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ABSTRACT 

The electrical resistivities of liquid 

binary alloys are generally complex functions of 

the component resistivities. The resistivities 

of several mercury-based alloy systems have been 

studied as a function of composition and 

temperature. A precision, direct current 

potentiometric technique was employed with an 

overall accuracy of about 0. 2^. 

The results show that the resistivity 

of mercury decreases rapidly with increasing 

solute content, until this tendency is 

counteracted by the more usual resistivity 

increase obtained for the solute metals. The 

deviations of resistivity from the weighted mean 

values are negative, with minima appearing in 

the region of 20 atomic fo solute. 



- 3 -

A semi-empirical explanation of the data 

can be found in terras of the volume changes on 

alloying, and on the assumption that the number 

of conduction electrons per atom of mercury when 

alloyed is larger than the valency number. 

Experimental evidence which suggests 

that clustering of bismuth atoms in Hg-Bi alloys, 

and segregation of the components of the Fb-Sn 

alloys, occurs is also presented. 
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INTRODUCTION. 

The understanding of the liquid state, 

particularly in the case of metals and alloys, is 

very slight. This situation arises partly from 

experimental difficulties and partly from diffulties 

associated with the theoretical treatment of a non-

regular system. 

The search for engineering materials has 

been successful with the development of metals and 

alloys as basic construction materials. This interest 

in solid metals provided the incentive for the 

systematic measurement of their properties and the 

theoretical examination of the underlying physical 

principles. Most solid state measurements can be 

made under normal conditions of temperature and pressure, 

so that data are usually plentiful. The application 

of simple perturbation theory to the solid state, 

in which long-range order exists, is also possible. 

The result is that well-established theories of the 

solid state behaviour of metals are available. 

The main feature which distinguishes the 

solid state from others is the existence of a well 

defined structure. In the case of solid metals, the 

simple picture is that of an ordered arrangement of 

metal ions with which valency electrons are associated 
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but not necessarily bound. 

The small magnitude of the change of many 

properties on melting indicates that the liquid state 

is not very different from the solid. The most 

obvious difference between the two states is the 

disappearance of long range order in the liquid. 

The high melting temperatures of most 

metals make their experimental examination in the 

liquid state difficult, with the result that liquid 

metals have until recently been largely of academic 

interest. However, new uses are being found for 

metals in the liquid state. Their high thermal con-

ductivity makes them ideal as heat transfer fluids, 

especially since they are stable at high temperatures 

and have wide liquid ranges. These properties could 

make liquid metals particularly useful in the field 

of nuclear technology, but difficulties in applying 

them have underlined the deficiencies in our knowledge. 

These commercial interests have stimulated 

the study of liquid metals and alloys, and the amount 

of data being produced is rapidly increasing. With 

this increased data it has become apparent that, from 

some points of view, the behaviour of liquid metals is 

more easily interpreted than that of solid metals. 

It can be considered that all physical 
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properties depend ultimately on the atomic "bonding 

mechanism. 1 complete understanding of this mecha-

nism will lead to the explanation of these properties 

and the manner in which they are influenced by 

external factors. The examination of a property 

which is directly dependent on the bond mechanism 

would be a useful means by which these mechanisms 

could be studied. The property to be studied must 

be sufficiently fundamental in nature to bear a close 

relation to bond mechanism, and be measurable 

accurately. 

The choice of this property can be very 

difficult and some apparently obvious properties can 

be misleading. For example, the crystal structure of 

a solid is a useful basic classification in many fields 

of study. Nevertheless, it is not a fundamental pro-

perty from the view point of depending on a single 

atomic parameter, as it is known to involve factors 

such as atomic size, electronegativity and electron 

concentration. A type of structure can only be 

related to one parameter when that parameter 

predominates, e.g. Hume-Rothery phases. 

The bonding mechanism between atoms is 

closely related to the properties of the electrons 

outside each atom core. There are three types of bond 

which can be present in varying proportions in a system. 
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lonic bonding involves the transfer of valency electrons 

from one type of atom to another, while the sharing of 

electrons between atoms is known as covalent bonding. 

The third and most loosely defined type is the so-called 

"metallic" bond, in which the ions are sufficiently 

disassociated from their valency electrons to enable 

these electrons to move freely in an electric field. 

Bonding in pure metals is most frequently metallic in 

nature. Ionic or covalent bonding occurs in some alloys, 

but the bond type most frequently found is metallic. 

The manner in which the valency electrons 

are involved in bonding can, in principle, be ascer-

tained from the electrical conductivity of the material. 

In practice however, it is possible merely to dis-

tinguish between systems of pure bonding, for which 

the characteristics of resistivity behaviour are known. 

Most metals and alloys have resistivities in the range 

10 ^ - lO"^ ohms cms-. , with positive temperature co-

efficients. Resistance behaviour in this manner is 

considered to show the presence of metallic bonding. 

The finer points of difference between 

metallic systems are rather more difficult to resolve. 

The resistivities of pure metals do not conform to any 

simple pattern. There is, for example, only rough 

correspondence between the Group of the Periodic table 
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in which a metal appears, and its resistivity. Alloy 

behaviour is more complex than that of pure metals, 

and in consequence, the understanding of liquid alloy 

behaviour is less than that of the pure metals. 

An appraisal of the theories put forward to 

explain liquid metal behaviour should indicate the 

direction in which a new examination could be made. 

Accordingly, this work sets out to examine the factors 

involved in liquid metal behaviour, with particular 

reference to the electrical properties. The state of 

the theory of conductivity of liquid alloys is not 

very satisfactory, with the result that the present 

work has attempted to show relations between known 

or measurable properties rather than attempting to 

test out any comprehensive theory. 

The calorimetric work, Hall coefficient and 

density measurements being made in conjunction with 

this work should eventually provide greater insight 

into the nature of the interatomic forces in metallic 

liouids« 
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S E C T I O N II 

P R E V I O U S W O R E . 
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PREVIOUS WOBK. 

(1.) Introduction. 

A comprehensive review of the theoretical 

aspects of liquid metal structure would involve an 

extensive mathematical treatment of the parameters 

and assumptions invoked by the various models. Some 

of the most recent models are mathematically very 

complex, aAd require detailed analysis to test their 

validity. This sort of review is the business of 

the theoretical physicist. This survey will only 

sketch the theoretical background of the liquid metal 

field, and point out what are considered to be the 

salient features of the various models. 

The observation that the magnitude of a 

current in a metal was not time dependent, implied 

that the velocity of the charged particles in the 

electric field did not increase indefinitely, or 

until relativistic considerations became important. 

This observation was explained by the concept of an 

electrical resistance. The magnitude of a resistance 

is determined by the number of charged particles in 

the metal which can be accelerated by an applied field, 

and by the time between interactions with the iona. 

These factors, and the manner in which they vary, are 

of interest in any model of the behaviour of a metal. 
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(2) Empirical Rules. 

The similarity in behaviour of many solid 

metals and alloys has resulted in the establishment of 

some empirical rules. The best known of these rules 

are the linear variation of resistance with tempera-

ture, and Mattheisen's rule, which states that the 

addition of a small quantity of impurity to a metal 

is accompanied by an increase in resistance, independent 

of temperature. A typical example of the increase in 

resistance on alloying is shown in Figure 1. Hence 

was established the concept of an electrical resis-

tance composed of a thermal component, and a residual, 

or impurity, component independent of temperature. 

