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Abstract. 

The unusual physical behaviour of the melt of 

potassium nitrate and calcium nitrate had previously 

been reported. In the present study, the liquid behaviour 

is defined quantitatively in terms of physical properties, 

some results are taken on related systems and a structural 

explanation postulated to explain the data. 

A brief review of fundamental liquid theory and 

theories of viscosity transport are given. A more detailed 

analysis of the experimental measurements in molten salts 

most relevant to a structural analysis and a study of 

previous work in the monodivalent nitrate melts leads to 

a simple structural model capable of a limited interpre-

tation of experimental behaviour. 

Qualitative studies on the nature of the low 

temperature form of certain compositions of the mixed 

nitrate melts verifies previous kreports of glass forma-

tion. A quantitative study in the liquid range of the 

viscosity of the binary mixtvres of sodium, potassium, 

rubidium and caesium nitrate with calcium nitrate estab-

lished the essentially non-Arhenius nature of the viscosity 

plots. An investigation of the electrical conductivity and 
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U.V. spectra of the melts was then carried out. The con- 

clusions drawn indicated the possibility of anomalous 

dielectric effects in the supercooled melt. Techniques 

were developed for this study and results indicatiag some 

form of loss mechanism obtained. 

Various possible correlations of the data on the 

basis of simple molecular models were calculated and 

some conception of the nature cf the low temperature 

liquid form established. A final model explaining the 

varied behaviour of the properties, including dielectric 

effects is given. 
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Section I. 

This section deals with a brief survey of general 

theoretical and experimental results useful in the discussion 

of the structure of the melts. In Chapter 1, a brief descrip-

tion of liquid theory based mainly on cell and hole theory is 

given and applied to the case of simple transport theories. 

In Chapter 2, general experiments helpful in understanding 

the nature of molten salts are given and are followed by a 

more detailed discussion of knowledge in the actual systems 

under analysis. 



a. 
Chapter 1. 

Liquid State Theory and its Application 

to Transport. 

1.1. General Theory. 

In both solid and gas3ous states, one feature of over-

riding importaace allows the construction of simple, exact 

models capable of complete solution. In a gas the criterion 

is the large separation between molecules and in a solid it is 

the long range order. No similar feature exists in liquids, 

the size and shape of the molecule, the nature of the inter-

molecular forces, separation distances, the degree of randomi-

sation and other factors must all be considered. So far, no 

exact solutions have been obtained and all useful approximations 

have involved drastic and unrealistic simplifications. The cell 

and hole theories are considered most likely to provide an even-

tual solution to the specific problems of ionic liquids, since 

qualitatively similar conclusions are derived from the experi-

mental studies described in Chapter 2. 

X-ray and neutron diffraction data 	( see 	2.1.1.)  

show that, while there is short range order in a liquid extend-

ing to second and third co-ordination shells, no long range 

order exists. The most effective method of dealing with such 
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a problem is likely to be by a statistical approach4 A direct 

mathematical solution to the problem is not at present possible 

due to the complexity of the equations obtained. All theories 

make some form of assumption either mathematical or physical. 

While mathematical assumptions are preferable since they can be 

refined without altering the basic approach, physical models 

are generally more useful in interpreting experiment and at 

present more advanced. 

The theory starts with the consideration of the molecular 

partition function, 

1  
z - 

h
3N
. N! f

- H 
e kT dr1 drNdpi  

N is the number of particles considered, dr1 	drN  are volume 

elements of the particles 1 to N at vector distances r1 	rN  

from a reference particle and p1 	pN  are the momenta terms 

associated with the particles. Derivations of this equation are 

given in fundamental texts0). 

The integration for momenta is trivial for structureless 

particles so that, 

z = (21; mkT) 2 
Q 

Since the basic thermodynamic relationships can be derived from 

z, the probJem is solved if a method evaluating Q, the configu-

rational integral, can be found. 



10. 

The best known mathematical apprnximation is due to 

Kirkwood
(2)

. He expanded the integral Q in terms of pair dis-

tribution functions and higher terms. The series becomes 

complex and evaluation impcssible if it is not terminated 

drastically. It was assumed that the effect of higher terms 

was quite small and could be effectively represented by an 

approximate triplet distribution term. The approximate dis-

tribution function was taken as the product of the relevant 

pair distribution functions. Various authors°' 4)  have since 

carried out evaluations of these functions but the results do 

not agree well with experiment. 

Physical approximations are of more interest in the 

current research since they postulate a simple basic structure 

for the liquid state. The most widely accepted theories are 

cell theory and a development of it, hole theory. In the cell 

modal, each molecule is assumed to be trapped in a cage or cell 

fixed by the neighbouring molecules. This gives an overall 

pattern of a three-dimensional lattice of cells, each of iden-

tical size containing one atom. There are no vacant cells and 

the free volume is account.d for by expanding the lattice. The 

hole theory allows such vacancies but introduces more adjustable 

parameters. 
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Simple cell theory assumes that each cell will contain 

only one molecule and that each molecule moves independently of 

molecules in neighbouring cells. The configurational integral 

is of the form, (5)  

	

1 	* 	- uo  

	

Q = 14! 	/E e 	Int. v 

* 
where NE is the summation over all possible arrangements of the 

N molecules in N cells, one molecule in each cell so that, 

o is the zero energy when the centre of each molecule 

is at the centre of each cell. 

o
f 
is the free volume per molecule. 

The free volume term arises from the fact that since each 

molecule cen vibrate in its cell, the volume of the cell is 

greater than that of the molecule. The essential problem of 

cell theory is the evaluation of vf. The solution is simple 

for molecules consisting of hard spheres but, for real molecules, 

consideration must be taken of the nature of the potential formed. 

The most widely accepted solution is that of Leflnard-Jones and 

Devonshire 6'?). 

They expressed the potential energy of a molecule in its 

cell in terms of the distance from the cell centre and evaluated 
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o
f as a function of that potential. The shape of the cell used 

affects the result. It is normal to consider it as spherical. 

Using the standard 6 : 12 bireciprocal potential function of 

LeOnard-Jcnes and Devonshire, the configurational integral was 

calculated by numerical methods. 

From these results, the thermodynamic properties of argon, 

the liquid most likely to :it the theory, were calculated
(8)
. 

While the results are approximately cc rect, they represent more 

closely solid state results extrapolated into the liquid state 

region than liquid results. 

Three basic assumptions of the theory have been questimed(9):- 

1) that each cell contains only one molecule. This assumption 

means that poor use is made of the available free volume and that 

the entropy term will be too low. 

2) That each molecule is independent of the vibrations of its 

neighbours. Such an assumption makes the same error as is inherent 

in an Einstein crystal but it may be expected to be more serious 

here. 

3) The exact shape of the cell. 

Proposed solutions for all three and various other modifi-

cations have been studied and agreement with experiment improved, 

but cell theory remains essentially a theory of the solid state. 
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The main advantage of hole theory is that it allows a 

more radical form of disorder while retaining the essential 

lattice structure so that its analysis can be carried out along 

similar lines
(1o)

. The excess volume of melting is taken up both 

by the expansion of the lattice of cells and by the formation of 

a number of vacant lattice sites or holes. The major problem is 

to determine the number and size of the holes. 

Tne number of molecules is leas than the number of cells 

available, so that the partition function, 

-u0  
. e Rf = 	ni 

v
f
i  

A 

is the summation over all possible arrangements of the 

molecules in the available cells. 

th vf
1.7k 

is the free volume of the . molecule in the arrange- 

ment 71. 

The term vf
i?t 

depends both on the fraction of boles 

adjacent to position i and on the arrangement of the occupied 

holes. Various attempts have been made to evaluate this term 

by approximate methods. Curtiss and Rowlinson achieved this 

by minimising the energy of the system. Their theory gives the 

correct values for the second virial coefficient and the correct 

perfect gas partition function but at higher densities the 

results are less satisfactory. 
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Considerable attention has been paid in this analysis 

to the qualitative development of the models and no attempt 

has been made either to develop the theories mathematically or 

to adapt them to fit molten salts. The theories are included 

to give a simple theoretical model on which transport mechanisms 

can qualitatively be understood and to compare with the experi-

mental &pproach of Chapter 2. 

1.2. Transport Theory. 

Most of the transport data obtained is in the form of 

viscosity, the remainder A.C. electrical conductivity results. 

The analysis considered here is of the relation of the macroscopic 

viscosity coefficient to molecular structure. It is normal to 

classify theories depending on whether they are based on movement 

in a gas-like or solid-like model. The lack of knowledge of the 

relative importance of the many liquid parameters means that basic 

theories which make only mathematical approximations are extremely 

general and of little use for practical correlation with experiment. 

Theories based on a gas-like model are likely to be less applicable 

to the very dense and nighly viscous molten salts. Consequently 

the gas-like model approach of Enskog X11)  and Longueti-Higgins 

and Pople(12), together with the more comprehensive approaches 

of Kirkwood(13) and Born and Green
(14) 

are not developed here. 
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The unsolved natu-e of the viscosity problem has led to 

the proliferation of semi-empirical theories, all of which cannot 

be obeyed. A brief review of the most relevant of these is given. 

Four approaches are descrited : relaxatior theory, vibration theory 

and two hole theories, the absolute reaction rate theory of Eyring 

and the Cohen and Turnbull free volume approach. 

1.2.1. Relaxation Theory. 

The basic concept of this theory is due to Maxwell, who 

considered viscosity in a classical manner, neglecting molecular 

structuze. Viscosity was regarded as a combination of an elastic 

deformation and a simple Newtonian shear effect. 

Frankel
(15) developed a similar theory on the basis of 

molecular interactions. alch molecule vibrates about its equili-

brium position and after a time, long compared with the vibration 

time, it flows inco thenext position. This flow process involves 

the evaporation of the molecule into an interstiti.al position and 

its condensation into a nei site. The theory gives the expression, 

6 To  kT 	w 
7= 	. e kT 

is the distance between equilibrium positions. 

w is the evaporation energy required to reach the inter- 

stitial site. 

T
o 
is the period of the equilibrium vibration. 
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The term b is temperature dependent and, if the pre-

exponential temperature dependence is assumed to be negligible 

due to compensating effects, the Arhenius expression is obtained. 

1.2.2. Vibration Theory of Andrade. 

This theory is based on a simple cell model approach 

although it as developed before it(16) Each molecule vibrates 

abouto its equilibrium position in a manner determined by the 

influence of neighbouring molecules. This environment will 

change in a time long compared with the time for molecular vib-

ration due to the effect of bulk flow in the liquid. At extreme 

libration, a molecule may combine with a neighbouring one momen-

tarily, thus allowing for a sharing of momentum parallel to the 

direction of drift. Andrade derived an expression of the form, 

4 
71 =  3 

The frequency v can be approximately determined at the 

melting point by the use of the Lindertank17)  formula for the 

corresponding tolid 

/Tf V = K k ---17— 
my 3 

These results are in good agreement for a range of simple 

liquids. 
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The development of these concepts to explain the tempera- 

ture dependence cf viscosity involves four postulates, 

1) Momentum transfer occurs only if the mutual potential 

energy of the molecules is favourable, probably due to their 

relative position. 

2) Some degree of ordering of molecular positions occurs 

in localised regions of the liquid. 

3) This tendency to adopt mutually favourable positions is 

distutbad by an increase in temperature. 

4) Tha number of molecules possessing a favourable mutual 

potential energy is determined by a Boltzman distribution function. 

Andrade obtained the expression, 

2 
= A e T . 

On considering the effect of volume (v), the above expres-

sion was modified to, 

1"; 	c' f(v)  
11-v =Ae T 

assuming that to a first app'roximation, the potential energy 

varies as 
1  
- , the expression becomes, 

-9;1/3 = A e vT 
which is good agreement with an even wider range of data than 

the simple Altenius equation. 
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1.2.3. Hole theory of  

This study of hole theoricle Ao 	an extension 

of the absolute reaction rate concepts developed in chemical 

kinetics
(18). The volume of a simple liquid at its melting 

point is about 12% greater than that of the corresponding 

Eolid. The excess volume is considered to be taken up mainly 

by the creation of vacant lattice positions or holes in the 

liquid and motion is attributed to the ability of a molecule 

to transfer into such a vacancy. 

The following analysis was first prepared by Eyring, 

considering an arrangement of molecules, each at its cell 

centre with one cell site unoccupied as shown in diagram 1.1. 
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It is assumed that a potential energy barrier prevents 

motion from an occupied to an unoccupied site. The molecules 

vibrate in their cell positions until one or other adjacent to 

the vacant site receives sufficient energy to cross the barrier. 

Since each lattice site is i_dentical, in equilibrium the poten-

tial barrier dill be symmetric but if a force (f) is applied to 

the melt, the potential barrier becomes unsymmetrical, as shown. 

Under these conditions there is a nett flow of molecules in one 

direction. By applying the simple concepts of absolute reaction 

rate theory, Eyring obtained an expression of the form, 

h N 
II. 	e 41;  

where F is the free energy barrier height, and so, 

h N 6H  e R RT 

An expression which contains an entropy term associated with the 

hopping mechanism. This term is later used to aid in the eluci-

dation of the anomalous transport data obtained. 

The fundamental veracity of this theory has been questioned. 

Nevertheless, it provides a useful and extremely simple basis for 

comparison of various liquid state systems. It will be used in 

this manner in later analysis but, as far as possible, the actual 

physical model from which it was derived will be regarded as 

oversimplified. 
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An alternative method of approach was suggested by 

Eyring on the basis of work by Batchinski, who discovered 

experimentally that the fluidity of a system is uirectly pro-

portional to the free volume(19) Eyring suggested that the 

viscosity was therefore a flinction of the number of holes as 

well as the potential energy barriers in the liquid. This 

approach has now been embodied by Eyring in the much wider 

theory of significant structures(2o), the concepts of which 

are not of relevance to this discussion. 

1.2.4. Free Volume Theory. 

The free volume theory of Cohen and Turnbull
(21, 22) 

has been applied by C.A. Angell (see 2.2.2.) to the anomalous 

conductivity results for potassium nitrate — calcium nitrate. 

This is also a form of hole theory which, to some extent, aids 

in an explanation of glass formation. 

The authors consider that all liquids when cooled viould 

become glasses unless crystallization intervened, so that, 

whether or not a liquid becomes a glass depends on the relative 

rates of cooling and of crystallization. At the glass point, 

the thermodynamic properties of a liquid undergo a change of 

slope without any obvious structural change being detected. 

Flory and Fox(23) postulated that this change occurred when 
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the froo volume of the system fell below a critical limit. 

Cohen and Turnbull suggest that this is the point at which a 

void in the liquid of the size of one molecule becomes ener-

getically impossible. 

To explain transport, they consider that the free 

volume of the liquid is distributed throughout in voids of 

varying size. Transport occurs when a molecule comes in 

contact with a void of sufficient size to accommodate it. 

The molecule may then mo,re into the void but a transport step 

is only taken provided a second molecule moves into the space 

vacated by the first one, preventing back diffusion. The 

problem reduces essentially to discovering the nature of the 

void distribution. The authors evaluated this statistically 

and finally arrived at an expression, 

-b 
v
o 

0 = A e of 

0 is the fluidity of the system. 
ma 

v
o
is theivolume of one 	 yMoLE  

o
f 
is the total free volume. 

This expression is the empirical equation of Doolittle(24) 

which is found to hold for a large number of liquids. 

The pre-exponential term A contains two fitted para- 

meters characteristic of the theory. Its relationship to the 
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anomalous melts is discussed in Chapter 2, but the fit is not 

good. 

All the successful theories discussed above appear to 

contain an exponential term whose behaviour with temperature 

will be similar to a simple Bo3tzman distribution function, 

which might well be expected to describe the liquid state 

results with reasonable accuracy. The simple qpenius theory 

is therefore used to help reduce the experimental results to 

simpler proportions. The simple absolute reaction rate theory 

is preferred for theoretical analysis since the pre-exponential 

term, directly related to order-disorder analysis, is more 

informative. 
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Chapter 2. 

An Experimental Approach to the Problem of  

Molten Salt Structure. 

Alternatively to theoretical methods, concepts regarding 

liquid state structure can be obtained by deduction from experi-

ment. It is in this direction that the specific contribution 

of molten salts has been most extensively developed. Techniques 

such as X-ray diffraction are not as informative in the liquid 

state as in the solid so that spectroscopic properties and 

thermodynamic 	and transport data must be considered. Some 

general experiments apposite to the understanding of molten salt 

structure and a more detailed account of experimental work on 

alkali-alkaline earth nitrate mixtures are concluded by a des-

cription of the simple structural model for mixed nitrates of 

McAuley, Rhodes and Ubbelohde. 

