be easily calculated on a simple lattice model 
as d = 01/Npx) 1/3  where M is the average molecular weight, N is 

. Avogadros number, p is the density and x is the mole fraction of 
MC1. It can be seen fram the values given in Table 4.1 that 



TABLE 4.1 

Average distance apart of Na +  in NaC1-ZnC12  melts 

XNaC1 t(°C) d() 

0.026 320 15.0 
600 15.5 

0.062 320 lla 
600 11. 14 

0.125 320 8.8 
600 9.0 

0.55 600 5.1 

TABLE 4.2 
X for MC1-ZnC1 9  melts from scaled particle theory 

t(°C) x(v=1) X(v=2) X(v=3) 

ZnC1 320.9 4.88 3.87 3.38 
2 562.0 4.66 3.70 3.23 

0.30 NaC1-0.70 ZnC12  297.8 4.49 3.57 3.11 
595.6 4.15 3.29 2.85 

0.46 KU1-0.54 ZnC12  309.1 4.49 3.56 3.11 
596.8 4.22 3.35 2.93 

0.34 CsC1-0.66 ZnC1 2 * 293.1 4.57 3.62 3.16 
605.0 4.15 3.25 2.85 

Pauling117 crystal radii: Li+ 0.6A; Na+ , 0.95A; 

e, 1.33A; Cs+ , 1.69A; C1,  Zn++ , 0.74A. 
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at mole fractions of NaC1 of 0.02 and 0.06 the Na ions are 

separated by the equivalent of about four and three Cl -  ion 

diameters respectively. At these small separations the Pe ions 

would be expected to be distorting the ZnC1 2  structure by virtue of 

their polarising power and their geometrical requirements. 

(b)Scaled particle theory 

It is interesting to look at the application of scaled particle 

theory to the meltS108 . For the alkali halides, the theory has 

obtained a good interrelation between the thermal expansivity(ak 

the compressibility and the surface tension 109 . Also the length 

parameter, A, of the theory has shown good correlation with inter-

nuclear distances determined fram crystal radii. According to the 

theory, 

a = (1-Y3)/T(1+2y) 2  

where 	= 
mmx 3  

and y is the number of particles given by one molecule of salt and 
V is the molar volume. Table 4.2 shows values of A calculated for 

v=1 (corresponding to a model of ZnC1 2  molecules), y=2 (corresponding 

to ZnC1
+ 

and C1- ) and v=3 (corresponding to camplete dissociation). The 

values expected from the crystal radii, on the basis of freely 

rotating entities, are 8.6A, 4.3A and 2.5A respectively. This poor 

agreement is not unexpected as the transport data indicate a 

complicated structure for molten ZnC1 2. Purely for interest, results 

for some mixtures are included in Table 4.2. It is difficult to 

attach any physical significance to these A values since they are 

probably a composite of at least two values. 

(c)Thermodynamic properties 

Comparcson of dp/dt and a for the melts shows that while the values 

are similar for the Lid, NaCl and KC1-ZnC1 2  systems they differ from 

the CsC1-ZnC12  system. The disparity of behaviour of the Cse1-ZInC1 2  

system and the others is also evident in the plots of average molar 

volumes and partial molar volume. (Figs. 3.5 and 3.6). At constant 
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temperature it can be seen that the degree of additivity of the 

molar volumes decreases in going from the LiC1 to the CsC1 system 

and for a given system decreases as the temperature is lowered. 

Up to m.f. of MC1 of 0.5 the partial molar volume of ZnC1 2  in the 

melts is equal to the molar volume of the pure component at 

temperatures above 3200  (Lid), 5000  (NaC1) and 6000  (KC1 and CsC1). 

The decrease in additivity of the thermodynamic properties 

(e.g. molar volume110, surface tensionill, heat and free energy
112, 113 

of mixing) of the components of the binary systems WX-MK n  as M' 

is varied from Li to Cs, seems to be a general phenomenon. For 

M=Pb, Cd or lvig the asymmetry of the curves at a simple stoichiometric 

. composition has frequently been interoretated in terms of complex 

ion formation. The absence of such asymmetry in the partial molar 

volume curves for the ZnC1 2  systems is in agreement with the Raman 

studies that show a progressive formation of complex ions with 

increasing MC1 content. 

It is interesting to compare the signs of the excess thermodynamic 
properties of the MC1-ZnC1 2  melts. The only data available is for 

temperatures above 600° . 

TABLE 4.3 

Sign of excess thermodynamic quantities for MC1-ZnC1 2  melts 

• 	M AmE (114) AGE(115) AHE (116) 

Li (-) (-) 
Na (-),(+)* (-) 

Cs (+) (+) 

* depending on MC1 concentration 

Table 4.3 shows that for a given system the excess functions 

have the same sign. This behaviour is typical of simple systems. 