The rules that were first established for 

the solid state were also found to be generally true 

of the liquid. Theories of the liquid state thus 

tended to be similar to the corresponding solid state 

theories, but with an added factor to account for 

the increase in disorder on melting. The current 

was assumed to be carried by "free" electrons, the 

number of which did not, in general, change on 

melting. The observed change in resistance on 

melting was considered to result from a change in 

the mean free paths of the conduction electrons:. 

Resistance-temperature curves as shown in Figure 2 
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were to be expected, and were obtained. The 

resistance introduced by the melting process is 

given by (a - b) and (c - d) for a dilute alloy and 

pure metal, respectively. The increase in resis-

tance on alloying (a - c) is typical of many 

systems in the liquid state, and is known as the 

residual alloy resistance. 

Some a t t e m p t s h a v e been made to 

relate electrical resistance to the difference in 

sizes, and positions in the Periodic Table, of the 

atoms of binary alloys. Linde's rule for dilute 

solid alloys has also been extended to the liquid 

state in an attempt^^^ to relate the residual alloy 

resistance to the electronegativities of the com-

ponents. 

(5). Conductivity Models. 

a.. Early Work. 

The classical model of the resistance of 

a solid was developed using the fact that the volume 

of the ions was much smaller than the volume of the 

atoms. The valency electrons carrying the current 

were assumed to move in the space between the ions:, 

and to be scattered by these ions. However, cal-

culations^'^^ based on the relaxation times of electrons 

indicated a mean free path that was greater than that 
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suggested by this model by two orders of magnitude. 

This discrepancy was resolved in an approach by 
( c.') 

Bloch^-^^, involving wave mechanics. He assumed. 

that the motion of the conduction electrons was. 

affected only when the periodicity of the potential 

field associated with the lattice broke down. The 

electron scattering probability was calculated on 

the assumption that the lattice vibrations obeyed 

the Debye model of specific heats« The theory 

indicated that, above the Debye temperature, the 

resistivity should be proportional to the Absolute 

temperature. This deduction is in general agreement 

with the observed pure metal resistivities and it goes 

some way towards justifying the basic assumptions of 

the theory. 

In the solid state, the resistivity of a 

metal is dependent not only on the number of current 

carriers and their mean free paths, but also on the 

crystal structure itself. This is an additional 

factor in the relation between bond mechanism and 

resistivity. Most alloy systems show phase changes as 

their compositions are varied, and these further 

complicate the resistance behaviour of alloys. On 

melting, the crystal structure breaks down into an 

essentially disordered, single phase, state. It is 

worth emphasising however, that while solid state 
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structures are assumed to collapse on melting, there 

is no reason to believe that the forces which con-

tribute to the production of these structures have also 

disappeared. These forces are in fact produced by the 

inter-atomic bond mechanisms, from which both crystal 

structures and electrical properties derive. The 

effect of long-range or changing crystal structure on 

resistivities can thus be eliminated by an examination 

of the liquid state. 

Mott^^) considered that thermal motion in 

a liquid consisted of oscillations of ions about 

equilibrium positions which, unlike those in the solid 

state, move about at random. The frequency of oscil-

lation of the ions is very much greater than their 

diffusion rates, and it was assumed that the diffusive 

motion and disordered positions of the ions could be 

ignored. Electrical resistance was assumed to be a 

function only of the thermal motion of the ions, so 

that the Bloch theory result for solid metals, 

fs oc T 

where fs = solid state resistance, 

T = Absolute temperature 

M = mass of the atom 

and 0^ = Einstein characteristic temperature, 

was equally applicable to the liquid state. The quantity 
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where cT" is the conductivity, was shown^'^^ to vary 

according to the position of the metal in the Periodic 

table. The correlation is only qualitative, but it 

indicates that for the solid state at least the basis 

of the theory is sound. The Einstein characteristic 

temperature was used in preference to that of Debye 

to simplify calculations. 

From the equation for and the assump-

tions regarding the liquid state, it follows that at 

the melting point: 

Values of the Characteristic temperature are known 

for the solid state, but the hypothesis that melting 

causes a change in the frequency of the thermal • 

oscillations is open to question. It was assumed 

that the entropy of melting was associated with the 

thermal motion alone of the ions. Values of 0^ ^̂ .n 

then be calculated from the latent heat of fusion, of 

an atom leading to the result; 

(5) 

where — latent heat of fusion 

and = melting temperature in 

This formula has been discussed by several workers-

(8,9,10) 
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Such a method of calculating liquid characteris-

tic. temperatures is not altogether satisfactory and 

attempts have been made to determine experimentally, 

characteristic temperatures for the liquid state 

from velocity of sound and compressibility^ 

("12) 

measurements, and inelastic neutron scattering,,̂  •' 

measurements. The results obtained indicate that 

the characteristic temperatures do not change suf-

ficiently to account for the changes in resistance 

on melting. 

The ratio im equation (3) shows good. 
^s 

agreement with experiment for many metals;, but the 

theory alao implies that, at constant volume:, 

This:? is not true generally. Sodium shows what is 

probably the best agreement for but: has the 

worst agreement for the ratio ̂  . The calculated 

and observed values of — for aome: monovalen.t 
fa; 

metals are shown in Table 1. 
TABLE %. 

Gomparieon of Resistivity Changes on Melting with 
. Mott' s Predictions. 

Ea K Rb Cs- Cu Ag Au 
f-T 

1.75 1.76 1.75 1.97 2.0 2.22 

A)ohs. 1.4.^^^) 1.5^^^) 1.6^^^^ 2.0/A^^ 
J g; 

fo at 2.1 6.7 11.3 
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The deviation from the prediction jP̂ oc T is* shown by 

the magnitude o f t h e resistivity when measured 

at constant volume and extrapolated to Absolute 

Zero. 

The agreement with experiment shown by 

Mott's theory is no more than qualitative, but it 

does show that the thermal motion of the ions is 

atill an important parameter in the understanding 

of the liquid state. It is also apparent that 

additional factors, must be taken into account 

before the theory can give quantitative agreement. 

The difference between the atomic and 

ionic volumes and its change on melting has also 
(in) 

been examined^ in a theory of the change of 

resistance on melting. The assumptions in this 

theory of one free electron per atom in both solid 

and liquid states, with a mean free path of about 

one interatomic distance, do not coincide with the 

views currently held. The theory also fails in, its 

predictions of resistance behaviour in the solid 

state, unless it is assumed that the ion to atom 

volume ratio varies greatly with temperature. The 

calculated ^1 values show qualitative agreement 

with the measured values for the pure metals con-

cerned, but in view of the rather arbitrary assump-

tions involved, the value of this theory is doubtful, 
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(tu) Microcpystalline Models.-. 

The first - comprehensive attempt to cal-

culate ̂  by taking into account thermal and 

f s 

structural factors in liquid metal resistances was 

made by Gerstenkorn^^®^ although many of the ideas used 

had been suggested by Shubin^^^^ much earlier. The 

theory was confined to an examination of the mono-

valent metals, and used the usual formula, 

^ (4) 

nef 

relating f tx) the relaxation time,lr, of the conduc-

tion electrons. Tr was calculated assuming the existence: 

of a structure factor which resulted from interference 

between electron waves scattered from different atoms. 