2.1. General Experiments. 

2.1.1. X-ray and Neutron diffraction data. 

In the solid state, X-ray photographs give an extremely 

good method of characterising solid structure, but with liquids 

the disorder of the system prevents a similar interpretation and 

only a more limited analysis in terms of radial distribution 

functions is possible(25). These distribution functions are 
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plots of the probability of finding an ion at any given distance 

from a central reference ion. Typical plots of molten salt data 

are shown for lithium chloride and sodium nitrate in diagram 

2.1. Wher these functions are corrected for scattering effects, 

as shown for lithium chloride, the radial distribution functions 

suggest some form of ordering out to three or four co-ordination 

shells. 

In a simple salt consisting of two simple ions like 

lithium chloride, a full analysis of +he radial distribution 

function could be made in terms of pair distribution functions 

.+ + 	 + 
LI -Li , Cl Cl and Li +- Cl-  if three sets of experimental 

data using different isotopes was available. This analysis 

has never been successfully carried out for any simple salt. 

With lithium chloride containing (Li7)4-  ion, however, a comparison 

with the essentially similar neutron diffraction datal shown in 

diagram 2.1., gives a partial analysis. The (Li7)+ isotope has 

a negative scattering amplitude so that peaks due to (Li7)4.- Cl- 

interactions will be negative, those due to (Li7)+- (Li7)4-  and 

C1- Cl-  will be positive. The first peak of the distribution 

is negative, the second positive, so that the charges alternate 

in the melt. 
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The nitrate function is more complex, and a fundamental 

analysis is less possible. The first, extremely sharp peak 

represents the nitrogen to oxygen distance in the melt and is 

1.20 A°, a figure not much different from the value of 1.22 A°  

in the solid state. The distance of the second peak for sodium 

nitrate is at 2.35 A°from the origin. This represents the first 

inter-ionic distance in the melt. There seemi no reason to 

doubt that charge alternation also occurs in nitrate melts and 

that this represents the Na
+ 
- NO3 distance in the melt. 

These results are very sensitive to environmental effects 

and corrections for sucn terms as Compton and multiple scatter-

ing and adsorption are large and not necessarily well defined. 

Some of the results obtained are corroborated in the separately 

developed spectroscopy techniques. 

2.1:2. Ultraviolet Spectroscopy. 

The u.v. Spectra of the low intensity band of the nitrate 

ion has been intensively studied in melts since it is environ-

ment sensitive. Neither the reason it is sensitive nor the 

nature of the transition, which is probably n 	its, is fully 

understood. One explanation is that the excited electron moves 

in a strongly anti-bonding nxbital formed by a cage of the 

surrounding ions. Alternatively, it may be assumed that when 
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when the atomic orbitals are mixed to give a molecular orbital, 

the difference in electronegativity between the two atoms will 

give a weighting effect(28). In either case, the orbital 

resides at the outside of the nitrate electron shell in direct 

contact with the cations. The effect of changing cation environ- 

ment in molten salts on the energy position of the peak of the 

band has been studied by Smith and Boston(29) and Cleaver, Rhodes 

and Ubbelohde(3o). The experimental techniques of the latter 

are described in Chapter 4. 

By studying the position of the peak both in the solid 

and liquid states, it was discovered that, in general, it 

shifted to higher energies on melting. This indicates that the 

cation-anion distance in the liquid is rather less than that 

for the corresponding solid. 

In analogy with electrostatic effects it was considered 

that some function of reciprocal radius of the cations might 

bear a simple relation to the peak position, In the solid 

state, the structure and arrangements of the ions is known. 

Cleaver et al chose three different melt distances, the cation 

radius, the distance from the centre of the cation to the 

centre of the nitrate oxygen atom nearest the cation (rx_0) 

and the distance between the cation centre and the nitrogen 

centre (rx-N).  While the simple reciprocal of all three distances 

showed approximately linear dependence on Ems, the r
x-o 

 distance 

gave the best straight line. (see graph 2.2.). 
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In the liquid state, only the c&tion radius is available, 

the other distances are unknown. Smith and Boston correlated 

a wide range of pure and mixed nitrate melts, some of the mix- 

tures containing divalent ions, in terms of a simple potential 

function. The function is of the form 
z. 

r E . 
i 1 1  

where z is the cationic charge of the cation species i, 

r. is :1J-s Pauling radius and E.1  is an equivalent fraction 

tern given by, 

z. n
1. 

E. 2! z. n. 
i 1 1 

n.1  is the mole number of the cation species i so that 

1E.n. = 1. The data given by Smith is shown in graph 2.2. The 

results, taken at 360°C., show approximately linear dependence 

on Emax 
over a wine range of mixtures. 

2.1.3. Raman Spectra Studies. 

Janz has analysed the Raman spectra of some pure alkali 

nitrates
(31) 

and mixtures(32) containing the divalent ions, 

Ca
++

, Sr
++ 

and Ba
++
. All the results are taken at temperatures 10° 

above their respective melting points. They give some indication 

of the nature of the positional arrangements of the cations 

relative to the anions. 
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In the pure nitrates of sodium, potassium, rubidium and 

caesium, the four fundamental vibrations of the ions are found 

to be completely degenerate. James and Janz assigned a symmetry 

of D 3h to the surroundings of the ions suggesting that there 

is no preferred positional orientation of the nitrates relative 

to the cations. 

With mixtures containing the divalent ions, and with pure 

lithium nitrate, some degree of splitting of the v
3 

vibration 

is found. This suggests that some fcrm of preferred orientation 

occurs reducing the symmetry of the surroundings. Since calcula-

tions of the rotational energies of the nitrate ions are impose- L 

ible due to the lack of knowledge of the intermolecular forces, 

little more can be deduced with certainty from this data. 

2.1.4. Thermodynamic and Transport Data. 

A table (2.3.) of the comparative results for some alkali 

halides and alkali nitrates is shown. The halides represent 

systems which do not have the steric effects possible with the 

plate shaped nitrate ions. There are two difficulties in inter-

preting the thermodynamic melting point data. The wide difference 

in melting points may affect the actual values and the parameters 

are dependent on the crystal structures of the various solids. 
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Table  2.3. Thermodynamic and Transport Comparisons 

of Chlorides and Nitrates. 

Salt. ielt- . Lag 
?oint. 

Volume 
Increase 

on 
Melting. 

Latent 
Ht. of 
Fusioa. 

Ey)  
K.caLs/mole 

Ed 
K.cals/mole 

E 	/E415 

Lid 613 26.1 4.76 8.8 1.15 7.66 

NaC1 001 25.0 6.69 9.4 1.54 6.10 

K Cl 776 17,30 6.34 7.8 2.30 3.39 

Rb Cl 715 2.83 

Cs ci 646 3.33 

Li NO3 255 28.1 6.12 4.23 

Na NO
3 
306 11.0 3.49 3.95 2.76 1.43 

K NO
3 

333 1.o 2.8o 4.2o 3.94 1.07 

Rb NO3 
310 4.6o 3.42 1.35 

* 
Cs NO

3 
414 5.04 2.70 1.87 

Refe- 
rences. 33 34 35,36 35,36 

* Value estimated. 
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The low values compared to the halides of the latent 

heat of fusion and volume increase on melting suggest however 

that the nitrate ion is unlikely to be capable of free rotation in 

theliquid. It is known not to be free to rotate in the solid 

state. 

The transport parameters have been calculated in terms 

of simple activation energies as suggested in Chapter 1, since 

little reliance can be placed on any actual model viscosity 

solutions. The ratio of viscosity to conductivity activation 

energies is high for halides compared to nitrates. 

These results and the results of the spectroscopic and 

X-ray studies are used in Chapter 6 in conjunction with the 

experimental work on the binary alkali-alkaline earth nitrates 

described in later chapters to build up a model of the basic 

structure of liquid nitrates. 

2.2. A Review of Knowledge of binary alkali/alkaline 

earth nitrate mixtures. 

2.2.1. Preliminary Studies. 

Rostowski(37) first reported the tendency of liquid 

mixtures of potassium nitrate-calcium nitrate of certain com-

positions to form viscous liquids with low ill-defined freezing 

points. Stevels(38)  has since reported other salt pairs 

rubidium nitrate-calcium nitrate and sodium nitrate-magnesium 
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nitrate which give similar effects. Bergman
(39)  similarly 

reported the ternary system sodium nitrate-potassium nitrate-

calcium nitrate as anomalous, although the systems sodium 

nitrate-potassium nitrate-strontium nitrate and sodium nitrate-

calcium nitrate do not show this effect. While the information 

on the number of systems exhibiting this behaviour is still 

fragmentary, all the simple binary alkali nitrate-calcium 

nitrate systems excepting lithium have been investigated in 

the present studies. While all the systems show similar 

trends only the potassium nitrate and rubidium nitrate mixtures 

cool sufficiently to produce the effect and only in the case 

of potassium nitrate has definitive proof of glass formation 

been obtained (Chapter 3). 

The term glass is now capable of strict characterisa-

tion for a simple system as the condition of a liquid whose 

viscosity has been raised by cooling from normal liquid values 

to 1013  poise without discontinuity(40). DiAmel and Poegel
(41) 

measured the viscosity of the melt with maximum crystallization 

time by studying the elongation of a bar of the melt. The 

glass forming temperature is given by them as 56°C. 

Dietzel and Poegel studied crystallization rates in the 

melt at various temperatures and composition. All the mix-

tures can be induced to crystallize but times of up to 24 hours 
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were recorded for a mixture containiLg 50.4 w/w of potassium 

nitrate. This disordered structure can be kept stable at 

room temperature for long periods of time but is sensitive 

to physical shock. 

Using this mixture Urnes
(42) 

compared the viscosity 

and conductivity of the welt below 160°C. The results are 

shown in graph 2.4. They suggest that, as the temperature 

fails, the mechanism governing conductivity and viscosity 

becomes the same (see Chapter 6). 

Gross and Kolesowa
(43) 

measured the Raman spectra of 

the anomalous melt, results corroborated by Janz, (2.1.3.) 

and Kroger and Janetzko(44) measured some heats of cryatalli- 

zation. 

This work was accompanied by a number of empirical 

theories. Concurrently with the present research, other 

workers have carried out more comprehensive studies. Kleppa
(43) 

has measured the heats and volumes of mixing of a number of 

binary alkali nitrate mixtures, McAuley(46) has analysed the 

volume changes both with composition and temperature of a 

number of binary alkali-alkaline earth systems and C.A. Angell(47) 

has studied conductivity and diffusion in the potassium 

nitrate-calcium nitrate system. 
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2.2.2. The Work of C.A. Angell(47).  

A brief description of the Cohen and Turnbull theory 

has already been given (1.2.4.). It leads to the result for 

the difZusion coefficient D, 

-b 
D = A e 

Angell used an approximate method to solve the free 

volume integral and obtained a. result as, 

d In D ID 	1 	T 2 = 11— = -E  T - k (7,2) 
d T 

The value ED  is the Arhenius activation energy for the diffu- 

sion process which is simply related to Et the activation 

energy for conduction. The value To  is the temperature of 

the glass transition on the Cohen and Turnbull theory. The 

results were finally calculated from the expression, 

T 2 1 
De = -k \FT-) - a RT2  7  -  RT. 

0 

If the value of To estimated at 56°C. by Dietzel and 

Poegel from viscosity measurements, is substituted into the 

equation, the results are not in good agreement with the 

experimental values of Er. 

The values of To required to give the best agreement 

with the measured values was calculated. The number and 

0 
of 
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size distribution, of holes in the liquid would be expected 

to bear a simple relation to the cationic strength of the 

melt. If a similar parameter to that of Smith (2.1.2.), a cationic 

potential- function, is plotted against To  the results show 

linear behaviour but the range of values is small. Attempts 

to generalise the plot to other systems give small deviations 

from ideal behaviour, as shown in graph 2.4. 

The calculated K and aparameters embodied in the pre- 

exponential term of the Cohen and Turnbull theory are not in 

good agreement with experiment and so a more detailed theory 

is not possible. 

Angell has more recently also obtained pure diffusion 

data for the salts whiLii generally confirm the above analysis. 

2.2.3. The Work of W.A. McAuley(46). 

During the course of the present research, it became 

apparent that volume results would be required to aid the 

elucidation of the melt structure. The work commenced by 

Al Mahadi(48) 
 
was extended and improved by McAuley. Experi- 

meats were carried out using a modification of the densito- 

meter of Husband(49), in which excess volume is measured by 

a simple pressure method. An accuracy of 0.1% is estimated 

for the equipment. The main results are summarised here. 
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1) Kleppa disocvered a slight excaec volume of mixing 

in mixtures of the monovalent nitrates. Some verification 

of this, using the techniques of McAuley, have recently 
(5o) 

been obtained 	. 

2) McAuley in a selected series of mixtures of sodium, 

potassium, xubidium and caesium nitrates with magnesium 

calcium, barium aid strontium nitrates obtained no excess 

volume effects at all. Since the experimental accuracy is 

high, the systems may be regarded as thermodynamically 

perfect mixtures. 

3) The mono-divalent melts give linear coefficients of 

expansion. This was checked and found to be correct evsn 

for the anomalous potassium nitrate-calcium nitrate melt 

down to 160°C. A graph of thermal expansion against com-

position is also completely linear. 

4) As a result of the linear dependence of volume against 

composition, the results for the pure divalent melts can be 

obtained by extrapolation. The molar volumes of magnesium 

and calcium nitrate are identical, the values for strontium 

and barium nitrate slightly higher. 

2.3. The Simple Volume Model of McAuley, Rhodes and Ubbelohde. 

While the transport and thermodynamic behaviour of 

the nitrates is not simple to interpret, a model has been 
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proposed to explain the vclumo data ut McAuley. Based on 

geometrical arrangements of the ions, its essential simpli-

city must be offset against its success in interpreting some 

interesting features of the volume behaviour. 

2.3.1. The size and shape of the ions. 

The cations in the melt are regarded as hard spheres 

ha"ing the same .repulsion radii as in the crystalline state(51). 

This postulate is in approximate agreement with the X-ray data 

for the molten chloride systems, in which the distance of 

clo'3est approach is similar to the sum of the Pauling radii 

of tne two ions. 

Since the nitrate ions comprise the bulk of the melt, 

the exact shape and size is more important and also more 

difficult to ascertain. The X-ray results for molten nitrates 

show a well defined peak at about 1.2 A°  due to the N-0 bond 

distance, which in the solid is 1.22 A°. As well as giving 

the N--0 distance in the liquid state, the existence of the 

nitrate ion as a single covalently bonded species in the melt 

is also confirmed. 

In the solid state, the nitrogen to oxygen bonds 

radiate in a plane at 120°  angles to each other from the 

central nitrogen(52). There is no reason to believe that 

this arrangement is altered. 
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The major problem is the delermlnatinn of the dis- 

tance from the oxygen centre to the surroundings. Janz(53)  

assigned a value of 1.1 A°  or 1/2 of the 0--0 bond length 

as the radius of the oxygen atoms. He assumed that the 

oxygens were partly spherical, as shown in diagram 2.5., 

and so arrived at a radius for +he nitrate of 2.32 A°. In 

the solid state, it is well known that intramolecular dis-

tances axe normally smaller than intermolecular distances. 

If a suitable intermolecular distance of closest approach 

from solid state results of the oxygen to the cations of 

nitrates is chosen, the radius becomes 2.58 A°. In the 

following argument the Janz radii are used, and are justified 

since the results agree largely with experiment. 
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2.3.2. The model solution. 

In the liquid state, the nitrate ion would be 

expected to possess considerable rotational or vibrational 

energy. Calculations of the energy revired for free rota-

tion are difficult(54). Since direct evidence is not avail-

able, the nitrate ion will be assumed here to be a freely 

rotating disc, whose repulsion envelope is effectively a 

sphere of radius equal to that of the disc (2.32 A°). This 

postulate agrees with the Janz results for pure sodium and 

potassium nitrate but not with the corresponding results 

for mono-divalent cation mixtures (2.1.3.). 

From X-ray and Neutron diffraction data, it is clear 

that no long range order exists in the liquid but local 

ordering does (2.1.1.). It is also clear that approximate 

charge ordering exists at least in the lithium chloride melt 

snd almost csrtainly in ail melts. It is reasonable to 

assume that a disordered structure will pack as tightly as 

the short range repulsive forces and kinetic energy will 

allow. A cubic close packed lattice of nitrate ions with 

cations at the face centres gives a useful approximation 

to such packing requirements. 

Using the above model, McAuley, Rhodes and Ubbelohde 

were able to predict fairly exactly the volumes of various 
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nitratos at their frooaing puints. Me values for sodium, 

calcium and magnesium which were found experimentally to be 

identical (42.6 cc) are found to be identical theoretically 

since the cations can fit completely into the holes in the 

nitrate lattice. For larger cations, two interpenetrating 

lattices are required to calculate the volumes. The results 

of theoretical and experimental methods are compared in 

Table 2b6. 

Table 2.6. Equivalent volumes of  the ions of the  

are nitrates. 