However the behaviour at lager temperatures would be expected to he 

more complicated. 
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(d) Volume change on fusion 	- 
The observed volume change on fusion of 4% for the 0.47KC1 - 

0.53 ZnC12 mixture (Table 3.12), is smaller than that for the pure 

components extrapolated to the liquidus temperature. (At 232°  

the values are 10..3% for ZnC12  and 6.7% for KC1). This is 

consistent with the liquid density data which indicate that the 
excess volume becames more negative at lower temperatures. 
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4.2 Transport Results  

(a) Conductance  
Values of the specific conductances, equivalent conductances, 

activation energies and entropies for equivalent conductance for the 

NaC1, EC1 and Cse1-ZnC12  systems are given in Tables 3.5 - 3.7. 
Plots of in A vs 1/T are given in Figs. 3.7 - 3.9 and isotherms for 

in A are plotted in Fig. 3.10. At a given camposition and 

temperature, the equivalent conductance of the mixture increases in 

the order Cs, E, Na, which is the same as that for the pure alkali 
chloride. 	However quantitative calculations on the degree of 

additivity of the conductances do not appear to be justified since 

the alkali chlorides are 200 - 500°  below their melting points. 
With the exception of pure ZnC12  the specific conductance 

activation energy (EK ) vs temperature plots in Figs. 3.11 - 3.13 appear 
to level off above 600° . The isotherms of E show that the 
addition of small amounts of MC1 to pure ZnC1 2  produces almarked 
decrease in EK . (Note that EK  = EA  since EA  = Ek  + aRT2  and 
aRT2  = 0.1 at 3000  and 0.3 at 600°). As observed in the density 

measurements the differences between the systems are much more 

pronounced at low temperatures. Up to 0.3 m. f. MC1, EK  for the 
CsCl-ZnC12  system is less than that for the NaC1 and KC1 - ZnC1 2  
systems but is greater at higher in.f. of MC1. 

(b) Viscosity  

Viscosities, activation energies and entropies for viscous 

flow for the :NaC1-ZnC1 2  system are given in Table 3.8. A plot of In 

n vs 1/T is given in Fig. 3.15 and the activation energies are 

plotted in Fig. 3.16. Comparison with the data for pure molten 

ZnC12
46 shows that, once again, the addition of small amounts of 

NAC1 produce a large change in behaviour. 
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4.3 Applicability of the Free Volume Model  

(a) Conductance results  

The conductance results can be represented within experimental 

error by the three parameter free volume equation 

AT2  = A exp (-BAT-To) ) 
Values of the parameters obtained by least squares analysis 

are given in Table 4.4. Differentiation of the above equation 
with respect to ifr leads to28 : 

EA  + 0.5RT = B(T/(T-T0) ) 2 

The fit of the data to this equation can be seen in Fig. 4.1 

which also contains the Ca(No3)2-KNO3 results for camparison. 

Contrary to the behaviour found for the glass-forming nitrate 

systems, the value of B is not constant and any trend in T o  is 

obscured by the large error in determining it. Consequently 

errors of ± 0.2 - 0.5 attach to A and 0.3 to B, sufficient to 

interrupt the smooth decrease of A and B as them.f. of MC1 V is 

Increased. For nearly all the mixtures To  = 250 ± 300K. The 

large uncertainty in To  is due to the fact that measurements could 

not be made below the liquidus and were limited to temperatures 

> 2To . The one exception to this is pure ZnC1 2  where Tin  = 1.7T0 . 

It has been claimed that non-Arrhenius behaviour is only observed 

at temperatures < 2To 
37 This is not the case with the systems 

studied here and is partly attributable to the accuracy of the work. 

The data are certainly better fitted by T o  # 0 since if To  = 0 

is used the -standard deviation is increased by a factor of 5 - 10 

for the mixtures and 20 for pure ZnC1 2 . 

For the free volume model to be a satisfactory description 

of the systems studied here, it is necessary to be able to relate 

A, B and To  to molecular parameters. From the theory given in 
section 1.2 (f), A and B are given by: 

-02- 
A = 	( 1-74 	B = -Iv*  

aTT 

where the symbols have been defined previously. Putting a = 4 x 10-8 op 

and M = 50 (an average atamic weight of the ions present) the value 



1 

2 	
(TAT-To  D 2  

FIG 41 TEST OF FREE VOLUME MODEL 



• 	TABLE 4..4 
Constants In In AT = A - BAT-Td for MC1-ZnC12  Melts 
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MC1 	Xamc1 	A 	Bx10-3  Tob 	S.Epx103 T ranged TO  rangee  
ZnC12 	0 	10.38 	2.75 	330 	8.34 	1.7 - 2.6 320 - 340 
NaC1 	0.0264 	10.54 	2.98 	260 	10.8 	2.2 - 3.3 220 - 290 

0.100 	9.68 	2.23 	250 	3.3 	2.3 - 3.5 220 -270 
0.158 	9.46 	1.95 	240 	4.8 	2.3 - 3.6 220 - 260 
0.208 	8.58 	1.15 	320 	8.9 	1.8 - 2.4 250 - 360 
0.303 	9.00 	1.33 	250 	5.1 	2.2 - 3.5 220 - 280 
0.381 	8.91 	1.20 	250 	6.1 	2.1 - 3.1 200 - 280 
0.525 	8.60 	0.73 	340 	3.2 	1.8 - 2.6 220 - 500 
0.626 	9.01 	1.01 	270 	4.0 	2.6 - 3.3 50 -400 