Calculations on polycrystalline solids 

showed that the %-ray distribution function of atoms 

could be expressed in terms of a thermal factor, and 

a factor dependent on the type of lattice and the 

number of atoms in each crystal. As this number of 

atoms in a crystal becomes small, the calculated shape 

of the structure factor approaches, the shape observed 

experimentally for the distribution of atoms in a 

liquid. It was therefore assumed that a liquid could 

be treated in the same manner as a solid composed of 

crystals containing about twenty atoms. The complexity 

of the calculations limits the theory to the monovalent 

metals, but even these "simple" metals show no more 
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than qualitative agreement with experiment. 

The microcrystalline approach has also 

been adopted in other models of liquid metal behaviour 

(20 21) 

^ ^ c These models also postulate local arrange-

ments of ions approximating to the solid lattice. 

These regions of regularity vary in their orientation, 

and consideration of the motion of electrons in each 

zone and across the zone boundaries led to formulae 

for the transport properties in the liquid state. 

The predictions of these "random local zone" theories 

are mathematically difficult, and show no better 

agreement with experimental observation than those of 

the "nearly free-electron" theories. 

(c) Models Involving Simple Perturbation Theory, 

The "nearly free-electron" approach to 

liquid metal theory has been developed using pertur-

bation theory by means of the concept of the "pseudo-
(22) 

potential"o It was shown by Phillips and Kleinman^ ^ 

that the real electron wave function of a conduction 

electron which oscillates rapidly near a nucleus. 

could be replaced by a slowly varying wave function. 

The condition imposed on this assumption was that the 

true potential near the nucleus should be replaced by 

a smaller pseudo-potential. The concept has been 

developed by Ziman,^^^^ and other workers 

who showed that the pseudo-potential was sufficiently 



- 2$ -

small for the application of perturbation theory to 

be justified. The thermal and structure factors of 

resistance used in other theories were treated by 

Ziman as plasma and pseudo-potential scattering 

respectively, although this division has been 

regarded as u n n e c e s s a r y . Plasma scattering, 

considered to be a resistance resulting from local 

density fluctuations caused by thermal motion of the 

ions, was invoked because some of the calculated mean 

free paths were otherwise too long. 

The pseudo-potentials are difficult to 

determine, and lead to some approximations in the 

numerical calculations. The pseudo-potential of 

sodium was found to be small, and the resistance was 

considered to be mainly the result of the small angle, 

plasma scattering. The resistivity at constant 

volume was calculated to be proportional to T. This 

result was not found by Gerebenkorn who considered 

that the thermal factor did not dominate in liquid 

sodium. The theory indicated that the other alkali 

metals possess larger pseudo-potentials, s-o that the 

plasma scattering assumes less importance. These 

deductions are in accord with the experimental values 

which show that, of the monovalent metals, sodium has 

the smallest resistivity at its melting point. The 

ratio of fl- and the. variations of ^1 from one metal 

fs 
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to another can also "be explained in a qualitative 

manner by this model. 

The theory has also been extended to 

consider polyvalent m e t a l s T h e pseudo-

potentials of these metals are not known and the 

authors attempt to determine them from experimental 

properties. The- potentials so calculated were 

rather smaller than expected from the empirical 

correlation of pseudo-potential and resistivity. 

The discrepancy was explained in part by the 

difference in the degree of order between the 

solid and liquid states. Plasma scattering was 

found to be negligible. 

The simple perturbation theory used to 

study the liquid monovalent metals is valid 

because the electronic mean free path greatly 

exceeds the range of order. The model suggested 

that, in the liquid state, the range of order 

was approximately the interatomic distance. The 

polyvalent metals show mean free paths of the 

same order as the interatomic distance. This 

observation was put forward as one reason why 

the theory was less successful in the derivation 

of the properties of the polyvalent metals. The. 

lack of success was considered to be a failure 

of the simple perturbation approximation for 
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polyvalent metals rather than of the model itself. 

The theory of wave mechanics has been applied 

(27,28,29) the problem of solving, in de-tail, 

Shrbdinger's equation for the states of motion of 

the conduction electrons. These treatments are 

more fundamental in their approach than the simpler 

models and, in consequence:, involve, a great deal of 

mathematical analysis. Models which consider 

three-dimensional disorder, and the less-: complicated 

one- dimensional disorder have been derived. The 

comparative simplicity of one-dimensional disorder 

theories is largely offset by the limitations of 

these models. It has been showm^^'^that the 

results obtained from such a model could be erron-

eous merely because it considered disorder in one-

dimensionjonly. However, the treatment of liquid 

metals in one—dimension can indicate the manner in. 

which the real three-dimensional case should be 

examined. 

(d) The "Random Close Packing" Model. 

The difference between the degree of order 

in the solid and liquid states has been extensively 

studied by Bernal^^^^ by means of a statistical 

examination of the packing of hard spheres. . Five 

types of polyhedral holes were shown to exist in a 
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model of an ideal close packed liquid, three of 

which would prevent the. appearance of long-range 

order. The range of order was assumed to be little 

more than the interatomic distance, and the; atom 

arrangement was unlike anything found in the solid 

state. The model was shown to produce diffraction 

patterns similar to those obtained from real liquids. 

It was suggested that microcrystalline models of. 

liquids- would not show the type of behaviour 

indicated by this model. 

The change in volume on melting indicated 

by the model was about 15%, compared with real 

values of about If however, it is assumed that: 

real atoms are not hard spheres, then metals, can 

take up the structure advocated by Bernal without 

showing an anomalous- volume expansion on melting. 

The rearrangement of hard spheres was shown to be 

rather difficult, and this implies that viscosity and 

diffusion in a real liquid cannot be explained by 

this model. The difficulty can be removed if it 

is again assumed that the spheres are not hard. 

S u p p o r t f o r this model can be found from the 

relation between viscosity and the self-diffusion, 

coefficient as. defined by .Stoke ' s Law. This, applies 

equally well to large hard spheres and to molecules 

moving through a liquid. 



- 27 -

(4-) Experimental Observations. 

The fundamental difference between the. modern 

models of liquid metal behaviour is the existence, or 

otherwise, of short range order approximating to solid 

state structures. Experimental evidence can be put 

forward in support of either of these view-points. 

Recently, the Hall 

coefficient of metals., with valencies" ranging from one 

to five, have been made. The measurements are experi-

mentally difficult, and the errors range up to 10%, 

TABLE 2 

Hall Coefficient_j_ % , of Some Pure Molten Metals. 

Valency 
% ^ obs. 

R-rr 
*calc. 

By 
obiS. 

10-11% :3/A.8 % 
aala. 

1l -25 -25.& 0.98 

Zn(36) 2 -4.3 -4.90 0.88 

ca(36) 2 -7.1 -7.25 0.98 

2 -7.3 -7.60 0.96 

Ga'^56) 3 -3.9 -3.95 0.99 

1,(37) 
3 -5.5 -5.65 0.97 

G.(#) 4 -3.6 -3.40 1.06; 

4 -4.7 -4.42 1.06 

PbOG) 4 • -1.9 -5.05 0.38 

Sb(36) 5 -4.4 -3.87 1.14 

Bi(37) 5 -4.1 -4.30 0.95 

Te(56) 6 -12.6 -3.83 3.3 

With few exceptions, and within the limits of error. 
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free electron values of the Hall coefficient are obser-

ved. . These are listed in Table 2, together with the 

calculated values. 