Ion IT Rb+ Cs+ Mg
++ 

Ca
++ 	Sr+t  Bad  

radii 0.60 1.01 1.33 1.48 1.68 0.65 0.99 1.13 1.34 

Vliq 38.7 44.3 54.1 584 69.6 41.3 41.3 44.1 4.9 

Vcalc  42.6 42.6 50.9 59.8' 42.6 42.6 142.6 45.1 
S-8.6 66.2. 77.6 4.5-.6 

This model is best regarded as a simple cell model 

approach to the salt structure and its agreement with experi-

ment is surprising, It allows no form of disorder except the 

rotation of the nitrates and embodies the essential fallacy 

of all cell theories that a liquid can be represented by a 

regular three dimensional lattice. A critique of its failure 

in explaining more complex properties is given in Chapter 6. 
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Section II. 

The experimental observations are divided into 

three chapters. In Chapter 3, the general techniques 

used in handling molten nitrates and some qualitative 

studies of the nature of :the anomalous mixtures are 

described. The main quantitative experiments were carried 

out using apparatus already developed and in Chapter 4 

a brief description of these techniques, in which parti-

cular attention is paid to error effects, is given. The 

measurements of the dielectric properties of the salts 

using new techniques specially developed for this study 

are more fully described in Chapter 5. 
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Chapter 3. 

General Techniques and Qualitative Studies of the Melts. 

3.1. General Techniques. 

3.1.1. The Basic Equipment. 

The initial probloms of corrosion and temperature 

control in molten nitrate experiments had previously been 

soiled. The apparatus in contact with the salt was con-

structed of pyrex, stainless stebl, inconel or ceramics 

which do not corrode appreciably. The use of pyrex limits 

the temperature maximum to 5000C., a temperature above the 

decomposition point of the mono-divalent melt mixtures. 

The viscosity and conductivity experiments were 

carried out in a thermostat bath (diagram 3.1.), consisting 

of a well insulated pyrex beaker filled with the ternary 

entectic melt of sodium nitrite, sodium nitrate and pot-.s-

slum nitrate (40 : 7 : 53% by weight) which freezes at 160°C. 

Tne main heat is supplied by a 1.25 K.W. inconel heater. 

Accurate temperature control was obtained using an electronic, 

11 saturated reactor", controller feeding a 500 watt ceramic 

heater. The controller ased a platinum resistance thermometer 

as a sensing element. The temperature of the bath was main-

tained for long periods of time at up to 450°C. to i 0.02°C. 
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Specially calibrated "pallador" thermocouples were 

used. Calibration was by direct comparison in the melt 

bath with a plati,Aum resistance thermometer calibrated by 

the National Physical Laboratory to t 0.001°C. The resis-

tance thermometer readings were measured on a Smith's bridge 
(1) 

and the thermocouple readings on a potentiometer. The thermo-

couples were first annealed at 450°C. for 24 hours and the 

comparative values of the thermocouples end resistance ther-

mometer measured at a large number of controlled temperatures. 

The results were graphed. It was estimated that the calibra-

tion was accurate to ±0.05°C. but, due to diffusion of gold 

across the hot junction, frequent recalibration was required 

to maintain this accuracy. 

3.1.2. Preparation of Samples. 

To prepare mixtures, the solid components were weighed 

separately, mixed in a tube and the contents melted by 

immersing the tube in the thermostat bath. The accurate 

determination of weights before mixing provides the best 

method of determining the composition of the melts. So that 

the composition would be accurately determined, and to prevent 

decomposition on melting, all solids were carefully dried. 

The method of drying depended on the nature of the salt. 

The treatment of each salt and its purity are given in Table 3.2. 
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Drying Treatment of Salts. 

l
Annydrous 
Salt. 

Drying Treatment. Supplier. frurity. 

I 
NeN0

3 
	Heated to 250°C. for Judactan A.R. 99.9% 

24 hours in oven. 

K NO3 	Shock Dried 
and heated under 
vac. 

Judactan A.R. 99.9 ,  

Rb NO3 Pumped down for Johnson Natthey. 99.9% 
48 hours. 

Cs NO3 Pumped down for Johnson Matthey. 994 
48 hours. 

Ca(NO3)2  Heated to 2500C.for British Drug House.)98.0% 
24 hours .n oven. 
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Calcium nitrate is much more 7wgroscopic than the monovalent 

salts. After drying, and while still hot, it was transferred 

to a weighng tube: and the tube sealed and allowed to cool 

in a deslacator. The :17,;iiUM salt was weighed, sealed and 

the mixture composition adjusted by altering the weight of 

the monovalent salt. 

Nitrate melts may contain, even after the solid salts 

are ailed, appreciable quantities of water
(2)

. The most 

effective method of removal is by bubbling dry clean nitrogen 

through the melt for about 12 hours. The melts were finally 

dried by this method using white spot nitrogen (0.01 gms. 

H20/cu.meter gas) which had been passed through a cotton wool 

filtar then a liquid air trap. 

For c,,nductivity and dielectric studies, the melts 

were prepared in the cell containers and dried in situ but, 

with tie smaller viscometer, the melts were dried in separate 

containers and transferred molten. Initially a completely 

closed system was used to transfer the sat but it was diffi-

cult both to estimate the quantity of salt passing into the 

viscometer and to prevent decomposition on hot spots on the 

heated conduit. It was found simpler to US3 a dropping 

pipette of sufficiently large thermal mass to prevent the 
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salt freezing before the transfer wae, completed. The possi-

bility of some water being absorbed during the process vas 

elimine.ed by measuring the viscosity before and after final 

drying in situ. No difference in value could be detected. 

For spectroscopy Jamples, two quartz plates were 

heated to 250°C. on a small hot plate over which was passed 

a stream of dry nitrogen. A drop of the melt, prepared and 

dried as in the above experiments, was smeared on to one 

plate and the other squeezed quickly on top. Due to the 

fine film thickness, the rate of water penetration was small 

and caused no difficulty. After adjusting the thickrss to 

the approximate value, the sample was allowed to cool in a 

desiccator. 

3.2. 2aplitative Studies of the Melts. 

3.2.1. Chemical and Physical Stability. 

One of the main disadvantages of mono-divalent 

nitrate melts was that decomposition occurred spontaneously 

at any temperature when more than about 50 mo]e % of the 

divalent salt was present. The temperature at which notice-

able decomposition occurred decreased slightly with increasing 

content of the divalent salt but all the values lay between 

360°C. and 420°C. Since the decomposition evolved gas, it 
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was readily detected but none was noted, even over long periods 

of time below 360°C. in any system. 111 the experiments were 

carried put with fresh melts so that the residence time of 

the melt in the apparatus was limited to two to three days 

in each case. There was no appreciable difference in the 

physical measurements with time even in the case of the highly 

supercooled melts described in 3.2.2., which were kept in the 

apparatus for periods of two to three weeks. 

All the nitrate melts usea should be completely clear 

and miscible but in the case of certain melts, some opacity 

was found, probably as a result of a small percentage of 

calcium oxide in one batch of celcium nitrate. The opaque 

melts were reduced to as low a temperature as possible and 

some nitric acid introduced below the surface. After drying, 

the treated melts became clear, and no difference was detected 

in the measurements between these end normal melts. Similar 

problems were encountered in preliminary investigations of 

trivalent nitrate melt mixtures but the formation of oxide 

persisted in this case and the runs were abandoned. 

3.2.2. Possible Glass Formation. 

Glass formation in certain compositions of the 

potassium nitrate-calcium nitrate melts has been reported 
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(5)  by Rostowski , Dietzel and Poegel

(4)
and Urnes(5)   but it is not 

clear whether they consider a truly homogeneous glass or whether 

the low temperature form is partially or totally composed of 

translucent crystallites. The published phase diagram shows 

that every mixture may be arystallized anA, under the carefully 

controlled conditions of the viscosity and conductivity experi-

ments, all the mixtures used crystallized readily. Since a 

lower temperature was reauired for the dielectric experiments 

and since the nature of the low temperature form became theo- 

retic&lly interesting, a further investigation of the super-

cooled melt was carried out. 

The system reported as giving maximum glass formation, 

that containing 62 mole % of potassium nitrate, was used. The 

ability of this melt to supercool depended both on sample 

history and the physical constraints placed on it. It is much 

simpler to supercool the bulk phase. In bulk phase experi- 

ments, the sample was kept at 250°C. for 5 days, the air space 

above the melt was heated to prevent surface crystallization 

and then, during cooling, the physical vibrations in the 

surrounding bath were minimised. With such treatment, the 

sample could be cooled to room temperature to give a trans-

lucent mass, the physical nature of which was further inves-

tigated using a microscope with crossed polaroids, and simple 

X-ray photography techniques. 
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PHOTOGRAPH A. 

PARTIALLY CRYSTALLIZED SAMPLE OBSERVED WITH POLAROIDS CROSSED. 

PHOTOGRAPH B. 

PARTIALLY CRYSTALLIZED SAMPLE OBSERVED WITH POLAROIDS UNCROSSED. 
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A thin film sample was observed between the crossed 

polaroids at various temperatures down to 25°C. The micro-

scope hot etage consisted of a cylindrical furnace controlled 

by an electronic temperature controller. Both ends of the 

furnace rere enclosed by glass cover plates and temperature 

measurement was by a themocouple set in the enclosed [apace. 

After heating the hot stage to 150°C., a drop of the 

mk4t at a higher temperature was spotted on to a cover plate 

held in the furnace and a second plate dropped on top to 

create a thin film sample. The top cover plate of the furnace 

was added and the assembly allowed to come to equilibrium. 

The sample was observed 	a series of temperatures 

between 150°C. and room 4-emperature. The polaroid filters 

were set to 3ive a dark field andl by rotation, a check was 

made for extinction. Fone was noted at any temperature. 

Any crystals, except cubic'ones, woald be expected to give 

some rotation of the polarised light and so be observed in 

this manner. This effect is illustrated by the photographs 

of a partially crystallized sample. In photograph A, the 

polaroid filters were at 90° to each other so that no direct 

transmission of light could occur. The outor crystalline ring 

refracted the light and, since the plane of polarisation was 

chenged, it passed through the second filter. Thus the 
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disordered or cubic central region is dark, the crystalline 

ring is light. 

In B, the filters were placed parallel so that the 

thermal cracks and bubbles characteristic of a disordered 

solid phase were visible. 

To verify these observations and to finally prove 

that the translucent state is not a strained cubic crystal, 

X-ray photographs of the material were taken. Special glass 

capillaries with a wall thickness of 1/100 mm. and a 1 mm. 

bore which give no appreciable X-ray pattern were used. The 

liquid sample at 200°C. was drawn into the capillary, sealed 

with an oxygen flame at the top and allowed to cool. 

Figure C shows arowder photograph taken at 45 KV. for 

three hours at room temperature. It shows a double diffuse 

ring characteristic of a disordered state. Figure D, by 

comparison, is a sample in which partial crystallization had 

been induced. 

Thus, while it was more normal to achieve crystalli- 

zation, this melt could be supercooled to a translucent 

disordered state. The structure may consist of a mass of 

extremely small crystallites sufficiently small to induce line 

broadening or be completely disordered. Since both these pos- 

tulates have been used to describe standard glasses and no 

definite proof of the validity of either been adduced, the 

sample may be considered in this condition as a glass. 

This conclusion is verified by the spectroscopy experi-

ments of Chapter 4. 
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PHOTOGRAPH C. 

X-RAY STUDY OF THE DISORDERED STRUCTURE. 

PHOTOGRAPH D. 

X-RAY STUDY OF PARTIALLY CRYSTALLIZED STRUCTURE. 
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Chapter 4. 

Results of Quantitative Experiments. 

This chapter deals with quantitative experiments 

carried out to determine the behaviour of the viscosity, 

conductivity and ultraviolet spectra of the melts with 

changing temperature and composition. The methods used 

were modifications of techniques previously developed by 

Ubbelohde and co-workers. 

ti 
The results are expressed both as graphs and com- 

puted functions. The transport data is expressed as simple 
r 

Aitenius plots since these reduce the wide range of data to 

acceptable proportions and dislay the anomalous nature of 

the curves. The computed functions are polynomials calcu-

lated on the university Atlas computer, using a least squares 

regression analysis. 

4.1. Viscosity. 

4.1.1. Definition. 

Normally, viscosity is defined without reference to 

the microscopic nature of a fluid(6). The fluid is considered 

as a continiFm in which the conditions of flow have impressed 

a velocity distribution at right angles to the direction of 

flow. In diagram 4.1., consider the thin segment bounded by 

planes A and B. When conditions of equilibrium flow exist, 
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the force/unit area on plane A will equal the force per unit 

area on plane B. Since plane A flows faster than plane B, 

the force producing motion is greater in plane A than plane 

B. This discrepancy of forces is made good by a shearing 

force dependent on the properties of the material, and the 

difference in velocity between the planes (ov). 

it 	v 
f =w 	x 

As plane A approaches plane B, 

dv 
f 	. 

17, a constant, is a property of the material and is called 

the shear viscosity coefficient. 

l7) 
Hagenbach derived theoretically the 

expression ofPaineuille for the streamlined flow of a liquid 

in a tube. The expression is, 

v - 4 P 14  t 
81. 

v : volume of liquid passing through the tube in time t. 

p : the pressure applied. 

r : the tube radius. 

1 : the length of tube. 

experimental 
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There are three main assumptions, 

i) the applied pressure is employ3d solely in overcoming 

the viscous resistance of the fluid; 

ii) the flow is steady throughout the entire length of the 

capillary and is at all times parallel to the capillary axis; 

iii) there is no slip latween the capillary and the wall. 

The Poiseuille equation was used in the experimental 

determination and these assumptions define the basic condi-,  

tions required. 

4.1.2. Description of Apparatus. 

The four main techniques used for measuring viscosity 

are Stoke's Law methods, vibrational, inertial and capillary 

techniques. Stoke's Law methods, while exceptionally simple, 

are difficult to refine to high accuracy. Modern vibrating 

crystal and vibrating wire techniques have not yet been applied 

to molten salts due to development difficulties. Of the 

other two methods, Janz
t8) has obtained accurate measurements 

of the molten alkali carbonates using an oscillating crucible 

and Ubbelohde et al have developed the use of capillary 

techniques in the study of a wide range cf molten salts 

including nitrates(9). The present viscometer shown in diagram 

4.2. is a modified version of that used in previous studies. 

It is simple, accurate and being of pyrex construction easily 

altered. A thorough survey of the errors and inaccuracies 

inherent in the technique is given later. 
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4.1.3. Description of the Method Used. 

The apparatus was as shown in diagrams 4.2. and 4.3. 

The viscometer was placed in the thermostat and approximately 

filled (see 3.1.2.). Before replacing the stopper, it was 

smeared with a little melt which set hard and formed a leak 

proof joint. When correctly filled, the melt occupied the 

volume between level 1 and the tip of the overflow device, 

excess liquid having been forced over into the reservoir. 

After allowing the apparatus to come to equilibrium in the 

thermostat for one hour, a suitable pressure was applied 

through the contact head device and two way tap system. The 

time of flow from level 3 to level 2 and a similar time from 

2 to 3 was measured on a stopwatch. The readings were repeated 

at a number of different pressures using a mercury manometer 

and a cathetometer. 

Experimental accuracy depeniedmainly on the stability 

of the applied pressure and the precision with which it was 

measured. The constant head device (diagram 4.3.) gave a 

suitable stability. The white spot nitrogen supplied to the 

head was passed through a cotton wool filter, a liquid air 

trap and a ten litre aspirator for ballast. A lead from the 

aspirato: was passed across the top of the head and the 

pressure adjusted so that a continuous flow of bubbles was 

exhw.isted at the foot of c1. The pressure was effectively 
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the head of water c1. When a higher pressure was required, 

tne tap T1  was closed, and the pressure allowed to rise 

until a similar equilibrium condition was reached with 

bubblee emitting from the foot of c2. The pressure was then 

equivalent to the combined heads cl  and c2. Higher pressure 

can be obtained by closing the taps T2  and T3. The manometer 

readings were taken using a Cambridge cathecometer capable 

of reading to t 0.002 cms 

4.1.4. Experimental Error Analysis. 

The viscometers were calibrated by measuring the 

pressure x time product of a 4o% sucrose solution at 25°C., 

whose viscosity is known. For any one viscometer, the capil-

lary dimensions are fixed, so that, from the Poiseuille 

equation, 

pressure x time 
constant 

Thus, the value of the constant can be calculated from 

the sucrose results end used to obtain the molten salt vis-

cosities. The two main sources of error were inaccuracies 

in preparing the calibration fluid and differences between 

calibrational and operational conditions. The calibration 

was carried out at three different temperatures in a water 

thermostat bath and a plot of the pressure x time product for 

a number of pressures at each temperature was drawn. The 
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linearity of these plots served as checks on the composition, 

accuracy and purity of the sugar solutions. 

The difference in temperature between the calibration 

and the experimental observations is between 200 and 400°C. 