I<C1 	0.0572 	9.48 	2.23 	290 	29.1 	2.0 - 3.0 150 -370 
0.0898 	10.47 	2.97 	210 	16.8 	2.8 - 4.1 100 -280 
0.208 	9.06 	1.62 	250 	11.1 	2.3 - 3.5 200 - 310 
0.338 	8.78 	1.24 	260 	6.0 	2.0 - 3.3 240 - 280 
0.470 	8.78 	1.16 	260 	9.5 	1.9 - 3.4 230 - 290 
0.541 	8.73 	1.09 	270 	8.5 	2.0 - 3.3 230 - 300 
0.632 	9.69 	2.06 	100 	2.0 	7.0 - 8.8 	0 - 150 

CsC1 	0.0283 	10.68 	3.31 	220 	4.4 	2.6 - 4.0 210 - 2140 
0.0616 	10.11 	2.86 	210 	4.6 	2.7 - 4.2 200 -230 
0.151 	9.30 	2.04 	220 	6.1 	2.5 - 4.0 180 -250 
0.203 	8.98 	1.72 	230 	9.2 	2.3 - 3.8 210 -270 
0.321 	8.72 	1.42 	240 	5.8 	2.3 - 3.7 210 - 270 
0.419 	8.52 	1.23 	260 	7.7 	2.0 - 3.4 220 -290 

TABLE 4•5 

Constants in in 1r4  = A + B/(T-To) for NaC1-ZnC12  melts 

Xa  NaC1 	A 	Bx10-3 m  b 	S.D.x103  T ranged  Torangee  
'o 

0.117 	-10.354 2.30 	300 	10.4 	1.9 - 2.6 240 - 340 
0.207 	-10.460 2.24 	260 	4.4 	2.2 - 3.0 240 - 290 
0.304 	- 9.956 1.78 	260 	4.0 	2.1 - 3.0 240 - 280 
0.381 	- 9.785 1.59 	260 	5.3 	2.0 - 3.0 220 - 280 
0.557 	- 9.16 	1.07 	300 	6.5 	2.1 - 2.6 150 -400 

a . 	mole fraction of alkali Chloride 
OK 

- InA,4„) 2An-1) 
temperntile rangr8f equation expressed in multiples 
of T . 
Nalugs of T, for which standard deviation is twice that 
given in ca. 6. 
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calculated for A is 6 1  which is a factor ,  of 500 less than that 

required. (Cf the nitrate systems where it was a factor of 10 

high). As noted before this large discrepancy cannot be completely 

attributed to the use of the Nernst-Einstein relation in the derivation 29 . 

Values of v*/1-tin  calculated from experimental a and B values 

with y=1, decrease fram 0.5 for pure ZnC1 2  to 0.2 in the mixtures. 

This is similar to the nitrate systems. Over the concentration 

range studied the value of A decreases by a factor of 2 and B by a 

factor of 3. The latter cannot be accounted for by the change in 

a so that it may be due to a Change in the conducting species. This 

would lend credance to the view that the alkali chloride causes a 	• 

depoIymerisation of the ZnC12  network. 

(D) Viscosity results  

Values of the A', B and To  parameters in the free volume 

equation 

nT = A exp (BAT-T0) ) 
for the NaC1-ZnC12 system are given in Table 4.5. Similar comments 

About the range of the To  values apply as mentioned in ,the previous 

Section. Within experimental error, the viscosity results for the 

mixtures are described by the same value of T o  (=25(Y± 30°K) as the 

conductance results. In the N0-
3 
ion systems such an equality has been 

taken to indicate the validity of the model. Such a-claim cannot be 

made with equal confidence for the systems in this work because of the 

large uncertainty in To . 

The theoretical expressions for A' and B are 

1 1-111-i and B 2 3N 	av na 	in 

-8 The value of In A' calculated Iran ap4 x 10 an and M*50 is 

-6, Which is within a factor of 10 Of that found. The better agreement 
In the value of the prexponential constant than Observed in the last 

section may be due to the fact that the StOkes-Einstein relation is 

more closely Obeyed by liquids than the NernstEinstein relation. 
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2 	 4 n  
( TAT-  T. ))` 

FIG 4.2 TEST OF FREE VOLUME MODEL 
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(c) Significance of To  

Having considered the A and B parameters the significance of 

TO can now beemmnined. At T the free volume of the liquid is 

zero and thus the molecules/ions would be expected to be close to 

geometrically close packed 37 . The volume fraction occupied by 

equal size spheres in a cubic close packed arrangement is 0.74and 

in a random close packed arrangement117  is 0.64. Most of the systems 

, of interest here contain molecules/ions of several different sizes and 

therefore would be expected to pack more efficiently (within the limits 

set by the Coulomb forces). 
Table 4.6 contains values for the volume fraction occupied by 

the Ions/ molecules at To  calculated using experimental (extrapolated) 

density data and Pauling crystal radii for spherical ions. For the 

nitrate ion systems two values are given: the larger value corresponds 

to the assumption that the NO-3  ion is spherically symetrical (i.e. 

freely rotating) and the smaller value to a disc like model (i.e. 

rotation only about the trigonal axis). 