Schul^^^^as measured the optical properties 

of some pure liquid metals, and obtained the values 

expected from free electron theory. A series of optical 

measurements by Hodgson^^^^also showed that the metals 

showed free-electron behaviour, provided that the number 

of free electrons and their mobilities were considered 

to be adjustable parameters. 

In contrast to these data, X-ray diffraction 

studies^'^^^on tin, and s-oft X-ray emission studies^^^^on. 

aluminium have both been interpreted as showing that 

local crystalline order can exist in the liquid. If 

the current interpretation of the Knight s h i f t i s 

correct, then its constancy when a metal is melted al&o 

lends support to the microcrystalline models. 

Experimental measurements on binary alloy 

systems, also provide conflicting evidence for models of 

liquid metals. There have been few Hall effect studies on 

liquid alloys^ Apart from measurements on the alloy 

InSb̂ '̂ ^̂ j the only published data found by the author is 

that on the Hg-In system^^^?^^). Unpublished work^^^^om 

the same system shows- fair agreement with these results. 

The observations indicate a departure from free-electron, be-

haviour of the alloys, although it is obeyed by the compon-

ents, The, coefficients of some Ga-In alloys have also been 
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d e t e r m i n e d a n d show free electron "behaviour. 

Magnetic susceptibility measurements^^^^ on 

several bismuth- and lead-based alloys show the 

same behaviour. Optical m e a s u r e m e n t s o n the 

systems Hg-In and Ga-In support the Hall coefficient 

data. It ŝ eems possible that the deviation of the; 

Hg-In system from the free-electron model results 

from the properties of mercury rather than of 

alloys generally. 

Apart from the general trends of alloy 

properties such as those already mentioned, addit-

ional factors are introduced on alloying. These 

usually take the form of property changes associated 

with eutectics":; and with compounds in the solid state. 

They will be discussed in the following sections 

when the corresponding resistivity data are con-

sidered. 

(aO Change of Resistance on Melting. 

f l 
The resistance ratio — has been measured 

(15) 

or tabulated by Eoll^ for many metals:-. With 

the exception of Bi, Ge and Sb, the resistance on 

melting increases by a factor of about two. The. 

resistance ratio is' Periodic in character, although 

the tendency is not very pronounced. A rough 

correspondence is observed between — — and the 

volume and entropy changes on melting. This is 



- 30 -

also the case for those metals which show anomalous. 

fl 
values for ^ 

jPs 

A search of literature has revealed 

little data on the change of resistance at the 

liquidus temperatures of alloy systems. Where. 

such measurements have been made, they have been 

associated with anomalous solid state behaviour, 

such as 8emiconductivity(^^). It is hardly pro-

ductive to consider such systems at this stage, 

(b) Variation of Resistance with Temperature. 

The resistivity of many pure metals- is.", 

a linear function of temperature. Close to the 

melting temperature most normal metals have a 

temperature coefficient of resistance at constant 

pressure of the order of ^ x 10 ^ The 

coefficients of different metals do not appear to 

conform to any simple pattern. 

It is of greater interest tro examine the 

temperature coefficients for â iomalies. rather than 

for correlations between the coefficients, of dif-

ferent metals. These anomalies could indicate, the. 

presence of structures in the liquid state. The 

divalent metals zinc, cadmium, magnesium and mercury 

s-how temperature coefficients which do not behave 

normally(^^). The first three metals show a 
o 

decrease or no change in resistivity for about 200 C 
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above their melting points. Above this temperature 

the normal values of ^ observed:. Mercury 

has an unusually large coefficient of resistance aij 

constant pressure. However, when the resistances 

are measured^^^^ at constant volume, mercury, 

zinc and cadmium all show the same behaviour. 

This suggests that the temperature coefficients 

of resistance at constant pressure and at constant 

volume can be related. The usual procedure for 

estimating 1 f o r metals for which it has 
f\al/v 

not been determined is by means of a relation 

between the resistance coefficient at constant: 

pressure and the compressibility. The coefficients: 

at constant pressure and the compressibilities of 

a: number of me,tals have been measured^^^^-, the: 

larger coefficients of the alkali metals being 

related to their large compressibilities. 

It hasi been reported^^^^ that the tem-

perature coefficient of liquid gallium showed a 

discontinuous- change in the liquid phase. This 

would be of significance if correct, as:, it might 

be indicative of structural changes in the liquid. 

Later measurementsfailed to show the. anomaly, 

and its existence is doubted. Such behaviour is 

far more likely in systems containing atoms of 
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different species', than in a system of one, type: 

only. Eesistance,^^^^ and e-.m,f.^^^^ measurements 

on some Hg-Tl alloys have shown behaviour similar 

to that found for pure gallium. It was suggested 

that these observations were a result of ordering 

of the alloys in the liquid phase.. 

The extensive work of Roll and his 

G£o-workers has shown some marked changes in 
V&rjp 

for liquid alloys at compositions corresponding 
A -p' 

to solid state phases. Large changes of ' --,AT/p 

with composition are observed in tin alloys of. 

copper, silver^^^^ and gold^^^^, and in 

alloys. Different alloys examined in these and 
/cc eg. cn\ 

other^^^*^ papers, show less: marked, but still 

significant, variations in f^-^) , Gaibullaey^^S) 
\dT/p 

has shown that "quasi-exitectic" structures may 

exist in many systems for several hundred degrees 

above, their autectic temperatures. A smooth change 

in the temperature coefficient with a value, related 

to those of the components, which might be expected 

from a completely homogenous^: liquid alloy, was. not 

found in most cases, 

(c) Variation of Resistance with Composition. 

The forms of the resistance — compositiom 

isotherms of binary alloys are dependent on the 
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interactions between the component atoms. The; 

case of the ideal system A-B, where the forces 

between like, and unlike atoms are the same, is 

rarely found in practicB;. Many of the properties 

of this type of alloy system are the weighted means 

of the components. 

It is more usual to find that the, obser-

ved alloy resistances are larger than the weighted 

means. This can be explained by an increase in 

disorder resulting from the addition of foreign 

atoms to the solvent metal. Bordheim^^^^ 

calculated the. residual resistance 'fo for a 

totally disordered solid alloy to be; given by: 

"̂ 0= constant %(! - %) (5) 

where,X is the atomic fraction-of A atoms, and 

(1 - x ) the fraction of B atoms. The conditions; 

imposed on this result were that the atomic; volume, 

crystal structure, and number of conduction electrons 

should remain constant throughout the composition 

range. Provided there is no strong A-B.' atom 

interaction, alloys in the liquid state should siiow 

resistance behaviour of the form given by equation 

(5). Many alloys have been s h o , 5 6 , 5 7 . ) ^ 

behave in this manner. 

The deviations from the behaviour of ideal 



— 4̂- — 

or regular systems are probably of more interest, 

because they can show any changes that occur in 

the disorder in the liquid, or in the types of 

bond between the A and B atoms. The alloy Mg^Big 

has been shown^^^^ to behave as an ionic conductor, 

although the components behave as metallic conductors, 

Evidence of compound formation has also been deduced 

from gas solubility and magnetic susceptibility 

m e a s u r e m e n t s o n the Fe-Si system, and resistance 

measurements^^^) and X-ray s t u d i e s o n Au-Sn 

alloys-. 