A simple consideration of the effects of the Poiseuille 

equation shows that to a first approximation, there is no 

expalasion effect. 

4 
It 	r  
1v 

Let r 
c  , 1o 

 and v
o be the values of radius, length and volume 

of the capillaries at low temperatures, and let a be tne 

coefficient of expansion of the glass. Then, for a temperature 

rise LT, 

n. p. ro
4  
(1 + a.AT)

4 

81 
0 
 v o(l+c4.41T)(1+3aJIT) 

(1+ ailT)4. 1 + 4 aaa 	 terms containing 

powers of a. 

Thus for a <X 1, 

(1 + a AT)4  = (1 + a. 4T) (1 + 3 a. QT) 

That is, the change in viscosity caused by expansion 

effects in the glass is fully compensated and the calibration 

is valid. 

49= 

and, 
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The time of flow was taken in cach direction and the 

results should be identical. Any discrepancy was normally 

due to either a gas leakage in the line from the two way tap 

or to a partial blockage in the capillaries. Checks were 

also made to ensure that there was no leakage in the lines 

from the constant head device. 

A number of theoretical corrections to the viscosities 

measured by capillary techniques have been suggested. 

1) The Kinetic Energy Correction. 

When a fluid is passed through a tube there is a 

pressure drop and a consequent change in the kinetic energy 

of the system. The effect of this change on viscosity has 

been considered by Bingham and Jackson(10) and a theoretical 

correction derived. 

2) The Couette Correction(11) 

At the entry to the capillaries, the streamlines in 

the fluid are not parallel but convergent so that extra 

resistance to motion is produced. A theoretical correction 

is also available for this term. 

In order to give a standard cordition in which the 

above corrections may be calculated, the ends of the tube 

must be ground out flat. Alternatively. the amount of the 
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correction ic minimicod by making thc, tubes as long as 

possible and "belling out" the ends. This second procedure 

was adopted. 

A plot of viscosity against the pressure x time 

product will pass through the origin only if the Poiseuille 

law holds exactly and the correction terms are negligible. 

A graph (4.4.) is shown of such a plot for the calibration 

results, the lines pass through zero. This is in agreement 

with a review suggesting that such terms only become applic-

able if accuracies of 0.1% are required
(12) 
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4.1.5. Accuracy. 

The duration of runs was between 5 and 100 minu4-es, 

and the time taken was measured on a stopwatch to t 0.2 secs. 

or less then - 0.07%. Pressures can be read to - 0.002 cms. 

of mercury and stabilities of t 0.01% obtained. Temperature 

was to - 0.02°C. or a viscosity charge of about 0.02% on 

average. The results were found experimentally to be accur- 

ate to 	0.5%.. 

4.1.6. Results. 

Graphs showing the results of viscosity experiments 

on binary mixtures of sodium, potassium, rubidium and 

caesium nitrates with calcium nitrate are given. Tables 

of polynomials corresponuing to these graphs are given. 

A graph of the ternary mixture of the monovalent salts 

sodium potassium and rubidium nitrate is also included. 
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Computed Equations  

Data is expressed in the form of a polynomial, 

logl7= a - b 1  x 104) + c 1  x io4)2 

in m.poise. 

T in °A. 

by a least squares method. Calculations being carried out 

on the Atlas and Mercury computer. 

astem Sodium Nitrate-Calcium Nitrate. 

NaNC3. 	a 	o x 10 	c x 102 

	

0.55 	4.7406 	5.3427 	2.2382 

	

0.60 	6.4252 	7.4931 	2.8971 

	

0.70 	0.2424 	-0.3578 	0.3522 

	

0.85 	1.4120 	0.8911 	0.6034 

	

1.00 	0.8966 	0.2672 	0.3521 

System Potassium Nitrate-Calcium Nitrate. 

Compstn. moles 
KNO3  a b x 10 c x 102 

0.55 4.9175 5.1518 2.0182 

0.60 5.3221 5.4829 2.0404 

0.64 4.9700 5.0042 1.8654 

0.67 5.1649 5.2060 1.8976 

0.74 2.6364 2.3765 1.0890 

o,8o 1.3986 0.8695 0.6026 

1.00 	-o.1849 	-1.0134 

Compstn. moles 



System Rubidium Nitrate - Calcium Nitrate. 

Compstn. Lloles 
RbNO3. a 	b x 10 c x 102 

C.50 2.6286 	2.5298 1.3021 

0.60 2.5312 	2.2776 1.1331 

o.68 3.1306 	2.8741 1.2527 

0.75 2.4199 	2.0379 0.9842 

0.85 2.5567 	2 2060 1.0049 

1.00 -0.1184 	1.0025 - 

System Caesium Nitrate - Calcium Nitrate. 

Compstn. moles 
Ccilo 3. a b x 10 x 102 

0.50 1.9404 1.6484 1.0229 

0.60 2.3220 2.0183 1.0648 

0.75 1.7860 1.4169 0.6507 

0.90 3.7136 4.0933 

76. 
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4.2. Conductivity. 

The A.C. conductivity of the potassium nitrate 

calcium nitrate melt was measured to give a second trans-

port parameter for correlation with the viscosity. A Wayne 

KerrB.221 bridge operating on the transformer ratio arm 

principle was used to mer.sure the resistance of a simple 

dipping type capillary cell. The principle, operation and 

precautions taken in using tills bridge are described in 

Chapter 5. In this case, since only simple conductivity 

results at one frequency were required, the internal oscil-

lator of the bridge was used is a source. The frequency 

supplied As 1,592 cycles/sec. 

The conductivity cell design is shown in diagram 4.10. 

The electrodes were made of platinum, the foot one being a 

wire ring secured to the glass and the top one a flat plate. 

The cell leads were unshielded, but since capacitance 

effects are displayed on a separate dial, the effect of 

stray capacitance can be ignored. 
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The cell was calibrated using a standard solution of 

6  potassium chloride, whose conductivity is known accurately, 

in a water thermostat bath at 25°C. The difference in tem- 

perature between the calibration and actual measurement con- 

ditions caused a slight error, of the order of 0.1% due to 

the expansion of the capillary. Errors can also occur in the 

preparation of the standard solutions and en overall accuracy of 

1% was estimated for the results. 

Errors can arise 91 any part of the electric flux 

through the capillary is cut off by the outer glass container. 

The actual distance separating the foot electrode from the 

container was investigated to discover the distance at which 

this effect became appreciable. It was found that as long 

as the capillary was 2 cms. away from the foot and 1.5 cms. 

away from the walls of the containing vessel, any effects 

of this nature were negligible. 

Results were taken using the same melt mixtures in 

the same temperature controlled bath, at the same time as 

the viscosity, and are displayed in a similar manner. Only 

the binary potassium nitrate calcium nitrate was studied. 
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Computed Equations. 

Results, calculated using the Atlas and Mercury computer 

are expressed as a polynomial of the form, 

10
4 	

4l
2 

(). loggr= f + g T  - 11-
NT I 

0' in mho's 

T in °A. 

System Potassium Nitrates  Calcium Nitrate. 

Composition 
mole fraction 

	

of KNO3. 	f 	10g. 	1021. 

	

*0.55 	412.454 -4.3319 	- 

	

0.60 	1.8807 5.3420 	1.9270 

	

o.64 	3.5145 3.4694 	1.3728 

	

0.67 	3.7586 3.2305 	1.3049 

	

0.74 	8.2629 7.9829 	2.4700 

	

0.80 	5.8137 0.7559 	0.5255 

	

*1-00 	+7.1188 -0.8056 

* These results are more accurately fitted using only the 

f and g terms. 
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4.3. Additions of Chlorides and Bromides  

to the mixed melts. 

For theoretical reasons, the effect of additions of 

bromides and chlorides to the melts was studied. The size 

of additions was limited by crystallization effects occurr-

ing in the temperature range of measurement. The compositions 

were chosen so that the total cation charge per anion remained 

the same as that for the anomalous potassium nitrate calcium 

nitrate mixture with a mole fraction potassium nitrate of 

o.64. 

In th3 case of the potassium bromide melt, crystallization 

occurred in the range of study but its results do not differ 

appreciably from the potassium chloride run as shown. The 

effect of the same concentration of both potassium salts and 

sodium chloride is very similar for the viscosity plot, but 

the sodium chloride addition markedly alters the conductivity 

of the solution. The results are presented in graphs 4.12. 

and 4.13. 
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b. 
4.4. Ultraviolet Spectroscopy Measurements. 

The position of theweak band ir the ultraviolet spectra 

of the nitrate ioi is sensitive to its environment. Investi-

gations of this energy shift in molten salts have been carried 

out by Cleaver, Rhodes and Ubbelohde and by Smith'and Boston 

and an explanation advanced in terms of the basic structure 

of the melt. (See 2.1.2.). The apparatus described here is 

essentially that developed by Cleaver, Rhodes and Ubbelohd4/3)  

A standard Cambridge S.P.700 double beam ultraviolet 

spectrometer was used with the cell compartment modified to 

take a heated temperature controlled block. Only the cell 

compartment was altered, the instrument, after rebalancing 

to match the new compartment is operated in the conventional 

manner. 

The cell compartment must comply with quite vigorous 

specifications. A constant sample temperature with a minimum 

temperature gradient across it must be maintained and the 

temperature outside the block must be below 30°0. to prevent 

heating the photomultiplier tube used as a detector. There 

must be no direct emission of radiation from the heaters in 

the direction of the beam or the results may be affected. 

Optically, the beam should not be chopped, deflected or 
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scattered in any way, although some Olowance can be made 

for this at reduced precision. 

The ultimate design of Cleaver, Rhodes and Ubbelohde 

which satisfies these criteria well is shown in diagram 4.14. 

The windows of quartz at A and C were required to prevent 

convection currents. The outer cooling jacket ensured that 

the photomultiplier tube was not overheated. Cleaver used 

a probe thermocouple to investigate the +emperature gradient 

across the sample at 300°C. and found a temperature difference 

of 0.5°C. across it, quite adequate for the present exneri-

ments. Temperature measurement was by a thermocouple and 

control we.s provided by an electronic controller using a 

platinum resistance thermometer as a sensing element. 

Since molten nitrates have very high extinction 

coefficients, very thin samples were required. The method 

of preparing a film of salt of the approximate thickness 

between two quartz plates has been described. (See 3.1.2.). 

The sample was then mounted in a metal frame which locates 

in the sample compartment. The peak of the weak band should 

show 40-606 transmission when the sample is melted in the 

heated block. Final adjustments to thickness can be made at 

this stage by adjusting the screws ,:lamping the sample into 

the frame. 
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The samples have a long liquie temperature range and 

the films remain complete mainly because of the high surface 

tension and viscosity of the mixed melts. Some difficulty 

was occasionally enoountered, particularly with monovalent 

melts a+ high temperatures but, provided they were suffi-

ciently thin, all the syrtems ilorestigated gave complete 

films up to 350°C. Decomposition was easily observed, since 

bubbles of gas quickly formed in the sample causing fre-

quency independent transmission and,similarly, crystalli-

zation was detected by frequency independent absorption. 

The instrument scanned the frequency range automati-

cally, using hydrogen and deuterium sources, and plotted 

percentage transmission against frequency in wave numbers• 

A typical plot is shown in diagram 4.15. Since the main 

peak overlapped to a small extent the weak band, this was 

slightly skewed. To obtain the true position of the peak, 

the mid-points of a series of chords, taken at various 

heights on the band, were jrined as shown. A simple con-

struction of similar triangles gave an accurate measure 

of peak position. 
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The frequency values were calibrated by adjusting 

the instrument cams till the value of the hydrcgen line 

was correct at 15,237 cms
-1
. Cleaver investigated the 

accuracy of this method of calibration in the region of the 

nitrate spectra and discovered it to be 80 ems
-1 
 in error

(14) 

This correction has been added vo all results. 

A graph of peak position against temperature is 

shown for various mixtures of potassium and calcium nitrates. 

The graph of the highest calcium, containing mixture is curved. 

In order to establish the normal behaviour of nitrate melts 

in this temperature region, the spectra of the equimolar 

mixture of sodium nitrate and potassium nitrate was also 

measured. A considerable degree of supercooling down to 

100°C. was obtained probably due to the use of thin films. 

Plots of peak position against temperature for the 

weak band are given. The system sodium nitrate potassium 

nitrate shows no departure from linearity but the deviation 

in the potassium nitrate-calcium nitrate melt (mole fraction 

KNO
3 

= 0.64) is very marked. This latter curve was repeated 

several times with two separately prepared samples. 
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gMELM--5_. 

Enerimental Studios of the dielectric  behaviour of  

the samercooled melt. 

In good conductors such as molten salts (about 0.1 mhos 

cm-1) the measurement of dielectric behaviour is made extremely 

difficult by the magnitude of the resistive component. Super-

cooled mixtures of the anomalous potassium nitrate calcium 

nitrate melt have extremely low conductivities (about 104to 10
-5 

mhos ,:m'1) and, in this region, it is possible to discriminate 

between simple conductivity and anomalous capacity and loss 

effects. The theoretical reasons underlying this study are 

considered in the discussion and the methods used to prepare 

the supercooled melts are described in 3.1. The present 

chapter is in two main parts, a description of the cell and 

bridge measurement circuits including possible errors inherent 

in them and the presentation of the results in terms of the 

standard constants. 

5.1. Methods of Measurement. 

5.1.1. Cell Design. 

The cell design used is shown in diagram 5.1. The 

cell plates were two pieces of heavy platinum sheet approxi-

mately 2 cms. by 1 cm. in area and 1.5 cm. apart. It was 
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impossible to seal the heavy leads required to support the 

plates to the pyrix sheath. The thinner leads used inside 

the sheath were sealed through the pyrex and the heavy leads 

welded to them. This join and part of the heavy leads was 

covered in pyrex to keep the assembly rigid. 

The leads inside the sheath were covered in glass 

and electrical shielding was provided by slipping standard 

coaxbraiding over them. The braids were joined by a wire 

connection at the ends near the plates to conform to the 

wiring arrangements of the B.221 neutral circuit. 

The cell top was a round "Sendanyo" (an asbestos 

composition) disc split through the middle. The top of the 

leads were packed with additional insulation between the 

braiding and the central wire. They were passed through 

two angled channsls in the Sendanyo and connected to the BUC 

scckets on the top in the normal way. The two halves of the 

disc were bolted together through the metal flanges on the 

sockets and the assembled disc bolted to the flanged top of 

the glass sheath. In this position the packed lead tops were 

squeezed into the channels in the Sendanyo, effectively pre-

venting the central wire being pushed down when the BM 

sockets were connected. The leads from the cell to the bridge 

were of ri;andard '51i-co-axial cable. 



95. 

The sendany- disc rested on the glass flange top of 

the vessel containing the salt. 

Using this construction, th3 leads were shielded to 

as near the plate electrodes as possible and were kept short 

and simple, thus reducing the possibility of complex lead 

effects at high frequency. The plates were made as large as 

was mechanically practicable and a suitable separation dis-

tance chosen to give a good balance between resistive and 

reactive components in the salt. 

The plates were coated with platinum black using the 

method of janz(15). This reduces the possibility of inter-

ference from plate to melt impedance terms by increasing the 

surface area and so decrecming the resistive component. While 

the effectiveness of platinum blacked surfaces in molten salts 

is open to question, the results obtained are only affected 

below about 2 kilo.clsec. There was very little change in 

the shade of the platinum black for periods of up to about 

one week. Small but noticeable changes occurred over longer 

periods suggesting some poisoning of the surface. 

5.1.2. Transformer Ratio Arm Bridge Circuits. 

The bridges used were the Wayne Kerr B.221 and B.601 

bridges. Compared with conventional bridge circuits, the 
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transformer ratio arm bridge principle considerably extends 

the range of measurement, reduces the number and purity of 

the standard3requ:l.red and largely eliminates earthing problems06)  

The system being measured is considered as an equivalent 

parallel circuit and the results expressed directly as a 

resistive and capacitive component. 

The basic bridge circuit is as Shown in diagram 5.2. 

Gs and Xs  represent suitable conductance and reactance 

standards GN and XN an unknown impedance. To balance the 

bridge the standard side is adjusted until there is no current 

in the secondary winding of transformer B. This adjustment 

can be carried out either by altering the number and value 

of the standards or by altering the tappings on the bridge 

transformers. This latter method greatly extends the range 

of the bridge measurements. For example, if 1000 turns are 

used on the unknown side of transformer A and only 10 turns 

on the standard side, the unknown will be 100 times larger 

than the balancing standard. 

Relatively less pure standards can be used since the 

stray component can be trimmed out. An example is given in 

diagram 5.2. for an impure resistance standard. A variable 

capacitor is inserted in the opposite sense to the standard 
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and trimmedto remove any stray reactance. This system is 

particularly useful because it allows the bridge to read 

resistance and capacitance directly whereas most comparable 

systems require the subtraction of two impedances. 