The evidence generally favours restricted rotation in the 
melt69 ' 123. It can be seen from Table 4.6 that, depending on the amount 
of rotation assumed for the NO

3
-  ion

' there is sane indication that the 
(conventionally regarded) free volume limited systems NO3  and CC14, 
have a higher packing density than the (conventionally regarded) 
network systems, BeF2  and ZnC12 . Of interest in this connection would 
be data for the MFn-BeF2 systems. Indications are that the systems 
with M=Li or Ba are non glass-forming whereas those with M - s, Mg, Ca or 
Sr are glass formers 12 . 

The origin of To  has so far been considered on the Cohen-
Turnbull free volume model; however there is the alternative 
fommulation of Adam and Gibbs39  where To correponds to the temperature 

at which the configurational entropy is zero. The Adam-Gibbs 
expression for the equivalent conductance is: 

A = A exp (-Ausoil/kSoT) 
As shown in 1.1 (p) this may be approximated to 

A = A exp (-Apsolf/kACp(T=T0) ) 
where AC is used instead of C to eliminate solid-like 
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Volume fraction at To  

System 	To  

(°K) 

p at To 
(g. cm-3) 
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Vol. fn. 

Ca(NO3) 2  .4H20 201a  1.83b  0.74 - 0.60 

KNO3 
225°  2.15b  0.79 - 0.59 

0.8 KNo3  - 0.2 ca (No3 ) 2  275d 2.19e  0.82 - 0.61 

0.62 KNO3-0.38 Ca (NO3 ) 2  33.6f  2.20e  0.84 - 0.62 

0.58 LiC1 - 0.42 KC1 320g 
12.8067115k 

-0.59 

0.11 TAP - 0.89 BeF2  Ok  0.56 

0.5 LiF - 0.5 BeF 2  Ok  2.347k  0.63 

00114 801  2.01i 0.69 

ZnC12 330 2.69 0.61 

0.21 NaC1 - 0.79 ZnC1 2  320 2.62 0.61 

0.52 NaC1 - 0.48 znci 2  340 2.43 0.60 

0.057 KM - 0.94 ZnC12  290 2.60 0.59 

0.39 KC1 - 0.61 ZnC1 2 250 2.59 0.62 

0.42 CsC1 - 0.58 ZnC1 2 260 3.07 0.60 

radii 
++ 	 ++ 

Be 1  0.31A; C1-, 1.81A; F, 1.36A; Zn 	0.74A; Na , 0.95A, 

k+ , 1.33A; Cs+, 1.69A; NO3-  (sphere), 2.32A; NO3
-  (disc), 2.3A; 

++ h=2.2Am; Ca(H20)4 , 3.8A; CC14  2.759A; 

references 
a, 32; b, 119; c, 34; d, 31; e, 120; f, 34; g,34; h, 79; 1, 37; 

j, 121; k, 122; t, 120; In, 123. 
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contributions to the entropy -314 . Values of Aus o*/kACp, (=B) are 

given in Table 4.7. These values are similar to those given for the 

free volume equation in Table 4.4. Adam and Gibbs39  noted that 

neither the model or experiment required B to be constant. Further 

. analysis is hampered by the lack of data, particularly AC p . 

However it is possible to achieve some rationalisation of the change 

in the B parameter in terms of the potential energy term, Ap, if 

so* and 	areconstant. For the glass forming nitrate systems, B 

was -found to be constant which could be due to Ap remaining constant 

in these non-directinnally bonded systems. For the ZnCl2 rnixtures 
Ap and thus B could be varying due to the breakdown in the network 

structure of ZnC12 by the foreign ions. 
For pure ZnC12 , Tg has been determined 	376°K. Since 

To  = 330°K the value of Tg/To  is 1.14 which is closer to the values for 

the glass forming nitrate systems 	than the silicate or organic 

glasses 39 	(1.3 - 1.8). Accurate measurements of Tie  for the MCI- 

ZnC12  mixtures are expected to be difficult to obtain because of 

crystallisation. If the liquid is quenched at a much faster rate 

than necessary to prevent crystallisation there is the possiblity that 

the glass will contain residual or "frozen in" entropy. The effect 

of this on a subsequent Te:  measurement is not clear but presumably 

the greater the residual entropy the weaker the observed glass 

transition, e.g. silica39. 