Many of the systems studied by Roll and 

his co-workers have also shown numerous minor 

variations in the resistivity isotherms. These 

were related to the positions- of the metals: in 

the Periodic table, and to the phase diagrams. 

It has been suggested^^^^ that these small changes 

could result from the measuring techniques, 

rather than from the alloys themselves. Similar 

behaviour has been observed by Toye and Jones-^^^^ 

from viscosity, density and resistivity measurements 

on tin- and zinc-based alloys:-. It should be noted 

that the resistance measurements by Toye, and Jones 

on the Pb-Sn system differ widely from those 

obtained by Roll and Fees^^^\ The results at the 

liquidus temperatures obtained by these workers 
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are. plotted in Figure 3« Viscosity measurements^^^^ 

on Bi-Sb, Bi-Cd and Sb-Zn alloys showed minima 

or maxima on the viscosity isotherms:, which cor-

responded to eutectic or inter-metallic compound 

compositions. Similar effects have been 

in several antimony- and thallium-based systems;. 

Behaviour of a different type has been 

observed for many mercury-based alloys.. Measura— 

mentg. on several dilute alloys of mercury quoted 

by Abowitz and Gordon^^^^ have shown that a marked 

fall in the electrical resistance occurs with 

increasing solute content. Measurements^^'^'°^'^^^ 

covering the complete composition ranges of some 

of these alloys also show resistances that are 

much smaller than those expected from conventional 

alloying behaviour. 

Much of this data merely indicates the 

general trends of the resistance-composition iso-

therms. More detailed studies of particular 

compositions have been made. Smallman and Frost^ ' 

made an X-ray examination of some Hg-Tl alloys in 

the region of the compound Hg^Tlg. They concluded 

that there was- a greater tendency to ordering of 

the atoms at a composition corresponding to the 

solid state compound than at other compositions.. 

Entropy measurements made by Ward and Wilson^^^^ 
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were- interpreted in the same way. The expected 

sensitivity of resistivity to such ordering was 

not found by Schulz and Spiegler^^^^ who attempted 

to detect anomalous changes- in resistivity near 

the compound composition. 

The resistivities of the liquid alkali 

metal amalgams do not vary in the same manner as 

other mercury alloys. The resistivity of; the Hgr-M"a 

('71 •) 

system^' ^ for example, decreases slowly with 

increasing sodium content, until a minimum i& 

reached at a composition corresponding to the com-

pound HggEa. Thereafter the system behaves as.: a 

normal binary alloy with a positive excess resistance 

curve. Alloying of sodium and mercury is also 

accompanied by an increase in density over the 

weighted mean, and a large negative heat of 

formation^^^). Kleppa and others^^^^ have shown 

that the densities of many other mercury alloys 

are larger than expected even where there is little 

evidence of strong interaction between the compo-

nents. No correlation was observed between the 

heats of mixing of these alloys, and their densities:. 

(5) Techniques of Resistance Measurement. 

The electrical resistances of liquid 

metals have most frequently been measured using either 
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of two different physical principles. The more 

conventional method is that usually used for solid 

state measurements. This involves the determination 

of the current and potential developed across a 

specimen of known dimensions« These quantities 

are usually measured by means of potentiometer or 

bridge circuits. In either case it is necessary 

to bring electrodes into contact with the liquid 

specimen; thus increasing the risk of contamination. 

The potentiometer provides a very simple 

method of determining the potential difference 

produced in a specimen. The resistance is: cal-

culated from the ratio of the potentials developed 

across the specimen and a known resistance when 

connected in series. However, difficulties arise 

when the specimen resistivity is determined from 

its resistance. The specimen container must be 

made from a non-contaminating material which is 

stable at high temperatures. Such materials are 

often difficult to work, particularly since the 

physical dimensions of the container should be 

accurately specified. 

The real difference between the techniques 

of workers involved in the direct measurement of 

resistances lies in the manner in which the liquid 

specimen is contained. To ensure that the specimen 
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resistances were large enough to be measured 

accurately, capillaries were ^ade 

from glass, or refractory materials. Resistances of 

the. order of 0.01 ohms were obtained using a 

capillary tube with a bore of approximately 0,4, 

cms. 

The alkali metals react with most of 

the non-conducting materials available as con-

tainers, and recourse has been made to stainless 

steel^^^. The steel container and the specimen 

were treated as a parallel resistance circuit, from 

which the specimen resistance could be determined. 

A rather different form of container 

TVS") 

has also been used for measurements^on 

Pb, Sn, Zn and Hi. An oxide film wasiallowed to 

cover the specimen metal, which was in the form 

of a wire. Measurements wore then made in the 

solid and liquid states, the oxide film being 

strong enough to retain the shape of the liquid 

specimen. Some, of the results were not in agrees 

ment with those of other workers, probably as a 

result of the formation of gas bubbles under the 

oxide film. 

The second method of resistance measure-

ment makes use of the eddy currents induced in a 
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conductor when placed in a varying magnetic field. 

The method has-been used by several workers 

2̂id in particular by Roll, et al, 

(15,76), 

A liquid specimen, contained in a cylin-

der, is suspended by a torsion wire in a rotating 

magnetic field. The eddy currents set up in the 

specimen by the field produce a torque, which can 

be determined from the angle through which the. 

specimen is twisted. Calculations show that the 

conductivity of the. specimen is proportional to 

this deflection. The theory of the method is-

relatively straightforward, but a series of. cor-

rection factors must be introduced before good 

absolute values of resistivity can be determined. 

Corrections', must be., applied for the effect 

of the eddy currents on the primary magnetic field, 

and for the and effects of the specimen. The 

rotation of the liquid can be ignored, provided 

the current producing the primary magnetic field 

is kept low. The calculation of the conductivity 

involves the fourth power of the specimen radius., 

so that errors in its measurement can have consider-

able effect. This problem is avoided by the, 

calibration of the specimen container using a 

metal whose resistivity is known. 
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The method does not involve the use. of 

electrodes, and the simplicity of the specimen: 

container shape allows the use of materials 

which otherwise would not bo available. Some 

of the difficulties of high temperature measure-

ments by direct methods, can thus be avoided. An 

accuracy of + 1% is claimed,^for the., values: 

of resistivity measured. Larger discrepancies 

than those: allowed by the experimental errors 

are found between these r e s u l t s a n d the 

literature values for some liquid metals., 

notably Al, In and Bi. Disagreement also exists 

between measurements^^'^'^^^ on the Pb-Sn alloy 

system, as shown in Figure $. However, there:' 

exists a general measure of agreement between the 

results for many systems when determined by this, 

and other techniques of resistance measurement. 
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(6) Conclusions. 

It can be concluded from this survey 

that, although experimental data and theoretical 

interpretations are available, the understanding 

of the behaviour of liquid metals is far from 

complete. 

Some fundamental theories are in 

direct conflict over the suggested structural 

arrangements of atoms in a liquid. In any case, 

these models have met with real success only with 

the simple pure metals. Although empirical 

rules tend to be rather limited in their applica-

tion, it was decided that the approach to the 

resistance behaviour of alloys should be essentially 

empirical. Experimental data suggested that the 

variation with temperature and composition of 

factors such as density, valency difference, and 

current carrier concentration, should be examined. 