Stray impedance effects are eliminated by connecting 

one end of the stray component to the neutral of the bridge, 

so as to shunt the component across the transformer. For 

example, the outer sheathing of the wax leads in the cell 

were connected to the bridge neutral, thus eliminating lead 

errors as shown in diagram 5.2. 

The B.221 bridge measures resistances to 0.1% and 

capacitances to 1% or better up to 33kilo.cfsec.The B.601 

bridge measures resistances to 1% and capacitances to 2% 

between 15 kilo.c:/sec. and 10 Meg.c/sec. There is some 

diminution is accuracy above 5 Meg.c/sec. 

5.1.3. The Complete Bridge Measuring Circuit. 

A block diagram 5.3. of the equipment is given. The 

power source was a Marconi wide band oscillator accurate to 

5% over its entire range of 10 c/sec. to 10 Meg.c/sec. The 

output frequency is continuously variable. 

Below 1 Meg.c/sec., the out of balance signal from 

the bridges was amplified and displayed on a Telequipment 
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oscilloscope, but above this frequency, the possible ampli-

fication markedly decreased and some phase shift was caused 

in the signal. Between 600 kib.c/sec. and 10 Meg.c/sec., 

the signal was fed to an Eddistone EC.10 communications 

receiver which acted as a tuned amplifier. A constant fre-

quency output (456 kilo.c/sec.) from the intermediate stage 

amplifier was fed to the scope. In each case the bridge 

controls were adjusted to give the point of minimum signal, 

at which point the bridges were in balance. 

5.1.4. Equipment checks. 

Using a series of resistances and capacitances the 

performance of the bridges was tested. It was found that 

with small resistances of values from 10-30.A 	lead 

effects were very important, particularly at high frequencies. 

Directly coupled components gave the correct answers but 

two ft. leads, shielded or unshielded, gave readings in error 

up to 60%. 

Above 1004.1  no appreciable difference in value was 

noted between directly and indirectly coupled components and 

the results were in agreement with the values of the standards. 

Thus, as long as the bridges were used with resistances above 

1 kilo -A., the lead effects can be ignored. Capacity values 
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were not affected by leads when used in conjunction with the 

higher resistances. The capacity values varied slightly bet-

ween the two bridges at 20 kilo.c/sec., by amounts of up to 

1 p.F. An example is shown in Table 5.5. for benzene and air 

capacities in the cell. Nevertheless bo•ch bridges give the 

same dielectric constant. 

5.2. Piesentaticn of Results. 

The bridges measured the resistance and capacitance 

valuers of the material in the cell directly. To express the 

lazge number of observations taken at various temperatures 

on the salt the results have been fitted tc polynomials of 

the form, 

and. 

1 = a - bf cf2  f.R. 

c - d -gf he. 

f : frequency in c/sec. 

R : resistance Kan. 

: capacitance p_P. 

where a, b, c, 4, g and 11 are constants. The results are 

given in Table 5.4. For theoretical reasons it is more 

informative to express the results in terms of the dielectric 

constant el and the loss term E". The methods used to 

obtain these terms are analysed and the measurement tech-

niques verified by reference to standard solutions. 
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Table 5.4.  

Temp. 

cc.  

Results 

mhos secs/K.cs. 
a 

for f1R.x  10
+7 

f in K.cs/sec. 
c x 107  

Results for C 

in K.cs/ReC. 
gx10)  

pF vs. 

fx 107 vs. 
b x 103  

4 

84.6 8.7245 5.796 6.492 10.011 1.782 --1,q0.1 

86.0 20.394 1+.211 16.13 10.80 ,.768 1.631 

88.8 45.596 30.522 34.24 15.02 3..98 3.517 

93.1 70.276 49.56 57.01 14_93 2,90 7  7nr4 

94.6139.68 84.09 93.29 vs,  a oms 1- c'4 3 it,. 

95.8 131.85 87.93 99.03 11,60 2.-q06  A..4"0. 

99.4 370.30 265.51 4.46 16.87 2.338 1."99 

100.6 616.78 413.45 63.78 41.r? 706 i 1 	'7 
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5.2.1. Measurements of the dielectric constant. 

The dielectric constant of a material held between two 

parallel plates is defined as, 

Capacity of the plates when the space between them 
is filled with the material  

E' = Capacity of the plates in vaccuo. 

Air has a dielectriJ constant of about 1 and so by 

measuring the capacity of the cell in air and in the test 

liquid the dielectric constant can be calculated. 

Before measuring the molten salt values, but using 

electrodes which had been immersed in the liquid salt for 

one week, measurements were taken using benzene and 0.5 x 10
4N 

potassium chloride solution over the entire frequency range. 

The dielectric constant of benzene is well known, the best 

value in this frequency range appears to be 2.35(17). For 

the dilute aqueous solution, it is well known that the 

dielectric properties do not differ markedly from the values 

for pure water of about 80(18). A table of the results is 
given. (5.5.). 

At high frequencies, the low dielectric constant of 

the air makes the cell extremely dependent on its surroundings 

to distances of 10 ems. or more. In consequence the value 

used . is taken as a constant 0.60, from the lower frequency 

results. 
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Table 5.5.  

Frequency 
kilo 
cycles/sec. 

Cell Cap. 
in Air. 
(Co)pF. 

Cell Cap. 
in Benzene 

pF. 

El 
for 
Benzene. 

el 
for 

0.5x10-4N 
KCl. 

7,800 0.45 1.40 2.34 91.6 

5,850 0.53 1.46 2.44 85.0 

3,950 0.56 1.50 4 	2.50 83.4 

2.970 0.59 1.53 2.55 8o 

1,980 0.59 1.53 2.55 8o 

1,000 0.60 1.54 2.57 80 

800 0.60 1.55  2.58 80.8 

600 0.59 	. 1.54 2.57 80.8 
I 

20 t 0.369 
1 

10.944 2.54 80 

lo t 0.371 	' 10.948 2.55 

6 t 0.372 10.946 2.55 

4 t 0.371 10.945 2.54 

, ......... 

t These values measured on B.221 bridge. 
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These results verify that the bridges can reproduce 

standard results with moderate accuracy. Higher precision 

than 550 is not expected with this technique. The difference 

in absolute values between the capacity readings on the two 

bridges has already been noted and presumed to be due to 

calibration errors. The identical values for the dielectric 

constant of benzene verify this. Owing to the higher con-

ductivity of the aqueous solution, the more accurate but less 

flexible B.221 bridge cannot measure the small reactive term 

correctly. 

5.2.2. Dielectric Loss Measurements. 

The analysis of dielectric loss phenomena in an 

ionic conductor Jnovlves basic postulates concerning the 

melt struc+.ure and is analysed in the discussion. A simple 

analysis of the behaviour without reference to structure is 

made here to allow the d&ivation of the dielectric parameters. 

In a pure capacitor, the admittance, 

Y=jwc=jwCoe 

where j = y47, 401 is the angular frequency, c is the 

capacity of the capacitor filled with the dielectric of 

dielectric constant 	and Co is the capacity of the capa-

citor on vaccuo. If there is any anomalous adsorption 
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the admittance will also have a real component. This is 

best expressed by re-defining the dielectric constant as, 

e=6' - 

61 
 

: dielectric constant 

et.1 : dielectric loss term. 

So that, 

=C4Co " 	63  e' 
However, in parallel with the dielectric effect, a 

1 molten salt also has a pure conduction te:m(R:), which will 

be shown later to be invariant with frequency. 

The bridge measures the tota3 real component as a 

single resistance Rm. 

• 1 	1 
• Rm 	R

c 
▪ C

o 
ff.," 

or, 

1 	1 	1 

Co m R - Rc 

Theoretically, the term Re  should be the D.C. conduc-

tilfity but this is not available and low frequency A.C. 

measurements are affected by polarisation effects. The value 

of Rc is therefore taken at 60 K.cycles/sec. throughout. 

Since this value lies above the low frequency polari-

sation and on the B.601 bridge it is the nearest value to 

1 the D.C. one which can be accurately obtained, a plot f.R. 

E' 
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is given for the molten salt and for the aqueous solution. 

Deviations from straight line behaviour denote some form 

of loss effect. The straight line behaviour of the aqueous 

solution to much higher frequencies verities that the loss 

effect is not due to spurious instrumental effects. (graphs 

5.6. and 5.7.). 

Values of t' and V' have been computed for a number 

of systems. Their behaviour with frequency and temperature 

is displayed in plots 5.8. and 5.9. and Tables 5.10. and 5.11. 

The values of g' follow a typical loss curve with considerable 

dispersion. The e" values are not sufficiently defined for 

the shape of the curve to be assessed. 
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Table 5.10. 

Log f 
T = 84.6 

•t 

°C. 

ell 

f 	T = 88.8Jc. 

& 	c  tt 

T = 95.8 J. 

W 	Ott 

6.892 10.0 0.77 12.0 2,01 15.01 3.98 
6.767 10.0 0.99 12.3 2.31 15.7 4.31 

6.597 10.4 1.28 12.8 2.70 16.9 4.47 
6.470 11.3 1.53 13.8 3.04 18.4 4.84 

6.297 11.9 1.63 14.8 3.24 19.8 5.00 

6.0oo 12.4 2.23 16.3 3.92 21.5 5.65 

5.903 12.7 2.45 16.6 3,71 21.8 5.92 

5.845 13.o 2.54 17.2 - 22.8 5.33 

5.778 13.2 3.04 17.8 3.92 23.5 5.o8 

5.602 14.5 2.43 19.5 4.02 25.3 2.91 

5.301 16.2 2.46 21.2 3,31 26.2 

5.000 17.7 1.66 23.3 2.41 27.4 

4.903 17.8 1.25 24.8 1.19 30.o 

4.778 25.7 

4,6ol 26.4 

4.301 27.0 

4.000 29.2 



Table 5.11. 

Temperatvre 0  C. e: e 

81.4 10.80 1.15 

84.6 11.3o 1.53 

86.o 12,50 2.23 

88.8 13.80 3.04 

93.1 15.5o 4.54 

94.6 17.3o - 

95.8 18.3o 4.84 

99.4 20.20 4.38 

100.6 22.9 647 

103.0 22.8 - 
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SECTION III. 

In Chapter 6, the experimental behaviour is 

analysed in terms of simple molecular models and various 

semi-empirical correlations of the varied measurements 

made. The simple theory of dielectrics and the experi-

mental data obtained is described in Chapter 7. Ccmpa2isons 

are made with more stanaard systems. Finally, in this 

chapter a model for the low temperature liquid, compatible 

with the conclusions of Chapter 6, and which could explain 

the nature of the dielectric behaviour is proposed. 
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Chapter 6. 

Explanation of the results in terms of a simple liquid 

model. 

In Chapter 1, general liquid state theory was dis-

cussed and the concepts underlying simple cell theories 

described. The high alternating coulombic charges in a 

molten salt further suggest that such systems are most likely 

to conform to these models. Temkin
(1) 

has used a model based 

on two interpenetrating lattices of charge to describe, with 

some success, the thermodynamic properties of a hide range 

of molten salts. The simple volume model described in 

Chapter 2 is also essentially a lattice or cell structure 

Essentially the disadvantage of all these theories 

is the fact that to calculate the macroscopic parameters, 

a regular infinite three-dimensional pattern of cells charac-

terisbic of an ordered state must be assumed. Toe X-ray 

sthdie8 of liquids (2.1.1.) show that it is just such long 

range order which does not exist. The introduction of 

disorder by such methods as the formation of holes represents 

a disordered modification of an ordered state, not an 

inherently disordered one. 

In liquids the extremely high packing density ensures 

that some: form of local ordering exists. The X-ray results 
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of potassium chloride(2) give a good example of the nature 

of a simple molten salt, containing only spherical ions. 

The average separation distance of cations and anions is 

3.10 3 and the average co-ordination number suggested by 

the radial distribution function is 3.6. The total separa-

tion distance of the centres of the potassium and shlcrine 

ions is, calculated from the Pauling repulsion radii for the 

solid state, 5.14 A. The liquid state packing is thus very 

close and the co-ordination number reasonably high so that 

a considerable degree of local ordering is ensured but there 

is no guarantee it is either time stablie, or of the same 

form for each ion taken as reference. The results do not 

give any indication of the time stability of local packing, 

arrangements, nor of theil- size, shape or relative orien-

tation. 

A simple liquid consisting of spherical ions can 

but be considered as a statistical distribution of local 

structures of differing form and co-ordination number. 

Part at least of the 20% excess volume of melting is then 

taken up by the miss-match between such local regions. A 

concept of this type is qualitatively in direct agreement 

with the X-ray results outlined in Chapter 2, which suggest 

some degree of ordering out to the third and fourth 
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co-ordination shells. On this basis certain simple proper-

ties concerned only with nearest neighbour properties, such 

as U.V. spectra, will be explicable on the basis of simple 

lattice models, assumed to be equivalent to the most common 

form of packing in the liquid distribution. 

For nitrates, the shape of the nitrate ion is a 

complexing feature. The simple quasi-crystalline model 

examined by McAuley, Rhodes and Ubbelohde to explain the 

volume rebults has been outlined in Chapter 2. Whi]e it 

describes certain properties of the nitrate surprisingly 

well, the model is open to a number of criticisms. 

1) The concept of a freely rotating nitrate ion leaves 

no room whatsoever for f,ee volume of the type found in the 

chloride melts (2.1.4.). This suggests a form of ordering 

as tight or tighter than a normal crystal and is not typical 

of general liquid state results. Furthermore, the energy 

uptake required to make the nitrates freely rotating, as 

they are not in the solid state, would be high and yet the 

enthalpy of melting is low compared to the chlorides. 

2) As has been described 	( 2.1.3. ) 	,, the Janz 

radius is not necessarily correct, there must be some doubt 

about the exact value which should be taken. If the larger 
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value suggested by X-ray data is used the results are 

badly in error compared to experiment. 

3) 	The ionic radius of sodium and calcium are approxi-

mately the same. The theory therefore predicts that 

sodium ions will fit into the nitrate lattice cube centres 

and will give no excess volume of mixing. There should 

be sufficient sites to accommodate the larger number of 

sodium ions. Kleppa et al(3)  fina an excess volume of 

mixing for the system potassium ritrate sodium nitrate, a 

result corroborated (O'Leary and Minns - unpublished) using 

the equipment of McAuley. 

The structure of molten nitrates is more complex 

than suggested by the simple volume model. In this dis-

cussion the nitrates are regarded as vibrating discs, thus 

allowing more positional freedom in the melt. The attrac-

tive forces are assumed to be predominantly coulombic in 

character and the repulsive forces to be due to hard sphere 

repulsion envelopes of the ions and vibrational and trans-

lational energy terms. Since the melts are assumed to 

contain distributions of local packing structures, proper-

ties relating solely to nearest neighbour effects can be 

analysed on a quasi-crystalline model. The essentially 
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predictable raid normal nature of the hightempenxtureliquid 

form of monodivalent nitrate mixtures is first demonstrated 

and then analysis of the curvature of certain properties 

of these systems with falling temperature made. 

In Chapter 3, a qualitative analysis is described 

which verifies the reported conclusion of earlier workers 

(2.2.1.) that it is posoible to supercool certain composi-

tions of Lhe binary potassium nitrate-calcium nitrate 

liquid to a glass. The more comnrehensive quantitative 

data of Chapter 4 will now be analysed. The high tempera-

ture behaviour of the various properties is first used to 

establish some concept of the nature of the intermolecular 

forces and then the behaviour of the systems as the tem-

perature drops considered- The theory presented in previous 

sections will be applied wherever it appears necessary and 

a final conceptual solution to the problem suggested. The 

methods of reasoning are not rigorous, but the lack of 

knowledge of even the most fundamental liquid parameters 

precludes a more basic approach. 

The most significant feature of the high temperature 

liquid behaviour is the overall thermodynamically perfect 

behaviour of the volume-composition plots measured byil.cAlfiey 

(2.2.3.). There is no excess volume of mixing in any of 
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the systems measured at 300°C, To oLf.ain this linearity, 

it is necessary to specify that the volumes will be cal-

culated as the volume per gm. ion of nitrate and the 

compositions in equivalent fractions. Other parameters, 

such as mole fractions, ao not give this behaviour. 

The behaviour of the ultraviolet spectroscopy rf 

a large range of mixtures of molten salts at 360°C. was 

correlated by Smith (2.1.2.) in terms of a simple charge 

parameter. The behaviour of the spectra of the potassium 

n5trate-calcium nitrate system at 360°  agrees with this plot. 