0 	6.848 	2.66 	330 	?...--o 	10.2 

0.0264 	6.790 	2.71 	270 	23 0 	11.1 
0.100  5.870  1.90  270  zo s'  3.1 
0.158  5.591  1.56  270  ao 5  3.8 
0.208  4.984  1.00  330  3'-  8.6 
0.303  5.218  1.03  280  .2.: -°  3.6 

00:: 	55.:2530 	01.:617 	23: .2.1-:o 	5g...14; 	(_5, 

0.0898 	6.60 	2.57 	230 	17c) 

0.208 	5.238 	1.28 	280 	zof 	10.6 

0.338 	5.077 	1.00 	280 	.2 ” 	5.2 

0.470 	5.021 	0.88 	290 	0._G 0 	7.4 

0.0283 	6.784 	2.88 	240 	'7 C- 	4.0 

0.0616 	6.258 	2.47 	230 	/ f o 	3.9 

0.151 	5.510 	1.72 	240 	( 7 0 	5.0 

0.203 	5.146 	1.36 	260 	i q o 	7.7 
0.321 	4.920 	1-.11 	270 	17 0 	4.5 

TABLE 4.7 

Constants in in A = A - BAT-T0) for MC1-ZnC12  melts 

a  MC 	xlvIC1 	A 	Bx103  Tob 	S.D. e  x 103  

ZnC12 
NaC1 

KC1 

CsC1 

a 	mole fraction of alkali Chloride 

eK 

E(ln A 	- In A  

109 



110 

4.4 Applicability of Hole Model to Conductance,  and Viscosity Results  

The hole model is practically restricted to systems with 

temperature independent activation energies but in view of the 

"flattening off" of the cui,ves in Figs. 3.11 - 3.13 it is 

Interesting to see its applicability at highm.f. of MC1. 

From the Nernst-Einstein relation one derives that 

ED  = EA  + RT 

Using Eq. 1.2, 
EA = -2 . a Torn _ i.,,,? r  1 	dAVT  4.  1 	daT _ 1 
l 'il 	' --) "1m 	4AV 	dT 	r V 2a -U 	etr T 	T 	T 

ciNill ..4.1 

For pure ZnC12  data are available to evaluate the terms in brackets: 

A VT = () solid 	Pliq 

Psolid = 2 ' 910 - 8.55 x 10-5  t — 8.974 x 10-7  t2  (ref. 14) 

p liq = 2.689 - 0.522 x 10-3 t 
1 i.e. 	LIANIT - (0.221 + 0.437 x 10-3  t - 8.974 x 10-7t2)-1  AVT dT 

(0.437 x 10-3  - 17.8 x 10-7t) 

10-3  at 400°  

For ZnC12, 320 - 3900 , da/dt —0.10, a = 60 — 55, 32tScli. — 10-3  

390 — 550, da/dt = -1.3 x 10 -2 , = 55 — 53, -1.4I z - 10-4  

1gr  = 1 dp 	2 x 10-4  VT  dT 	p dt - 

The value of the second term on the right of Eq. 4.1 is then 0.1 

k cal mole-1  up to 400° . For the mixtures the value would be even 

less since the values of all of the terms in brackets are less than 

for pure ZnC12. Thus 

E - 3.5 RT 

	

A 	m 

where Tm  is to be equated with the liquidus temperature. 

Acomparison of the observed and calculated EA  values is given 

In Table 4.8. Table 4.9 contains Values of En  and values calculated 

from E
n 

z 3.5 liTm  + 0.5 RT. Only at 0.6 mi. MC1 do the experimental 
activation energies approach that required for the hole model. 
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Table 4.8 

Comparison of EA with hole model value for MC1-Zne12 melts 

Salt XMC1 tm(°C) EA (obs. ) 3.5 RTm 
NaC1 0 317 27 4.1 

0.0264 305 - 310 18 4.0 
0.101 <300 13.5 4.0 
0.158 291 - 297 11.5 3.9 
0.208 <301 10 3.6 
0.303 270 - 275 8.5 3.7 
0.381 <259 8 4.3 
0.525 342 - 345 4.5 4.8 
0.626 419 - 423 4 

ICC1 0.0572 <312 16 4.1 
0.0898 <310 15 4.0 
0.208 290 - 299 10 3.9 
0.338 251 - 255 9 3.6 
0.470 <237 9 3.5 
0.541 259 - 265 7 3.7 
0.632 <430 4.5 4.9 

CsC1 0.0283 302 - 304 17 14.0 
0.0616 300 - 304 14 4.0 
0.151 282 - 285 11 3.9 
0.203 254 - 260 11 3.7 
0.320 269 - 274 8.5 3.8 
0.419 245 - 248 9 3.6 

TABLE 4.9 

Comparison of E
n 
with 

XMC1 

hole model value for NaC1-ZnC1 2  melts ,  
tm(°C) 	E

n (obs) 
4 RTm  

0.111 <305 18.8 4.6 
0.207 <297 14.5 4.5 
0.304 274 - 280 12.0 4.4 
0.381 252 - 260 11.8 4,2 
0.557 356 - 361 7.0 5.0 

An interesting feature of the E r  plots given in Figs. 3.11 - 3.13 
and the E

n plots in Fig. 
concentration of MC1 3  EK  
function of temperature, 

3.16 is that while in the mixtures with a lxya 
or F

In (or ED18) is a replay decreasing 
at higher m.f. of MC1 the curves approach a 

limiting value well above that required by the hole =del. If this is 
due to the complex ions observed in the Raman spectra then the previous 
paragraph indicates that they are absent above 0.6 m.f. MC1. 
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4.5 Correlations with the Activated State Parameters  

Although rate theory considers a simplified transport step, 

viz a unimolecular process with no cooperative effects, it has been 

used to correlate liquids into structural types. The effectiveness 

of same of these correlations will now be considered. 