Experimentally, there was advantage 

in the study of alloys which were liquid at low 

temperatures, the most obvious being those 

based on mercury. The apparent anomalous 

variation in the current carrier concentration 

of some of these alloys provided an added reason 

for their examination. 
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The paucity of reliable resistance data 

on such alloy systems suggested that they should 

be re-investigated. Two measurement techniques 

suggested themselves; these "being the conventional 

capillary method and magnetic induction method. 

At the temperatures at which measurements on 

liquid mercury alloys could be made, the advan-

tages of the induction technique do not outweigh 

its shortcomings. It was decided that accurate 

resistance data could be obtained by means of 

a precision capillary method, by which also some 

of the results observed using the induction 

method could be checked. 
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EXFERIMEMTAL METHODS 

Temperature Control and Measurement. 

Electrical resistance isi a function of 

temperature, and so it is important to make 

measurements only at well-defined temperatures:.. 

Accurate control and measurement of specimen tem-

peratures' are therefore a necessity. However, the 

cost of temperature control equipment increases: 

rapidly as the degree of control is increased, and 

this must be borne in mind when determing an 

acceptable tolerance of temperature variation. 

The temperature coefficient of resistance, 

1 ( I , for many liquid metals is about 5 x 10~"̂  

A variation in specimen temperature of 1 G will 

thus produce a resistance change of 0.05%. Errors 

of this magnitude were considered acceptable, 

requiring control to + 0.5°C. 

This degree of control was obtained by 

using an ordinary tubular resistance furnace, with 

a proportioning on-off controller, A hollow 

cylindrical aluminium block was fitted into the 

furnace tube, and thermally insulated at both ends. 

The block provided a material of large thermal: 

capacity, which considerably reduced the temperature-

time variations of the furnace. The high thermal 
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conductivity of aluminium also provided a means 

of reducing temperature gradients along the. 

furnace tube. The resistance cell could then 

be placed in a zone of constant temperature, 

the time variations of which were reduced to a 

minimum* 

At 4-00°C the temperature in the cell 

was found to vary by not more than 0.1°C, during 

the time required for the electrical measure-

ments to be made. Temperature variations along 

the bore of the block did not exceed 0,5*^0, and 

were constant. The specimen temperatures could 

thus be controlled to within the accuracy 

desired. 

The specimen temperature was measured 

by means of two platinum-platinum/13% rhodium 

thermocouples, placed close to either end of 

the specimen. To ensure that the couples-

registered the true specimen temperature, and 

that a rapid response to changes in temperature 

was achieved, the hot junctions were not sheathed. 

While lacking the sensitivity of the base metal 

couples used in the control system, the measuring 

couples had the advantage of maintaining their 

calibration to a much greater degree. Calibration 
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was~ performed periodically, and the appropriate 

corrections made to the measured e.m.f.'s. 

Measurements below room temperature 

were made by immersing the cell in a Dewar 

flask containing a low freezing point fluid 

(Is-ceon 11, melting point about -50°C), The-: 

fluid was cooled by the addition of small 

quantities of liquid nitrogen. Uniformity of 

temperature throughout the bath was ensured 

by continuous stirring. Temperature, variations 

of not more than 0,3°C occurred during any 

measurement of resistance, 

2, Preparation of Specimens-. 

The solid metals used in this work 

were supplied in lump or rod form, with a 

purity of 99.99% or better. The mercury used 

was of "triple distilled" quality. 

The metals were vacuum melted and 

cast into conveniently sized pieces. These 

were usually free of oxide films, or were made 

so by scraping. The alloy specimens were; pre-

pared by melting the required quantities of 

the components in the resistance cell container. 

Non-volatile alloys were melted under vacuum, 
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and so degassed, but this was not possible with 

the mercury-based alloys. These were prepared 

under dry, oxygen-free argon or hydrogen. A 

small quantity of carbon was added to the bis-

muth alloys to reduce oxide formation. 

The high oxygen affinity of sodium, 

and the large negative heat of formation of 

sodium-mercury alloys, made the preparation of 

these alloys rather difficult. The composition 

of an alloy made directly from the pure metals 

could not be defined with any certainty. This 

problem was largely overcome by preparing the 

alloys from mercury and a sodium-mercury alloy 

whose composition had been determined. This 

stock alloy was prepared by mixing pure sodium 

and mercury together slowly, until the composi-

tion was close to that required. Insoluble 

oxides were removed by filtration of the alloy, 

which was then allowed to solidify in a narrow 

glass tube. Sections of the tube were weighed 

before and after transfer of the alloy to the 

resistance cell to determine the quantity of 

alloy in use. Analysis of a specimen from the 

same alloy was performed by removing the sodium 

with water, and weighing the mercury remaining , 
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Hence, knowing the composition and quantity of 

alloy in the cell, it was possible to change the 

composition to the required value by simple 

additions. 

Alloys of the other systems examined 

were analysed for the two main components only. 

The object of the analyses was merely to check 

the nominal compositions, and agreement to 

within about 1% was regarded as satisfactory. 

The analyses were carried out by heating the 

alloy samples under reduced pressure, to separate 

the mercury from the other component. illloys:: 

which had been under examination for several 

weeks showed deviations from the nominal com-

positions of not more than 1.. In the worst 

case this indicated a shift in composition of 

less than 0.8 atomic %, and most changes were 

considerably less. It was considered that for 

the purposes of this work, changes in composition 

of this magnitude could be ignored. 

-5• The Resistance Cells. 

Normal metallic aysterns have small resist-

ivities , and to measure these by a potentiometric 

method to a high degree of precision the specimen 

material should be in the form of a thread. This 
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is easily accomplished for solids by using the 

material as a wire. A liquid can be made to con-

form to the thread shape by means of a capillary 

tube. Ideally, this tube should be a non-conductor, 

but it need not be so provided the current 

distribution between the tube and specimen can 

be determined. The resistance of a specimen is 

related to its length and cross-sectional area, 

and it is thus necessary that these quantities 

should be measured to some precision. 

In this work electrical resistances have 

been determined by means of a conducting and a 

non-conducting cell. 

(a) The Non-Conducting Cell. 

This cell was made from a borosilicate 

glass (Pyrex) and could be used up to about 480°G., 

provided there was no reaction between the glass 

and specimen. Use was made of standard ground 

glass joints to allow the easy cleaning or replace-

ment of components. This type of joint was used 

in particular as the means of attaching the glass 

capillary tube in the cell. Distortions of the 

bore of the capillary, which are inherent in the 

usual method of joining glass tubing by fusion, 

were thus avoided. The use of grease on the 
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capillary joint was found to be unnecessary. 

A diagram of the cell is shown in 

Figure 4. The capillary was suspended vertically 

from the inner tube, which was connected 

directly to the atmosphere control system. 

Electrical connections to the liquid specimen 

were made by means of four 1 mm. diameter 

tungsten rods. The potential probes were 

electrically insulated except for their; tips, 

which were brought close to either end of the 

capillary, A vacuum-tight sliding joint was 

obtained by means of a Wilson seal, allowing 

the capillary and electrodes to be moved 

vertically within the container. Approximately 

15 cms., of movement were possible. The con-

tainer was also connected to the atmosphere 

control system. 