For any one system, the charge parameter bears a constant 

relation to equivalent fraction, so that for the one 

system of mixtures a plot of the volume per gm. ion of 

nitrate against the Smith charge parameter is a straight 

line. This plot is shown for the potassium-calcium nitrate.  

system (graph 6410. Thus both volume and spectra results 

appear dependent on the cationic potential of the Melt. 
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A similar correlation of the viscosity data is also possible, 

dependentmare on the number and distribution of charges and 

the weights of the particles. In this case, mole fractions 

were used since this keeps the total number of charges 

considered, not the number of ions, a constant and the 

weight per charge added to the expression to compensate 

for inertial effects. The expression used is of the form, 

 

z.isthechargeperien,x.the cation mole fraction, mi  

the weight per charge and ri  the Pauling radius of the 

species i. Linear dependence of this parameter when 

plotted against the viscosity Arhenius activation energies 

has been found (graph 6.2.) for all systems measured at 

352°C. 

Thus, one of the main features of high temperature 

behaviour is the apparent over-riding importance of 

coulombic effects. In order that the volume behaviour be 

directly related to charge, both the attractive and 

repulsive forces must contain some terms 	related 

to charge. Such terms must be due either to kinetic or 

steric considerations. These arguments are developed more 

specifically later. 
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As the temperature decreases, plots of coulombic 

parameters become of littla use since the range of com-

positions in which the salt mixtures remain liquid becomes 

very limited. An Arhenius plot (graph 6.3.) is shown of 

the temperature behaviour of the viscosities of one com-

position of all four systems measured. Both the viscosity 

and Lhe degree of curvature of the high temperature region 

are very similar in each case. Two of the systems, sodium 

and caesium, freeze, the other two dhow a continuation of 

a similar curvature trend to that observed by all four 

at the higher temperatures. 

In the high temperature region, the amount of 

curvature is sufficiently slight to allow it to be approxi- 
c 

mated by a straight line on the Aienius plot. The best 

straight line for this region was computed and extrapolated 

into the anomalous region. From this and the actual values 

of viscosity, a series of excess functions at selected 

temperatures for the system potassium-nitrate calcium 

nitrate were calculated. A graph of these is shown against 

composition (graph 6.4.). The essential straight line 

behaviour of the plot insofar as it can be ascertained fur-

ther demonstrates the dependence of the anomalous mixtures 

on the same trends as affect the remaining melts. 
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To ascertain the degree of depa:ture from ideal. 

Aenius behaviour which might be anticipated in mono-

valent nitrate melts over the range of temperatures used, 

a ternary system of sodium, potassium and rubidium nitrate 

was measured (graph 4.9.). While the deviation from 

ideal behaviour is quite marked, it is not as great as 

in the monodivalent melts, but neither is the initial 

temperature dependence. 

At high temperatures,therefore, the degree of 

curvature in the binary mixtures, though marked is not 

in itself specifically abnormal, nor is there any evidence 

of differing behaviour in the glass forming systems. 

The most fully inNestigated system with regard to 

temperature is the potassium nitrate-calcium nitrate mix-

ture containing a mole fraction of potassium nitrate of 

0.64. The viscosity, conductivity, and U.V. spectra have 

all been investigated to a temperature of 160°C. or below 

and the volume behaviour was measured by McAuley to this 

temperature. McAuley found that the volume was a linear 

function of temperature over the entire range. The depen-

dence on temperature of the other propertied is markedly 

non-linear. 
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A most interesting feature of vhe results is the 

comparison between the linear behaviour of the volume plot 

and the curved U.V. spectra results (graph 4.16.). A 

similar spectra run on the entirely monovalent system 

potassium nitrate-sodium nitrate over the same temperature 

range was completely linear. 

The difference between the two parameters is that while 

volume takes account of long range packing effects in the 

melt, the spectroscopic results are normally regarded as 

average nearest neighbour effects over the entire melt. 

Regions of miss-match between local packing structures 

will thus affect spectra far less than volume results. 

In order to explain the apparent over-riding impor- 

tance of charge at high temperatures and this difference 

between spectra and volume, a simple model is proposed 

which leads to a possible correlation between spectra 

and viscosity. 

The melt is known to be approximately charge ordered 

(2.1.1.) and consequently at the surface, each ion will 

be surrounded by charges of unlike nature on three sides 

but not towards the vapour. These charges will therefore 

constrict the melt and tend to produce the minimum steric 
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volume possible. In the volume model, the nitrate minimum 

volume was assumed to be a close packed structure and a 

suitable two-dimensional representation of this is given 

in diagram .6.5. This structure does not represent the 

position of minimum charge in a monodivalent melt. Thus, 

charge considerations in the bulk phase will tend to pro-

duce structures in the melt, which lie closer to the 

minimum coulombic potential position and which are likely 

to produce less dense packing arrangements. On such con-

siderations, charge effects control both the effective 

repulsive and attractive forces in the melt, so that the 

overall dependence of high temperature behaviour on charge 

is explained. 
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The curved nature of the U.V. spectra temperature 

dependence can also be explained by similar arguments-

Three main considerations affect repulsive forces, 

(1) steric terms due to the shape and size cf the ions 

(2) k5netic energy terms 

(3) change terms which affect the geometry. 

The attractive forces are presumably coulombic, both due 

to charge interactions at the surface and in the bulk of 

the material. 

As the temperature is reduced, the coulombic terms 

are not affected, but the kinetic energy term falls com- 

mensurately. This will alter the balance between repulsive 

and attractive forces and so change the geometry of the 

local packings. Since only the kinetic energy changes, 

the change in volume would be expected to be linear. 

U.V. spectra, on the other hand, is well known to 

be very sensitive to geometrical changes and is used to 

investigate solid state transitions(4). Since it is also 

presumed to be a nearest neighbour effect, compensating 

terms such as greater miss-match between packing arrangements 

will not be eactive. The plot therefore curves. 
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Such arguments lead also to a correlation between 

viscosity and spectra. The degree of curvature of the 

spectroscopy plot on the above analysis should be indica-

tive of the increase in local ordering of the structure. 

The Smith expression reduces for one set of mixtures to 

an expression of the form, 

E
max 

= K Eq. + L. 

Eq is the equivalent fraction. of one species. 

The term K contains the expression relating the 

radii of the cations and their charges to Emax.  So that, 

at a different temperature when a different local order 

is established, it will be the team K.Eq which will be 

affected. By extrapolating the linear high temperature 

behaviour into the low temperature region, the anomalous 

change in the term K.Eq was calculated (K') as a ratio 

of the ideal and experimental values. 

If absolute reaction rate theory is used for .e.s-

cosity, an entropy term directly related to ordering 

effects is available. 

óS E • 
= const. e R e RT 

E, the activation energy is assumed to be constant, so that 

AS may be evaluated. It is assumed to indicate the degree 
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of order possible in the system. 

If no ordering takes place as the temperature falls, 

log 'Theoretical 

s„ 
R ' 	

RT 
E  + const. 

and if it does, 

E 

	

log 11Actual 	R

S2 	
+ const. , 	RT 

	

I)Actual 	AS2- ASi • 
. log 

By extrapolating the high temperature approxi-

mately linear part of the viscosity plot into the low 

1)A 
temperature region, values of --- could be calculated. 

-9T 
When this term was plotted against K' it was found to be 

linear (graph 6.6.) or, 

AS2  - AS1  
K' = const e 

The term K' is related to changing local order in 

the melts, that is it is effectively a measure of the 

change in the statistical distribution of local structures 

in the melt. The form of the expression is the same as 

the standard result of statistical mechanics, 

S = k ln W 

where W is the number of possible configurations permitted 

to a given system. 

li
R  

Theoretical  
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The concept of the nitrate melt as consisting of 

a statistical distribution of local structures with the 

nature of the distribution ordered by charge parameters 

seems to give a good explanation of the equilibrium 

behaviour and of the high temperature transport behaviour. 

In order to discover why some systems form a disordered 

solid or "glassy" state while others crystallize, a more 

detailed analysis of the tranc,port data 3s required. 

There is no completely successful structural theory 

for transport; the outline of various viscosity theories 

given in Chapter 1 is good evidence of this. Essentially, 

any molecular theory of transport attempts to link some 

type of microscopic friction coefficient with the macro-

scopic properties, but so little is known about the number 

and nature of moving species in the melt, that no well 

defined structural model can be achieved. 

The Eyring absolute reaction rate theory is used 

as a basis here. While the elementary model from which 

it was derived is too simple, provided the number of each 

transporting species and its nature does not change, 

similar arguments could be used for far more complex 

transport mechanisms without altering the nature of the 

equations. The theory also introduces an order dependent 
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term in a fundamental manner. 

Results of measurements on both the conductivity 

and viscosity of the potassium nitrate calcium nitrate 

melt are given in Chapter 4, in the form of Arhenlus 

plots. To express the relationship between the two more 

directly, the conductivity results were converted using 

the volume data to equivalent conductivities and both 

viscosity and conductivity plotted on a large scale. In 

any local region of temperature, the plots may be regarded 

as approximately linear and Ey) and E-'4 values calculated. 

This was carried out by taking tangents at various tem-

peratures by a graphical construction. The results are 

shown in Table 6.7. 
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Temp. 

Com 	°C. 
Mole 
% KNO

3 

352 315 283 253 227 203 181 

6.03 6.20 6.93 8.22 9.67 11.76 15.38 
5.80 5.80 5.95 7.13 8.81 10.49 12.39 Er 

0.67 5..80 5.80 5.95 7.13 8.81 10.49 12.39 E.A. 

1.04 1.07 1.1? 1.15 1.10 1.12 1.24 E.17/ 
E-A. 

6.26 6.7o 7.25 8.91 10.71 12.64 17.25 Ell 

0.64 5.84 5.87 6.52 7.78 9.15 12.47 17.43 E.A... 

1.07 1.14 1.11 1.15 1.17 1.01 0.99 E,)/ 
EA.. 

6.77 6.98 7.72 9.14 11.38 14.03 17.71 Ell 

0.60 6.41 6.37 6.80 8.09 10.11 12.55 17.24 E.AL 

1.06 1.10 1.12 1.11 1.13 1.12 1.03 E/7/ 
E..X.- 

Table 6.7.  ACTIVATION ENERGIES KNO
3
/Ca(NO3)2 SYSTEM. 
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The ratio of En to E.A. is approximately unity 

over the entire range of temperature. A possible reason 

for the slight discrepancies is given later, but that 

such unity is unusual for molten salts is shown in Table 2.3. 

Two main viscosity theories are possible; 

1) That groups of ions form into "clusters" or non-

crystalline packings in the melt and move through it as 

single species, thus causing an enhancement of viscosity 

in a manner analagous to colloidal suspensions(5). Such 

theories inevitably assume some form of segregation between 

various regions of the melt, but the clusters need not be 

time stable, provided that they have a finite existence 

appreciably longer than the time for a single viscous 

relaxation. 

2) On a more uniform theory, viscous shear may require 

that each ionic link in the melt is overcome. Thus, 

whereas the liquid may consist of a complete distribution 

of statistical local packings, all of those packings must 

be sheared or distorted for movement to occur. 

While it is difficult to distinguish between the 

two types of theory, especially since neither is well 

defined, the ratio of the activation energies for the system 
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suggests that whichever mechanism is preferred for vis-

cosity, a similar one must be applicable to conductivity. 

Singp conductivity is generally assumed to be carried by 

single ion charge carriers, a uniform theory in which 

restriction to motion is applied over the entire melt 

would seem more likely. 

If the Nernst-Einstein relation held for salt 

systems, then the argument would be strengthened greatly 

by diffue_on data. Unfortunately, this relationship has 

beon widely studied for molten salts and does not hold 

exactly(6' 7, 8). C.A. Angell(9)  recently measured 

diffusion coefficients in the potassium nitrate-calcium 

nitrate system and postulated that the deviations from 

ideality observed were more indicative of mutual ion 

interference than paired vacancy diffusion mechanisms. 

A single mechanism capable of explaining the 

transport behaviour will be postulated as a result of 

the relaxation data in Chapter 7. 

A series of experiments on the 0.64 mole percent 

potassium nitrate-calcium nitrate mixture to which small 

additions of chlorides and bromides of sodium and potassium 

were made in such a way as to replace a single potassium 
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nitrate molecule in the sol7ent melt kgraphs4.12, 13) The 

results do not show very marked changes so that their 

interpretation is limited. The effect of equal additions 

of sodium and potassium chloride produces a similar 

slight rise in viscosity. The effect of sodium chloride 

raises the conductivity markedly in the high temperature 

condition but this enhancement is partly frozen out at 

low temperatures. The potassium chloride does not 

appreciably affect the conductivity. The volumes of the 

melts are not known so that equivalent conductivities 

cannot be obtained, but it would appear that at low 

temperatures, the more labile sodium ions become cons-

tricted. This suggests that at low temperatures, there 

is little motion of one ionic species relative to another 

and hence that some single mechanism controls the trans-

port in this region. 

Urnes (2.2.1.) has measured the conductivity of one 

binary mixture between 160°C. and 120°C., i.e. at lower 

temperatures and discovered that the slope of the curves 

for viscosity and conductivity do tend to unity, verifying 

the results obtained here. 

The slight rise in the ratio of ELI  to E.A- at 



140. 

intermediate temperatures is difficult to explain butt  

presumably when the coulombic asymmetric forces first begin 

to affect the melt structure, the larger particles are 

restricl,ed first. Thus the lighter cations become rela-

tively mere labile and decrease the slope of the conduc-

tivity plot. At sufficiently low temperatures these 

particles are more tightly held and the conductivity plot 

assumes the same slope as viscosity. 

Thus, the anomalous glass-forming mixtures are 

considered as normal molten nitrates. They contain a 

very high, locally asymmetric coulombic field due to the 

cations which are set in a disordered assembly of vibrating 

nitrate discs, comprising the bulk of the melt volume. 

The volume of the melt is very low and there will consequently 

be considerable interaction between the nitrates. The 

average structural geometry of local groupings in the melt 

will alter as the temperature is lowered. 

The transport data suggests, although the argument 

is not rigorous, that particularly at low temperatures the 

movement of one ion species relative to another in the melt 

is restricted. Hence, the internal mobility and the con-

sequent facility for forming crystal nucleii will be reduced. 
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The probable reason for this is a combination of steric and charge 

effects due to the size and shape of the constituent ions 

and the high coulombic charge. Thus supercooling and 

eventual glass formation will be more favourable in these 

systems. 
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Chapter 7. 

Discussion of the Dielectric Results. 

The problem of measuring dielectric loss effects 

in good conductors is made extremely difficult by the 

relative magnitude of the pure conductance term. A.C. 

bridges measure resistance and capacitance in terms of 

a complex impedance and, in order to differeatiate between 

the reactive and resistive components of impedance, the 

two terms must be of similar size, t.e. the phase angle 

must be between about 20°  and 80°. In molten salts the 

phase angle is normally lower, and so the minor reactive 

term cannot be discriminated. 

The salts used here differ. In Chapter 6 the 

anomalous nature of certain potassium-oalcium nitrate 

melts was assessed and it was suggested that they remained 

liquid at low temperatures due to a combination of steric 

and charge effects. The systems in the low temperature 

state have sufficiently low conductivities (about 1.0 x 

10
4 
mho's cm-1) to allow moderately accurate measurement 

of the reactive component. This anomalous mixture repre-

sents, therefore, one of the few cases in which a liquid 

consisting purely of simple charged particles-can be 

analysed using dielectric techniques. 
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Sillce this phenomena has not been observed before 

in molten salts, consideration was paid in Chapter 5 to 

the elimination of possible spurious effects in the 

electrical system. The analysis that follows is a first 

attempt to relate the results to basic molecular theory. 

The model finally proposed may not be a unique solution 

but it appears to be compatible with the conclusions of 

the previous chapter and to explain effectively the 

dielectric. effects. 

7.1. The Standard Interpretation of Polarisation  

Phenomena  in terms of Molecular Structure(10). 

In a simple parallel plate condenser in vacsuo, 

the amount of electric charge it can retain depends on 

the geometry of the plates (free charge). If a material 

is then introduced, the amount of charge or capacity 

increases by a quantity dependent on the nature of the 

material. This effect is due to charged species in the 

material which align in the electric field and effectively 

bind extra charges to the plate surfaces(bound charges). 

Since this effect depends on the nature and number of the 

charged species, it is a property of the material. Expressed 

in vector terms, 

X 	P 	bound charge density  
of - free charge density 
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P is called the polarisation, E is the field strength and 

)( the electric susceptibility. 

In en electrically neutral material the only charges 

which can contribute are dipoles or higher terms. P may 

also be regarded as the dipole moment/unit volume. It 

is this term which is normally related to structure. The 

standard mechanisms used to explain polarisation in a 

material arel  

(1) electronic polarisation 

(2) atomic polarisation 

(3) orientation polarisation 

(4) space charge polarisation. 

Electronic contributions are due to a drift of the 

electrons of an atom in the applied field causing a dis-

tortion of the electron cloud round the central nucleus 

which produces a nett dipole. Atomic polarisation is 

caused by a displacement of one atom relative to another 

in a molecule causing a change in the dipolar effect 

between them. Orientational effects are due to the ten-

dency of molecules containing permanent dipole moments 

to align in the direction of the field. Space charge 

polarisation is caused by free charge carriers accumulating 
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either at an interface or in the bulk cf the material, 

causing a distortion of the charge density. 