(a) E /E -1--A 

Values of E, EA  and E /EA  are given in Table 4.10 for some of n  n  
the mixtures studied in this work together with values for some 

glass-forming systems. Ubbelohde et a1 125 have published a similar 

table containing data for a large number of halide and nitrate 

melts. Their conclusion that a salt with a low melting temperature 
has a law value of the ratio E /EA'  is also applicable here. n  

Large values of En/rAhave been rationalised on the basis that 
conductance is mainly by the smaller ions whereas viscous flow 

involves movement of both ions. Low values of the ratio have been 
taken to indicate some type of association in the melt. Nhile this 

appears reasonable for pure ZnC12 , the constancy of the ratio from 
pure anC12  to mixtures with 0.5 m.f. NaC1 is difficult to explain. 
It was seen in 4.4 that at high concentrations of the alkali chloride, 
En  and EA  approach the values required by the hole model. However 
the ratio is still much less than that for pure molten NaC1 ( -6). 

This apparent discrepancy is due to the large difference between the 

liquidus teffperatures of the mixture and pure NaCl. 

(b) Entropies of activation 

Values of the activation entropies for equivalent conductance and 

viscous flow are given in Tables 3.5 - 3.8 and plotted in Figs. 4.3 - 
4.6. The large positive values of the activation entropies for 

transport in pure anC12  indicate that it is an associated liquid. With 

increase of temperature or addition of alkali metal chloride the values 

decrease towards those for the pure alkali metal chlorides. While 

not much significance can be attributed to the actual numerical values, 

there seems to be a notable difference between AS A and ASn at high 
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TABLE 4.10 

Constant pressure activation parameters for various melts 

Salt 	t 	En 	EA 	E,r1A:ti AS*A AS*
n 

	

( °C) (k.ea1.mo1e-1)(k.cal.mo1e 	(e.u.)(e.u.) 

Ca(NO3) 2 .4H20a 	25 	13.5 	12.0 	1.12 

	

70 	7.9 	7.6 	1.04 

	

0.45Ca(N0 ) -0.55KNO 200 	15.5b 	15.00 	1.03 3 2 	3300 	7.5`' 
BeF2  985 	57.3

d 	-60(740° ) 	+30g +30g 

	

575 	59.6 
SiO2  1720 	180f 	 +50g 

Ge02  1115 	180f 	46.5f 	3.87 	+50g 

ZnC12  320 	-40g 	25 	1.6 	-25 

0.1NaC1-0.9ZnCl, 	300 	20 	13.5 	1.5 	+ 6 -+40 
' 	400 	15.5 	10.5 	1.5 	+ 1 -+20 

	

500 	11.5 	8.7 	1.3 	- 2 -+ 8 

0.2NaC1-0.8ZnCl, 	300 	14.5 	9.8 	1.47 	+ 3 +34 
' 	400 	11.2 	7.2 	1.55 	- 2 +12 

	

500 	9.1 	5.9 	1.54 	- 4 + 5 

0.3NaC1-0.7ZnCl, 	300 	11.1 	7.8 	1.42 -0.5 +20 
' 	400 	8.5 	5.7 	1.49 -3.5 + 8 

	

500 	7.2 	4.7 	1.53 	- 5 + 2 

0.52NaC1-0.48Zn01 	350 	7.2 	4.6 	1.56 

	

2 400 	6.2 	4.3 	1.44 

	

500 	5.2 	3.5 	1.48 

references 

a, 119; b, 127; c, 29; d, 40; e, 128; f, 107 (Pg. 196), fg, 46. 
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mole fractions of wri. The value of AS* is fairly constant above A 
0.4 m.f. MC1 whereas AS* is still concentration dependent. This 
suggests that above 0.4 m.f. 14C1 there are enough free Ions present 

to carry the bulk of the current but that remnants of the network 

still persist to hinder viscous flow. 

It is interesting to compare the MC1-ZnC1 2  with the MF=BeF2  systems 

since they are in many ways analogous. The transport properties 

and glass-forming ability of BeF 2  have been interpretated as 
indicating a network structure in the melt. As with the binary 
ZnC12  systems, the binary 3eF2  systems are less viscous and show the 
same sharp decrease in viscosity at low concentrations of the alknli 
metal halide122' 124(b).  In contrast to the &ICI 2 systems, same of 
the BeF2  systems are glass-forming. Also the Be1 2  systems are 

practically Arrhenius whereas those based on ZnC1 2  are not. To 
interpret the behaviour of both systems as due to breaking down of 

the network structure then becomes a little difficult. Accurate 

measurements on the relaxation spectra of the liquids would be useful 
here. The single relaxation time in molten ZnC12  found by Gruber 
and Litovitz49 is doubtful since they also found the viscosity to 
follow an Arrhenius relation. 