The length of the container was" 

30 cms., and it was, apart from the ground 

glass joint, placed vertically in the furnace. 

The depth of insertion was arranged such that 

the capillary, when in the lowered position, 

was at the centre of the constant temperature 

zone of the furnace. The overall height of 

the cell was 75 cms. 
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The potentiometric technique of 

resistance measurement involves the measurement 

of potential differences, rather than of 

resistances, A small fractional change in a 

p.d, can be measured, provided the total p,d, 

is relatively large. This can be achieved with 

a specimen of high resistance, or by passing 

a large current through a low resistance 

specimen. However, the latter method increases 

the possibility of a significant amount of 

electrolytic transport. 

A large liquid metal resistance, of 

the order of 1 ohm, was obtained by means- of a 

capillary about 12 cms., long and 0.04 cms, 

bore. The corresponding outside diameter of 

the capillary was such that the minimum possible 

container diameter was 1,2 cms:, A charge of 

approximately 8 mis. of liquid specimen was": 

required, A composition change device was 

attached to the gas inlet immediately above the 

top of the container. 

(b) The Conducting Cell. 

It was not possible to use the glass: 

cell to examine many of the sodium amalgams above, 

the maximum liquidus temperature of the system. 
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Above $00°G the rate of attack of pure sodium on 

glass is rapi^^^^), and although the reactivity 

of S5odium amalgams. much lower, the r i ^ of 

an indeterminate change in the capillary dimen-

sions". could not be taken. Alternative non-

conducting materials, such ag: sapphire, were, 

not available and recourse was made to a metal 

cell. 

A suitable material from the point of 

view of corrosion and' workability was stainless 

steel, and a cell was constructed aas shown in 

Figure 5* The various sections were:, joined by 

an electron beam welding technique. The upper 

tubes were 0.5 cms. in diameter, to allow, the 

cell to be used in the metal furnace block. 

The current was passed into the cell via the 

brazed current leads. Potential measurements 

were made on the quantity of specimen between 

the brazed potential contacts, which were about 

10 cms, apart. Electrical insulation between 

the arms of the cell, and between the cell and 

the furnace block, was achieved by means of 

thin mica sheets. The cell was connected to the 

atmosphere control system by glass tubing and 

Wilson seals. A composition change device was 

also attached to one of the upper tubes. 
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The manner of the current distribution 

between the liquid specimen and the tube walls 

was of some importance. The specimen and tube, 

were regarded as a parallel circuit and, pro-

vided a large fraction of the current flowing 

passed through the specimen, small changes in 

specimen resistance could be determined. A 

high sensitivity to resistance change required 

that the specimen tube radius.;, r, should be 

small in magnitude, but large compared with 

the wall thickness, Ar. A difference of a 

factor of ten between the respective cross-

sectional areas was considered to be a suitable 

ratio. Hence, the value of r. was defined by: 

^ ^ > 2 ?TrAr (6) 
ID" 

The minimum feasible value of Ar was 

0,0075 cms. which gave the value r >0.15 cms:-. 

The resistance of a 10 cms, length of the tube 

containing a specimen would be approximately 

0,01 ohms, on the assumption that the specimen 

- 4 -

resistivity was about 10 ohms. cms. Resistance 

changes in a resistance of this magnitude could 

be determined by the potentiometric technique . 

without using a high specimen current. A smaller 

total resistance would result in a decrease in 
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the sensitivity of measurement, and hence the 

tube radius was also limited by the relation, 

r < 0.3i5 cms.. The tubing used for the lower 

arms of the cell was 0.305 cms. in diameter 

with a wall thickness of 0.0075 cms. The 

measured resistance between the potential 

contacts was approximately 0,1 ohm when the 

cell was empty, and 0,01 ohms: when containing 

a liquid specimen. The minimum volume of 

specimen required was about 2 mis. 

4-. The Electrical Circuit 

The electrical measurements: were 

made by means of a standard D.C. potentiometric 

technique. To avoid the inaccuracies inherent 

in the direct measurement of current, the 

specimen was connected in series with a standard 

resistance and a stable voltage supply. The 

ratio of the potential differences across: the 

standard and specimen, through which the same 

current was flowing, provided the resistance 

of the specimen. 

i • s • 
ŝ-n * . ̂ st (7) 

Eat 

where and Ê +. were the potentials. 
bp o U 

developed across the specimen resistance, 
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and standard resistance, E respectively. 

A diagram of the circuit is shown in Figure 

6. The potentiometer and galvanometer system allowed 

1 microvolt changes in p.d. to be measured, with 

interpolations to 0.2 microvolts. Thermo-electric 

free switches and copper connections were used where 

possible to reduce thermoelectric effects to a 

minimum. Such effects could not be eliminated at 

the copper-tungsten, and tungsten-specimen junctions: 

in the glass cell, but they were successfully 

removed in the stainless steel cell. 

Transient thermal effects were reduced by 

protecting the dissimilar metal junctions from 

draughts. The presence of small temperature gradients 

in the cell produced small but constant thermal 

e.m.f.'s. The effects of the e.m.f.'s were 

eliminated by current reversal, the mean p.d.'s so 

obtained being used to calculate the tiruiE specimen 

resistance. Such constant thermal e.m.f.'s were 

less than 100 microvolts, so that changes in the 

temperature gradient which altered this value by, 

say, 10% would contribute less than 0.1% to the 

error in the p.d. measurements. The current used 

for measurements on the glass cell was approximately 

10 milliamps, while that for the metal cell was 
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100 milliamps. A.C. "pick-up" was avoided by the 

u&e of scree&ed leads. 

5. Resistance Measurement Technique. 

The main factor affecting the reproducibility 

of the resistance measurements was the presence of 

adsorbed gases on the capillary walls. On raising 

the temperature the gases tended to form small 

bubbles which adhered to the walls. The cell and 

the atmosphere control system were designed for the 

easy removal of these bubbles. 

Much of the problem of outgassing in the 

glass cell was avoided by pretreatment of the capil-

lary. A small electric furnace was used to apply 

local heating to the capillary when in the raised 

position in the cell. Evacuation of the cell assis-

ted in the removal of adsorbed gases from the 

capillary, while a specimen of high vapour pressure 

remained unaffected in the bottom of the outer 

container. On transferring the cell to the furnace 

the specimen was brought to temperature, and allowed 

to mix thoroughly, before the capillary and electrodes, 

were lowered into the liquid. The two separate 

connections of the cell to the atmosphere control system 

allowed a pressure difference to be applied between 
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the ends of the capillary. Surface tension effects, 

in the capillary could then be easily overcome, 

and the circuit between the two sets of electrodes-

completed. 

It was not always- possible to remove all 

the gases likely to form bubbles inside the 

capillary before the commencement of the electrical 

measurements. This problem was particularly 

difficult in the case of mercury-rich specimens.', 

which could not be vacuum melted. However, the 

presence of bubbles could be easily detected by 

changing the gas pressure in the cell. Gas bubbles, 

in the capillary were observed as a change in the 

potential measurement when the pressure was varied. 

A narrow bore capillary was useful since the 

effects of small bubbles- could be more easily 

observed. 