The most informative method of distinguishing 

between these mechanisms is to consider the frequency 

region in which they may cause anomalous behaviour. 

The present discussion concerns a loss mechanism at low 

frequeacy so that mechanisms one and two can probably be 

eliminated. They would not be 3xpected to give such low 

frequency loss effects. 

A "loss" effect
(loot 

is some mechanism causing 

anomalous absorption of energy in the material. When 

pure conduction occurs in a dielectric, the conducting 

species produce host according to the simple Ohms law 

relation. :f the time in which field reversal occurs 

is long compared with the acceleration time of the par-

ticles, i.e. the time required for the species to reach 

their equilibrium drift velocities, the Ohms law relation 

holds and the effect of conduction will be invariant with 

frequeacy. Rotating or vibrating species in the material 

attempt to align with an alternating field and the energy 

absorption caused in overcoming the internal friction 

coefficient depends on the characteristic frequency of 



146. 

the species and the frequency of the applied field. The 

effect will be a maximum when these two frequencies are 

equal. The standard mathematical development of these 

terms is given by Murphy and Morgan(12). 

The form of the et and E" curves against frequency 

are well understood for systems which can be described 

in terms of a single rotating or vibrating species. In 

diagram 7.1. these results are given for a typical system, 

3) methyl alcohol(1  . Many actual systems show much more 

gradual relaxation curves (e.g. Transformer oil) and 

this is normally assumed to be due to a spread of relaxation 

times. Cole and Cole(14)predicted that, for a single 

relaxation process, a plot of E' againsten would be a 

semi-circle with its centre on the X-axis. While this 

holds for systems such as methyl alcohol, for less stan-

dard systems such as transformer oil, the curve becomes 

an arc of a circle with its centre below the axis due to 

dispersion. Ideally the semi-circles of the Cole-Cole 

plot should move along the axis away from the origin as 

the temperature rises without increasing the radius of 

the semi-circle. The results of the plot for the molten 

salt at three temperatures is given (graph 7.2.) and is 

anomalous. 



F IZEISN Eric? DE PENDENCE  

M GTI4 YL A L. c co4oL R ESULTS  

T= a0 0 c 

2.0 

0 	  

3,g0 
-r 	3, Os-, 3fl0 9 	

3/
1
0o 	

3x 1011 3xIov2-  

FACauEmcs/ c/s EC 

141 

GRA PH 7. I. 

C OLE COLE PLOT 

1-12 N bFoAM  E E. 0 I L  

T = 0 °c 

2.•tr 	a s 	2.4 



17 AO 10 13 3.A 	2.3 	Asp 	ar 	?.7 	a 2 	al 	30 	31 

E 

Cole CO L E 

T. As 

PLOT rot MOLTEN K N 05/ CA (N 03) 

G- 2.  A PIN  7. P AO-Aft UTEA 



149. 

Space charge pniariam+inn °tracts all ionic con-

ductors to some extent. Results of the conductivity 

studies below 2 K.cycles/sec. tended to be high and not 

very reproducible, so that quantitative studies in the 

low frequency region were abandoned. This effect is due 

to the build up of charges at the plate to melt interface 

and is common in conductivity measurements of molten 

salts. 

7.2. The Experimental Behaviour. 

The temperatures at which relaxation phenomena 

are observed lie well below the lowest values measured 

for viscosity in the present study. From the results 

of times, (2.2,1.) the viscosity is given as about 

2 x 10
2 
 poise in this region. Such a figure is well below 

the normal glass point at 1013  poise claimed by Dietzel 

and Poegel as 56°C. (2.2.1.). There is no evidence of 

glass formation at these temperatures and the system is 

considered as a liquid. 

An analysis of the temperature dependence is com-

plex and, since the low temperature results are both 

better defined and approximate more closely to ideal be-

haviour, an analysis of these results is given first. 
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At low tcmporaturpm, the Colo-Colo plot (graph 7.2.) 

ib a oiroular arc but not a semi-circle, indicating that 

a single relaxation mechanism is present in the melt at 

these frequencies and that there is same spread of relax- 

ation times. The mean value of the spread corresponds to 

a time of about 4 x 10-7  secs. which is extremely slow. 

A relaxation time of the same order is given by 

glycerol at about -2200.05), at which temperature the 

viscosity is about 2.2 x 10
3 
 poise' t6) . For the molten 

salt, the viscosity estimated from the results of Dietzel 

and Poegel (2.2.1.) is about 2 x 102  poise. The relaxa- 

tion phenomena is therefore of a similar magnitude to 

that in the heavily hydrogen bonded liquid. 

Due to space charge polarisation effects, the 

static dielectric constant cannot be measured exactly 

bat it may be estimated from the Cole-Cole plot, as 

between 18 and 20, the value rapidly rising with increasing 

temperature. This low frequency constant compared with 

the results for benzene 2.35, methyl alcohol 33, glycerol 

55 and water 80, lies at an intermediate value. The 

static dielectric constants of methyl alcohol, glycerol 

and water are very high, normal liquids have values between 

about 2 and 6. 
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Thus, at the low temperature, *Ile dielectric 

phenomena are characteristics of a single Debye 

relaxation process in a very viscous liquid. The mag-

nitude of the dielectric term is rather similar to but 

more diffuse in form than for methyl alcohol. 

As the temperature rises, the dielectric effects 

becom3 more diffuse and zore difficult to define. As is 

shown in the Cole-Cole plot, the maximum value of f.." 

increases as the temperature rises r'ausing an increase 

in the area unaer the curve. 

Part of this rise could be due to an assumption 

used in the derivation of E.". The D.C. conductivity was 

not known and the value of A.C. conductivity at 60 K.cycles/ 

sec. was used as the best approximation. As the conduc-

tivity rises, the difference between the two resistance 

terms in the expression derived in 5.2.2., become; very 

small and possible errors in the value of the D.C. con-

ductivity more important. It seems unlikely that this 

effect alone could account for the anomalous rise. A 

structural explanation can be postulated to explain the 

behaviour. 
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Since dielectric effects of this nature have not 

previously been measured in molten salts, there is no 

directly comparable evidence to aid in interpreting the 

results. A qualitative explanation which is by no means 

unique but appears to be compatible with the previous 

chapter will be outlined. 

The lowest temperature of measurement is well 

within the liquid range with a viscosity of about 2x 102  

poise. The relaxation time in the liquid, 4 x 10 7 secs., 

is 	e%!:remely 	slow. Loss effects in this frequency 

range are unlikely to be explicable in terms of simple 

orientation effects of single molecules, since even in 

inorganic glasses, the cations are assumed to have equili-

brium vibration times of about 10-12 secs. A more likely 

explanation would be in terms of the relaxation of groups 

of iono in the malt. 

Since only a aingle Cole-Cole arc is obtained, only 

one relaxation time is present in the melt, not the com-

plete spectrum which would be expected from the diverse 

nature of the contributing Species. This also suggests 

that the relaxation is due to multimolecular groupings in 

th, melt. 
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In Chapter 6, it was suggested '6hat a liquid 

could be considered as a distribution of molecular scale 

close packed assemblies of differing geometry which may 

not be time stable. As the temperature is reduced, the 

internal energy of the melt falls and the range of poss-

ible structures in the distribution will gradually be 

reduced until the lowest energy forms of packing pre-

dominate. 

In normal liquids, when the energy is sufficiently 

low, crystallization takes place, but presumably in these 

liquids the high locally asymmetric coulombic charge pro-

duces a more dense form of packing which is incapable of 

long range three-dimensional order. 

Than the behaviour of the U.V. spectra data with 

falling temperature is explicable on the basis of a grad-

ual, charge determined increase in local ordering has already 

been demonstrated. Janz(17)  in explaining the splitting of 

the Raman Spectra 10°C. above the melting point in mono-

divalent melts postulates that the oations reside at pre-

ferred positions on the nitrate anion thus introducing a 

concept of local order from a different but compatible 

standpoint. 
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Ths segregation of the molt into local packing 

arrangements joined by regions of miss-match leads to 

a fluctuation in the potential energy of local regions 

between the clustered regions and the regions of miss-

match. To minimise this, she packings presumably form 

and dissipate with a time characteristic of the liquid 

at that temperature. Since the packings do not have 

three-dimensional order, the orientation of the anions alter 

with the same periodicity as for the packing formation. 

If an alternating field is applied to the melt the 

local asymmetric cation potential will distort in res-

ponse to the field causing a re-orientation of the nitrates. 

When the periodicity of the field and the formation time 

of the clusters are the same, relaxation will occur. 

These concepts are comparable to the flickering 

cluster model for water of Frank and Wenn
(18) 

and Nementhy 

and Sheraga
(11) 

 •  The latter authors consider a model for 

water in terms of groups of weter molecules joined by 

hydrogen bonds in a manner analagous to quartz structures. 

The groupings which are not, presumed to be time stable, 

consist of 25 to 91 molecules. The dielectric constant 

of water is higher than for the salts but methyl alcohol, 
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Which has a comparative dielectric constant or glycerol 

with a comparative viscosity could be expected to give 

similar models. 

When the temperature drops sufficiently low for 

only one form of predominant packing to occur, the cations 

which establish this form will be interlocked with the 

nitrate discs. Thus, both conductivity and viscosity 

will depend on the relaxation of the packings for move-

ment to occur. 

In the case of viscosity, during the time of for- 

mation or dissipation, the interlocked nitrates will 

become more lEbile and, if a shearing force is applied, 

flow will occur preferntially here. For conductivity, 

similarly, the less rigid packing during follmation will 

allow the relative moment of anions and cations at lower 

energies. Thus, both processes are dependent on the 

relaxation time and will tend to have similar slopes at 

low temperature. 

The temperature dependence can also be explained 

on this basis. The amount of local ordering present is 

entirely dependent on the kinetic energy of the system and 

consequently the gradual broadening of the dispersion as 
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the temperature rises is due to the formation of larger 

numbers of packing arrangements in the melt. The increase 

in size of en is probably due to free conduction effects 

associated with the reduced ordering forces. 

The standard mechanisms postulated to explain 

dielectric effects in inorganic glasses(11' 20, 21)  are 

somewhat different to those suggested above. In this 

case the covalently bonded anions trap the metal cations 

in holes in the structure, where they vibrate with a 

- 14 periodicity of about 10
-12 

to 10 	secs. When a field 

is applied, the equilibrium position of the cation 

changes due to a distortion of the anion network. In an 

alternating field the continuous change of equilibrium 

position gives rise to a dielectric effect. As in the 

present case, the temperature dependence is anomalous due 

to conductivity effects. 
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By using various mixtures, properties of molten nitrates can be studied at temperatures well 
below the freezing points of any pure nitrates of alkalis or alkaline earths. Molar volumes, 
viscosities, electrical conductivities and ultra-violet absorption spectra have been investi-
gated in this way for mixed nitrate melts down to 140 °C. For a typical pair of uni-univalent 
cations, such as potassium and sodium, each of these properties shows practically linear 
variation for all mixtures down to the lowest temperatures studied. On the other hand, 
cations such as calcium with a higher polarizing power cause marked deviations from 
linearity in transport properties and absorption spectra in certain mixtures. However, even 
in such mixtures no excess volume is found, and temperature variation of the molar volume 
remains linear. Effects observed aro discussed in terms of the closest approach between 
cations and the nitrate anions in these melts. As the temperature falls, there appears to be 
progressive formation of regions of increased packing density in the melt and corresponding 
irregular voids. These more densely packed regions may be termed `clusters' or ' associated ' 
groups of ions. Although probably smaller, such transient clusters have analogies with 
`flickering clusters' proposed in some models for water near its freezing point. 

INTRODUCTION 
Non-spherical repulsion envelopes of polyatomic anions have been given as a reason 
for the anomalously low melting points of ionic crystals such as nitrates (Davis, 
Rogers & Ubbelohde 1953). Other properties of pure nitrate melts, such as the small 
volume changes on fusion (Ubbelohde 196o) and the shift towards higher fre-
quency of ultra-violet absorption spectra on passing from crystal to melt (Rhodes & 
Ubbelohde 1959; Cleaver, Rhodes & Ubbelohde 1961a, 1963) likewise accord with 
the hypothesis that approach between cation and anion can be considerably closer 
in these melts than in the crystals. However, properties of melts of pure alkali 
nitrates so far as they have been studied do not suggest association of the ions into 
any very large clusters, or `regions' with density above the average. For example, 
viscosities and electrical conductivities follow a simple Arrhenius type dependence 
upon temperature reasonably well, right down to the freezing points of the pure 
nitrate melts. If any appreciable volume fraction of the melt were to be occupied 
by such regions or clusters as the temperature falls, anomalous increases in viscosity 
and probably of electrical resistance should become apparent (Ubbelohde 1964). 

Although melts of the pure salts do not show any marked anomalies of this kind, 
it has been reported that binary mixtures of univalent nitrates with divalent 
cations such as Mg2+  or Ca2+ solidify into `glasses' (Stevels 1952; Dietzel & Poegel 
1953). Similar statements have also been made about ternary mixtures containing 
divalent cations as one component (Bergmann 1939). Glass formation in melts can 
now be given quite specific characterization involving rise of viscosity to about 

[ 263 ] 
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1013 P and a freezing-in of configurational entropy leading to the change from 
liquid to glass (Jones 1956). Unfortunately, earlier reports do not make it clear if 
a glass in this precise sense occurs in any mixed nitrate melts. Methods of measure-
ment previously described (Dietzel & Poegel 1953) are particularly confusing in 
relation to the above criteria applied to mixed nitrate melts. In a completely 
different approach, glass formation in such mixed melts has been attributed to 
distortion of the nitrate ion by divalent cations, though distortion is not apparent 
in infra-red spectra (Borgen, Grjotheim & Urnes 196o) or Raman spectra (Gross & 
Kolesova 1952). 

Although no viscosities of the order 1013  P have been detected, it seemed possible, 
as a working hypothesis, that the moderately high viscosities for certain mixed 
nitrate melts might be due to incipient increases of the size of associated 
groups of ions, already postulated in pure molten nitrates. Such growth might be 
favoured: 

(1) By the fact that measurements on mixed nitrate melts can be pushed to much 
lower temperatures than with any pure nitrate melts; this would favour exothermic 
processes of association; a lowering of the kinetic energy of the ions likewise enhances 
the role of any transient association groups or clusters. 

(2) By the enhanced electrostriction arising from the presence of divalent cations 
for which the electrostatic potential ze/r+  at the contact radius r+  is considerably 
larger than in the pure melts hitherto examined. Such effects might even be 
enhanced if the distribution of divalent cations is not random throughout the 
mixture. 

The present research aimed at elucidating whether any structural anomalies, for 
example ion association into ' clusters ' eventually terminating in glass formation, 
could be established from appropriate measurements on mixed nitrate melts. 
Previous studies lend support to the view that when ions or molecules in a melt 
interlock into groups or ' clusters ', identified by the fact that they are compelled to 
move together in fluid flow, this must enhance the viscosity. To characterize the 
anomaly, viscosities of a range of mixed melts were studied down to the lowest 
possible temperatures. Molar volumes of mixtures, though likely to be much less 
sensitive to any interlocking, have recently been measured for similar mixtures; 
this particular property of the melts in fact remains quite normal (Al Mandi 1964; 
McAuley, Rhodes & Ubbe]ohde 1965). 

Ultra-violet absorption spectra of nitrate melts and electrical conductances have 
also been measured, to obtain a variety of information about ion interactions in 
these melts for any given composition. As is discussed below, it is confirmed that 
mixed melts containing divalent cations show considerable anomalies in the pre-
freezing region. However, in our experiments, these anomalies did not become 
sufficiently extensive to prevent normal crystallization. No true glasses could be 
found; though some of the chilled melts have a ' glassy ' appearance, their structure 
probably remains microcrystalline. 
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EXPERIMENTAL 

Salts used were NaNO, (Judactan WABA 99.99 %), KNO3  (Judactan WABA 
99.97 %) and Ca(NO3)2  (B.D.H. laboratory reagent anhydrous 98 %). Sodium and 
potassium nitrates were dried by heating at 250 °C for at least 12 h under vacuum 
followed by three cycles of shock drying (Rhodes & Ubbelohde 1959). Calcium 
nitrate was dried by heating for not less than 24 h in an open dish at 200 °C. The 
mixed melts were further dried at 300°C by passing through them a stream of 
nitrogen (02  < 6/10°) previously dried by using a liquid air trap. Earlier investiga-
tions (Frame, Rhodes & Ubbelohde 1961) showed that water was removed to below 
detectable limits ( < 10-4  mole fraction) by these operations. 