(c) Walden product  

The temperature dependence of the Walden product for Ne1-ZnCl2  

melts is shown in Fig. 4.7. The large temperature dependencejs 
typical of molten salts (except organic salts 126 ) and illustrates 
the approximate validity of the Stokes-Einstein and Nernst-Einstein 

equations. Surprisingly, the variation at high m.f. of MC1 is less 

than that for pureAqaC1 but is probably due to the comparison being 
made at different temperatures. 



300 	 T(t) 	400 

FIG 4.7 	WALDEN PRODUCT FOR NaC I -ZnC1 2  MELTS 
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(d) Hybrid equation  

Macedo and Litovitz 43 have classified liquids as free volume or 

energy limited in the transport process depending on the relative 
magnitude of the terms in the equation: 

ln n = A + B/(T-To) + 4/RT 

An attempt was made to fit the viscosity data for the NaC1-ZnC1 2  

system to this equation. As values for FIT  were not available it 

was treated as an adjustable parameter, It was found that there 

was no unique value of To  giving the best standard deviation. 

Also, depending upon the value of T o , the parameters showed a wide 

range of values. 
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4.6 Summary and Conclusions  

It has been seen that the non-Arthenius behaviour of conductance 

and viscosity of MC1-ZnC12  melts can be described by the three 

parameter equations: 

A or l/n = AT 	(-BAT-TO) ) 

and 	A or l/n = A exP (-B/(T-T0)  ) 

The first equation represents the Cohen-Turnbull free volume 

model and the second the Adam -Gibbs configurational entropy model. 

It should be noted that the second equation is obtained by assuming 

that ACID is constant. Thus the conclusion that the data are equally 

well fitted by either model has to be made with reservations. 

As crystallisation of the melts restricted measurements to 

temperatures above the liquidus, the error in T o  for the ZnC12  systems 

obscures any composition dependence of this parameter. (Except 

for the change in To  between pure ZnC12  and the most dilute mixture). 

For the binary mixtures with ZnC1 2 , the error in To  is similar to 

the total change in To  observed in the binary nitrate systems. There 

Is a general indication from the conductance and density data that 

Cs ' has a greater effect on the properties of ZnC1 2  than the other 

alkali metal cations. However this is not seen in the present T o  data. 

A comparison can be made here of the binary systems containing Ca(NO 3 ) 2 . 

4H20: with KNO3 
as second component, To  is increased, and with Cd(NO3 ) 2 

as second component, To  is decreased by up to 20 0  in both cases. 

More accurate measurements made in the high temperature region would 
not improve the reliability of the TO value for the ZnC1 2  systems. , 

The only course would be to make measurements on the supercooled liquid. 

However this does not appear feasible because of crystallisation. 

For ZnC12 a reason for crystallisation may be inferred from the low 

temperature density behaviour of the melt.. It appears that at 

temperatures just above the freezing point, the melt may contain quasi-

crystalline clusters. These could then act as nuclei for crystal 

formation at lower temperatures. Pure molten ZnC1 2  also fails to 
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satisfy Cohen and TUrnbull's 129 empirical criterion for glass 

formation: that AGn > 30 771  Where AGn is the free energy of 

activation for viscous flaw. The relevant figures for ZnC1 2  are 

6 and 36 k cal mole-1 . 

Various correlations amongst the transport parameters of the 

MC1-ZnC12 mixtures have been attempted. Indications fram the 

correlations and the applicability of the hole model are that above 

0.6 mole fraction of MC1, the behaviour of the mixtures is similar 

to that of the pure alkali metal chlorides. The correlations do not 

allow a clear distinction between free volume and energy limited 

transport processes and thus the interpretation of the effect of 

the MC1 ions on the Zne1 2 structure depends largely on the evidence 

from the Raman spectra. Below 0.6 mole fraction the transport and 

density behaviour of the mixtures is consistent with a continuous 

breakdown of the ZnC12 network to form complex anions. 
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5. APPENDIX  

It has been drawn to the attention of the authca, that 

the approximate form of the Adam-Gibbs equation used on p.106 

Is not valid for the large T/To  values encountered in this work. 

The equivalent conductance results have accordingly been fitted 

without approximation to the original equation: 

AA 

A = A exp(-B—/Ttn(T/T0 )) 

An I.B.M. computer was used to perform the non-linear least 

squares fit. Successive iterations were made of the parameters 

until the sum of squares stayed constant to 10 -11 . The values 

of the parameters are given in Table 5.1 together with the estimates 

of their standard errors calculated from: 

(58— , 6T0, = VZS2M11/(n-3)) 

where S2 is the sum of squares of the residnAls, Mii  is the inverse 

of the matrix of the normal equations and n is the number of data 

points. 

With the constants given in Table 5.1 it is possible to obtain 

reasonable agreement between the calculated and experimental values 

of A except for temperatures close to the liquidus. The fit at the 

low temperature end is, on the average several percent off; it can 

be improved by using slightly different values for the parameters 

(amounting to changes of 10-20° in To ), with a consequent decrease 

In the fit at higher temperatures and a slight increase in the overall 

standard deviation. The derived constants in the Adam-Gibbs equation 

are thus dependent on the temperature range used for the camputation. 