Considerable care was necessary to obtain mixtures of accurately known composi-
tion when these included calcium ions, in view of the hygroscopic nature of calcium 
nitrate. After testing various procedures, calcium nitrate was weighed directly in 
sealed tubes, and was introduced into a mixing vessel. Potassium nitrate was then 
added in amounts determined by direct weighing (to 0.2 mg). Mixed melts after 
further drying by nitrogen, as above, were then transferred directly into the 
measuring apparatus, a positive pressure of nitrogen and a closed system being used. 
Mixtures of sodium and potassium nitrate were prepared by conventional pro-
cedures. Possible decomposition of the melts at the higher temperatures during 
prolonged experimentation was carefully investigated in all cases. Melts of pure 
KNO3  showed no detectable decomposition at least up to 420°C over the 100 h of 
experimentation with any one melt. As more Ca(NO3)2  was progressively added, 
thermal stability decreased. For example, in a mixed melt with mole fraction 0.6 
of KNO3, slight decomposition could be observed above 380°C, whereas pure 
Ca(NO3)2  decomposes so rapidly in its melt that no accurate melting point has yet 
been determined directly. 

For determinations of viscosities, electrical conductivities, and molar volumes, 
thermostats containing mixed melts were used, whose temperature was electronic-
ally controlled to ± 0.05 degC. Temperature measurements were made to 
± 0.02 degC by means of Pallador thermocouples, calibrated by direct comparison 
with a platinum resistance thermometer standardized to 0.001 degC (at the N.P.L.). 
Apparatus for viscosity measurements and determinations of molar volumes were 
as previously described (Frame, Rhodes & Ubbelohde 1959; Cleaver, Rhodes & 
Ubbelohde 1961 b). Independent tests showed that viscosity data were obtained 
with an accuracy of 0.5 % without the need to apply end-corrections. Conductance 
measurements of somewhat lower precision (± 1 %) were made on the same 
mixtures, by means of an a.c. bridge (Wayne-Kerr operating at 1592 c/s) and 
a simple capillary type cell, calibrated with N/10 KC1 solution. Determinations of 
ultra-violet absorption spectra of mixed nitrate melts refer to the peak of the weak 
(E2) band, which was measured at various temperatures using methods elaborated 
for pure nitrates (Cleaver et al. 1963). 

As a general rule, measurements were carried out both with rising and falling 
temperatures, sometimes extending a series over several days. Results were in good 
agreement and no hysteresis was perceptible at any stage. 
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RESULTS 
Figures 1 and 2 illustrate viscosity and conductivity data by logarithmic plots. 

To record the large number of observations in permanent form, curves were fitted 
by computer to least squares polynomials of the form 

logio v = a— b(1047)+ c(104/T)2, 

log10 = f -§- g(1047) ;41047)2. 

24 
rD4  

16 

3.2 

16 	18 	20 	22 
101/T °K 

FIGURE 1. Viscosity of KNO3 -1-Ca(NO,), mixtures. 
Mole fraction KNO, as parameter. 

Values of the computed coefficients for the various mixtures are recorded in 
table 1 (viscosity data), and table 2 (conductivity data). Tests showed that although 
these polynomials were satisfactory for interpolation below 525°K, at higher 
temperatures they gave less close fit with data than a computed straight line. 

For use in calculating excess functions, a straight line, 

log„v = —a' +b'(104/T), 

loglo  cr = -+f ' -*'(104/T), 

was fitted by least squares to the data in the temperature range 525 to 667 °K. 
Computed values of a' and b', f' and y' are recorded in tables 1 and 2. 

In the following discussion, the difference is examined between the behaviour at 
low temperatures of mixed univalent nitrates, and that of mixtures containing 
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divalent cations such as Ca2+. In the ultra-violet absorption studies, a thin film of 
the equimolar eutectic mixture of KNO3/NaNO3  was supercooled down to 100°C 
(373 °K) without the formation of crystals (figure 3). (In the bulk phase however, 

5.8 

0 

5.0 

0 

4.2 

16 	18 	20 	22 
100/T °K 

FIGURE 2. Conductivity of KNO3+Ca(NO3 )2  mixtures. 
Mole fraction KNO3  as parameter. 

TABLE 1. VISCOSITIES OF MIXED POTASSIUM AND 
CALCIUM NITRATE MELTS 

Constants in the interpolation formula, 

loge  mP = a- b(102/T)-Fc(102/712 ) below 525 °K, 

and of the corresponding straight line, 

logy, mP = -a'+b'(104/T) between 525 and 667 °K. 
composi- 
tion of 
mixture 

lowest 
applic- 

mole 
fraction 

able 
temp.  

temperature range up to 525 °K 525 to 667 °K 

a 10b 102c 10a' lOb' KNO3  (°K) 
0.55 480 4.9175 5.1518. 2.0182 9.7995 1.7628 
0.60 450 5.3221 5.4829 2.0404 7.2050 1.1580 
0.64 460 4.9700 5.0042 1.8654 6.3128 1.4790 
0.67 440 5.1649 5.2060 1.8976 4.3050 1.3290 
0.74 450 2.6364 2.3765 1.0890 3.4923 1.2460 
0.80 500 1.3986 0.8495 0.6026 2.4940 1.1474 
1.00 610 - - - 1.8949 1.0134 
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crystallization occurred in this melt at 490°K.) To allow comparisons of the 
viscosities of these melts at even lower temperatures, a ternary mixture of NaNO3, 
KNO3  and RbNO3  ( % mole fractions 37.8, 37.8 and 24.2 respectively) was prepared. 
This remained liquid down to about 465°K (1/T = 21.5 x 10-4) as recorded in 
figure 4. 

TABLE 2. ELECTRICAL CONDUCTIVITY OF MIXED POTASSIUM AND 
CALCIUM NITRATE MELTS 

Constants in the interpolation formula, 

log io  

and the corresponding straight 

logio  
composi- 
tion of 	lowest 
mixture 	applic- 

mole 	able 
fraction 	temp.  

	

a tanhos = f 	g(104IT) 	1(108  1T2) below 525 °K, 

line, 

	

mhos = -i-f 	g'(10'IT) between 525 and 667 °K. 

temperature range up to 525 °K 	temp. 525 to 667 °K 

f lOg 102 / f' lOg' KNO3  (°K) 
0.55 540 - - - 12.454 4.3319 
0.60 450 1.8807 5.3420 1.9270 7.5314 1.2720 
0.64 450 3.5145 3.4694 1.3728 7.5709 1.2588 
0.67 440 3.7586 3.2305 1.3049 7.5506 1.2337 
0.74 450 8.2629 7.9829 2.4700 7.5049 1.1664 
0.80 500 5.8137 0.7559 0.5265 7.2698 0.9997 
1.00 610 - - - 7.1188 0.8056 

36 

33 	
100 	 200 	 300 	 400 

temperature (°C) 

FIGURE 3. Ultra-violet spectra. 	variation with temperature for several mixtures: 
(a) 	KNO3 +Ca(NO3 )2  (0.64 mole KNO3 ); (b) KNO, + Ca(NO3 )2  (0.80 mole KNO3); 
(c) KNO3+NaNO3  (equimolar). 
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FIGURE 4. Viscosity of (Na +K +Rb) NO3  mixture. Mole fractions of sodium, potassium and 
rubidium nitrates are 37.8, 37.8 and 24.2 % respectively. 

DISCUSSION 
Nitrate melts are liquids remarkable for following ideal mixture laws quite 

accurately with respect to excess volumes. In binary mixtures of KNO3± Ba(NO3)2  
(Cleaver et al. 1961 b), excess volumes do not exceed experimental error (± 0.01 %) 
and similar behaviour has now been verified for the mixtures KNO3± Ca(NO3)2  
(Al Mandi 1964; McAuley, Rhodes & Ubbelohde 1965) and also NaNO, + Ca(NO3 )2, 
NaNO3+ Ba(NO3)2  and RbNO3 + Ba(NO3)2  (McAuley et al. 1965). This ideal 
behaviour suggests a structural model for these melts, in which the nitrate anions 
form a negative plasma, squeezed together by the electrostatic forces exerted by an 
equivalent number of uni- and di-valent cations, packed at random in the 
interstices. 

Calculations may be made of the volume requirements for the nitrate anion, 
using a repulsion volume swept out about all three principal axes as illustrated in 
figure 5 (cf. James & Janz 1962). Treating the nitrate ions as hexagonal close-packed 
spheres (radius 2.32 A) with random orientations, the volume occupied by them is 
42.6ml. per gram ion. This may be compared with the measured volumes of the 
melts at different temperatures (table 3). 

In table 3, for the mixed melts the additional equivalent volume allowance for the 
potassium cations has been estimated by assuming that in pure KNO3  at 3500C 
(molar volume 54.0 ml., Cleaver et al. 1961 b) the hexagonally close packed nitrate 
anions (volume 42.6 ml.) rotate freely leaving the remaining volume (12.0 ml.) to 
be occupied by the cations only. This estimate of the volume requirement of the 
potassium cations is probably high, since no account has been taken of the small 
excess volume (AVIV s — 3 %) introduced on fusion (Davis et al. 1953). On the 
other hand, no allowance has been made for any additional space required by the 
calcium cations. The calcium ions (crystal contact radius 0.99 A, Wells 1962) will 
practically fit into the interstices between the nitrate ions (maximum distance 
between spheres 1.92 A). 

10 
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From table 3 it can be seen that even at 350°C there is no excess of actual volume 
over that calculated for the close-packed assembly of mixtures containing calcium 
ions. Clearly in the mixed melts at the lower temperatures tabulated, the nitrate 
ions are far from having freedom of orientation at random with respect to nearest 
neighbours. They must shrink by fitting together in various ways, to an extent 
which increases as the temperature falls. This conclusion is closely related to other 
evidence reported in the present paper pointing to cluster formation in the mixtures 
at lower temperatures. 

N-0 distance 1.22 A 

0-0 distance 2.20 A 

radius of nitrate sphere 
is 2.32 A 

radius of oxygen taken 
as -1(0-0) distance 

FIGURE 5. Nitrate anion considered as a rotating sphere. 

TABLE 3. MOLAR VOLUMES OF MIXED NITRATE MELTS OF 
POTASSIUM AND CALCIUM 

(volumes expressed as ml./g ion of NO;, McAuley et al. 1965) 

T(°C) 

150 
250 

mole % Ca(NO3 )2  

20 30 

43.9 
45.6 

40 

42.5 
44.1 

350 49.2 47.3 45.6 
Calculated for NO; only 
hexagonally close packed 
(at all temperatures) 

allowing for the additional 
volume estimated for K+ 
(see text) at 350 °C 

42.6 

50.0 

42•G 

48.5 

42.6 

47.0 

Above 250 °C, the tendency to local loss of freedom of the nitrate ions becomes 
progressively less as estimated from the molar volume calculations. Other properties 
such as viscosity and absorption spectra provide more sensitive tests for the struc-
tural changes occurring in the melts and may be briefly examined. 

Transport properties 
If the packing in these melts merely involved spherically randomized nitrate 

anions with interstitial cations, nitrate melts should provide ideal systems for 
testing simple models for transport processes, such as the ' hopping ' model for 
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viscous flow (Glasstone, Laidler & Eyring 1941). Even if such models are open to 
serious criticisms, activation energies may be derived on a purely formal basis from 
simple Arrhenius-type equations 

logy = Av +EvIRT, 	 ( 1 ) 
logy = 	 (2) 

Though El  and E, are primarily to be regarded as empirical data defined by (1) and 
(2), they may be examined for any information they can give about the structure 
of the melts. This procedure has frequently been applied for various pure ionic melts 

60 	 80 
	

100 
mole % KNO3  

FIGURE 6. Computed values of Ev  for KNO3 -1-Ca(NO3), mixtures. 
T (°K) as parameter. 

(e.g. Frame et al. 1959). Present results permit similar calculations for mixtures. 
Values of Ev  are illustrated in figure 6 and corresponding trends for E, in figure 7. 

It will be seen that nominal `activation energies' calculated in this way rise 
steeply as the temperature falls particularly for mixtures containing most divalent 
cations. This might be attributed to the effects of electrostriction squeezing the 
anions together, thus raising the barrier opposing ion hopping, and also increasing 
the steric hindrance opposing rotation. Until measurements have been completed 
on the pressure coefficient of viscous flow, it is not possible to discard finally sug-
gestions (Angell 1964) that uniform electrostatic squeezing can explain the whole of 
the anomalous behaviour of these nitrate melts. However, the present results 
suggest that models of uniform randomized packing of ions are much too simple to 
describe nitrate melts. It seems necessary to consider the micro-structure of 
domains or regions in the melt even to account for the data already available. 
Present findings lend considerable support to a model in which groups of ions are 
interlocked into transient clusters of higher density than the average, separated by 
regions of lower density. At the higher temperatures in the range investigated, such 
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tighter packed clusters appear to occupy only negligible fractions 0 of the total 
volume. But on cooling, particularly in uni-divalent mixtures, the cluster volume 
fractions begin to influence some of the properties studied to a notable extent. 

With this working hypothesis for the structure of the melts, two properties of 
particular significance appear to be the viscosity and the ultra-violet absorption. 
Viscosities would be enhanced by the presence of groups or clusters in a melt, whose 
relaxation time for aggregation and disaggregation is large compared with the 
relaxation time for ordinary shear relaxation in viscous flow (cf. Ubbelohde 1964, 
for examples). 

15 

0 
lo 

4.1b 

5 

60 	 80 	 100 

mole % KNO3  

FIGURE 7. Computed values of E, for KNO3 +Ca(NO3 ), mixtures. 
T (°K) as parameter. 

A simple model treats molecules interlocked so as to obstruct fluid flow as particles 
in suspension in a liquid. The excess viscosity in such a suspension can be calculated 
by an equation, for spherical particles, 

= 1 + 2.50 + 702_, 	 (3) 
in which is the actual viscosity at any temperature, and //i  is the ' ideal ' viscosity 
of a fluid of similar composition but in which every part of the volume can relax in 
the same way under shearing stresses (Einstein 1911). In the present instance 0 is 
calculated by extrapolating downwards data obtained at high temperatures using 
the data given in table 1. The analysis of equation (3) is based on the hypothesis 
that the fraction (1— 0) of the melt has ' simple ' fluid structure and that ions in the 
blocked fraction 0 must move together in the melt. Figure S illustrates a direct 
plot of 0 against temperature; the proportion of blocked volume in the melt 
increasing rapidly as the temperature decreases. 

The origin of this kind of transient structure of a fluid, consisting of a conglomerate 
of ions interlocked into clusters and ions packed more freely, can be seen in general 
terms in the statistical thermodynamics of fluctuations. It often happens that the 
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units, in this case non-spherical ions, can have their potential energy lowered by 
packing in certain arrangements closer than is given by the mean volume of the 
liquid. Except in the case of packing characteristic of crystal nucleus formation 
such clusters cannot grow very large; large assemblies cannot escape including voids 
unless they are based on a regular crystal lattice. Analogous non-crystalline 
clustering of molecules has been discussed for water, in which more detailed know-
ledge about force fields permits calculation of a range of cluster sizes. Near the 
freezing-point these range from about 25 to 100 molecules (Nementhy & Sheraga, 
1962). 

500 	475 	950 
temperature (°K) 

FIGURE 8. 0 plot from computed values for 0.64 mole fraction KNO3  in 
KNO3+Ca(NO3)2  mixture. 

Ultra-violet absorption spectra 
For mixed nitrate melts these can be interpreted on a corresponding basis. The 

results for three mixtures are recorded in figure 3. For the mixture of uni-univalent 
nitrates KNO3+NaNO3, the slope dE2fdT remains linear right down to 100°C, 
where the melt is actually supercooled. This behaviour for mixtures may be regarded 
as additive and accords with the findings of other workers (Boston & Smith 1962). 
At higher temperatures similar behaviour is found for mixtures when divalent 
cations are present. But below about 230°C regions of anomalous shift of E2 max.  in 
the KNO3+ Ca(NO3)2  mixtures (figure 3) begin to be perceptible for the mixture 
with 0.64 mole fraction KNO3; they appear at about the same temperature for the 
mixture with 0.80 mole fraction KNO3. Temperatures of marked departure from 
linearity are also marked in figures 1 and 2 from which it can be seen that optical 
and transport anomalies begin to be prominent in about the same region of tem-
peratures and concentrations. In this region it no longer seems possible to account 
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for all the observations on the assumption of perturbation of the nitrate anions by 
uniform electrostriction. Some kind of co-operative fluctuation of density and 
possibly of local distribution of univalent and divalent cations in the melt, would 
explain the anomalies observed. More direct methods of examining the con-
glomerate structure indicated, and of estimating the size of any clusters, or 
amplitude of co-operative fluctuations from uniform density, are being explored. 

Thanks are due to the Royal Society for the loan of the spectrophotometer, to 
D.S.I.R. for a research bursary (W. E. S.) and to the Ministry of Aviation for other 
support. 
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