The constants in the Adam-Gibbs equation in Table 5.1 and the 

Cohen-Turnbull equation in Table 4.4 show similar dependencies upon 
composition. In both cases the B values show a large decrease with 

increasing alkali metal chloride content. While the To  values in 

Table 5.1 are less than those in Table 4.4, there is a similarity 
in the composition dependence. As noted before AC data would be 

useful in achieving some rationalisation of the results. However 
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it is felt that the apparent complexity of the variation of T o  

with composition is partly due to the fact that measurements were 

made over different temperature. ranges (cf. col. 7 of Table 4.4). 
In Table 5.2 are given the results of the least squares fit 

of the viscosity data according to the equation: 

AA 	A A 

n = A exp(B /Tin(T/To )) 

Similar comments as made above about the parameters in the 

conductance equation can be applied here. In view of the 

uncertainty in the To  values the agreement between the two types 

of measurement is fair. 

Thus the recomputation of the results has not changed the 

basic behaviour and thus the discussion in Chapter 4 is unaffected. 



TABLE 5.1 
	 131 / 

A/ 

Constants in A = A exp(-B/2kn(T/T 0 )) for MCP.-ZnCk 2  melts 

" MCMCP.xa MCZ 	A" 	di) 	B b 	6B -o 	6T0 b S.D. d 

Znat2  0.000 	400.4 	29.2 	3915.5 	166.9 	289.1 	8.1 	0.0150 
NaCe962 	0.0264 	275.5 	28.0 	3419.1 	260.1 	270.2 14.7 	0.0435 

	

0.1006 	231.6 	4.7 	3489.5 	69.2 	201.4 	3.7 	0.0193 

	

0.158 	189.1 	3.9 	2858.5 	67.0 	202.1 	4.3 	0.0323 

	

0 .208 	108.0 	6.3 	1471.0 	94.2 	292.5 10.1 	0.0508 

	

0.303 	146.2 	2.0 	1833.5 	38.7 	215.9 	3.8 	0.0634 

	

0.381 	140.5 	4.6 	1590.7 	74.0 	220.9 	7.5 	0.0703 

	

0.525 	114.4 	2.7 	764.2 	39.6 	331.1 	8.7 	0.1772 

	

0.626 	144.2 	7.7 	1006.1 	129.4 	282.3 24.7 	0.1415 

KCt 	0.0572 	243.3 	74.2 	4163.2 	>1000 	199.3 49.5 	0.1390 

	

0.0898 	330.4 	63.1 	4245.4 	689.7 	190.9 30.3 	0.0994 

	

0.208 	157.1 	13.7 	2615.7 	297.8 	190.3 20.6 	0.1608 

	

0.338 	121.5 	1.7 	1658.9 	36.1 	228.0 	3.8 	0.0600 

	

0.470 	122.0 	1.7 	1471.6 	34.4 	235.6 	4.0 	0.0876 

	

0.541 	120.7 	2.3 	1389.1 	46.1 	241.8 	5.7 	0.1198 

	

0.632 	176.6 	14.7 	2290.8 	386.7 	157.9 31.1 	0.0910 

CsCt 	0.0283 	396.7 	18.0 	5036.2 	174.5 	187.8 	6.6 	0.0152 

	

0.0616 	350.0 	11.0 	5612.5 	160.0 	134.6 	14.9 	0.0149 

	

0.151 	180.7 	3.7 	3624.8 	85.1 	155.2 	4.1 	0.0254 

	

0.203 	146.2 	3.9 	2989.1 	103.7 	163.8 	6.0 	0.0465 

	

0.321 	110.5 	2.1 	2105.7 	58.6 	195.9 	4.9 	0.0476 

	

0.419 	99.9 	1.6 	1780.6 	41.9 	215.6 	4.1 	0.0556 
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TABLE 5.2 

Constants in n = A-exp(B/Tkn(T/T0 )) for NaCk-ZnC2, 2  melts 

xa NaCk A 	x103  6Ax103 
IA 

6B 7c ISTo 

	

d10,„ 	3 S.D. 	,L 

0.117 3.127 0.531 2776.3 218.5 287.3 10.9 8.292 
0.207 3.051 0.276 2544.6 137.0 261.2 7.8 2.088 
0.304 2.962 0.145 2519.6 87.5 226.1 5.1 0.716 
0.381 4.164 0.152 1822.0 50.2 255.5 3.7 0.657 
0.557 5.275 0.695 1336.8 243.1 273.0 29.9 0.214 

Footnote for Tables 5.1 and 5.2:  

a 	mole fraction of alkali chloride 

(SA , 6B , 5T0  = V?S2M11/(n-3)) where S2  is the sum of 

squares, Mil  is the inverse of the matrix of_the_normal_equations 

and n is the number of data points. 

V1E(A calc-  Aobs)2/(n-1))* 