Such bubbles were removed by applying 

a pressure difference between the ends of the 

capillary. This forced specimen liquid through 

the capillary and removed the bubbles at the same 

time. Electrical measurements were not made until 

all detectable gas bubbles had been removed from 

the capillary. A similar procedure was observed 

for the conducting cell. Passing liquid through 
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the, capillary also provided a means of sampling 

different parts of the specimen, which was useful 

as a homogeneity test after a composition change, 

A measure of the thermal stability of 

the system at a nominally constant temperature, 

was shown by the repeatability of the measurements. 

A scatter of less than 0.05% was observed, which 

indicated that transient thermal effects could be 

ignored. The reproducibility of the results was 

considered to be given by a repeat measurement 

at a particular temperature, after an experimental 

run over a range of temperatures lasting several 

days. The reproducibility was found to be in the 

region: of 0,1%, subject to the removal of gas?; 

bubbles which may have been introduced during 

the run. This technique thus provided a mean® 

by which the variation of resistance with tempera-

ture and composition could be accurately determined. 

The accuracy of the absolute values of 

resistivity was mainly dependent on the constancy, 

and accuracy of measurement of the capillary bore. 

The method of attaching the capillary in the cell 

allowed its length to be measured with precision. 

The mean radius was determined from measurements 

of the length of a known weight of mercury in the 
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capillary. However, the mean cross-sectional area 

will give accurate resistivity values only when 

the deviations of the radius from the"mean, are small. 

Taking such a value of the cross-sectional area 

was shown to be justified by the constancy of the 

length of a column of mercury when observed in 

different sections of the capillary. 

The area of cross-section was also cal-

culated from resistance measurements on pure mercury. 

The resistivity of pure mercury at 20°C was taken 

-5 
as 95.6 ^ 10 ohms cms., this being the value 

Ti si 

assumed by Roll . These methods of determining 

the "cell constant" of a capillary agreed to within 

0.5%, hut to avoid any discrepancy between the 

results on different capillaries, all measurements 

were referred to the resistivity value for pure 

mercury at 20°C. Resistance measurements using the 

conducting cell when empty, and when containing a 

specimen of mercury, enabled this cell to be cal-

ibrated in a similar manner. 
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BESTJLQ?B. 

L, Measurements.,, on Pure Metals., 

(a) Zinc, Tin, Lead and Bismuth. 

Resistivity measuremeiita at: G^mstLant 

pressure were made, on these; metals from the mslting-: 

points, tjo approximately 550°G, in. non-aonduciting, 

cells;. The results are. shown in Figure 7? together, 

with some published data. 

Under bubble free conditions the results' 

for these pure metals were highly reproducible. 

Deviations of results from the mean values were not 

measurable, with the exception of occasional measure-

ments attributable to an unstable supply voltage 

or an incorrect temperature measurement. So, for: 

the sake of clarity, many repeat measurements' have: 

not been included in the diagram. The results are 

also listed in Table. 5, together with the temperature, 

coefficients at the melting points. 

Measurements- were made to within 3°G of 

the. melting points, and the resistivities, corres-

ponding to these temperatures determined by 

extrapolation^ The resistivity variations, with ' 

temperature are in good agreement with the data 
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TABLE 5. 

Resistivity f*L,, as a Function of Temperature for 
Some: Pure Liquid Metals. 

Temperature Resistivity CMicrobm Cms.y 
(°G) Zn 8n Pb m 

At This Work 34.5 4 7 . 5 9 5 . 2 126*5 

[.. Pt-. Lit.(77). 3 5 . 3 4 7 . 6 9 4 . 6 1 2 7 . 4 

250 - 4 8 . 0 - -

3,00 - 4 9 . 4 - 128.1 

350 - 5 0 . 9 96^4 1 3 0 . 7 

400 - 5 2 . 3 9 8 . 8 1 3 3 . 4 

450 3 4 . 2 5 3 . 7 1 0 1 . 2 1 3 6 . 1 

500 3 3 . 8 5 5 . 1 1 0 3 . 6 1 3 8 . 8 

550 3 3 . 4 5 6 . 5 1 0 6 t 0 1 4 1 . 5 

1 icT^.oc'i - 5 9 . 6 5 0 . 4 4 2 . 3 

tabulated in the Liquid Metals. Handbook^"'\ The 

resistivity of tin was found to be a little less 

sensitive to temperature changes than the results of 

Roll and Motz^^^^ indicated. 

Larger differences between the data from 

the three sources appear for the absolute, resistivity 

values. There is agreement to within 1% between; 

the present work and the Liquid Metals Handbook 

for Sn, Fb and Bi, but the values for Zn differ 
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by 2,. 5.%. Roll observed the resistivity of Zn to be 

8.5% higher than this work, and that of Bi to ba: 

3% higher. 

It is possible to explain the appearance 

of measured resistivity values larger than the 

real values in terms of impurities, or the presence. 

of bubbles in, the. cell. However, low values are, 

far more difficult to interpret in terms of 

faults; in the measurement technique. The 

resistivities are calculated with reference to 

the value of pure mercury at 20^0, so the dis-

crepancy cannot be attributed to errors in. 

measuring the size of the capillaries. An 

alternative explanation could be found in terms, 

of a contribution to the conductivity from ionic; 

transport. The current density at which measure-

ments were made was about 5 amps/cm?, buU no 

deviations from Ohm's, law were observed for a. 
p 

range of current densities up to 50 amps/cm . 

With cells designed specifically for 

the removal of physical irregularities such as 

bubbles in the specimen, the implication is that 

the results obtained by this work are real, while 

the higher values obtained by other workers 

could arise from such irregularities. 
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(b) Mercury. 

Mercury was used, for the calibration: of 

the resistance cells-, which resulted in a detailed 

examination of the metal. Degassing problems-

were moat serious when using mercury because of 

its high vapour pressure, and added precautions 

were taken to obtain bubble free specimens. 

The; results of many calibration runs 

are shown in Figure 8. A single reference point 

was taken for each capillary, being a defined 

resistivity of mercury at 20°G. Agreement to 

within 0.1% was obtained over the whole liquid, 

range of mercury,up to its boiling point. (Che; 

result was a smooth curve for the resistivity 

variation with temperature. 

The agreement between this work and the 

literature values was good, the greatest difference 

occurring near the boiling point. The results 

are listed in Table 4. The temperature coefficient 

t varied smoothly between 83.»5 r 10'~^/°G 

_ 5 o 

at tlie. melting point and 112.3 x 10 G at the 

boiling point. 
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TABLE 4. 

Resistivity of Mercury as a Function of Temperature* 

Temperature (°C) -$8.87 0 50 100 200 300 350 

cms. 90.9 93.9 98.2 103.1 114.0 127.2 134.7 

literature. 90.5 94.0 98.5 103.1 114.0 127.0 135.5 

2. Measurements on Mnary Alloys. 

Ca) The Mercury-Zinc.. System, 

The resistivities: of eight' alloy composi-

tions. in this system were measured with respect to 

temperature. Bb anomalies were observed in the;-

temperature coefficients of resistance, which varied 

smoothly between the values of the two components. 

The. coefficient is: zero in the composition 

range 6.0-80 atomic.'̂  Zn and becomes slightly negative 

for alloys richer in zinc. These results are presented 

in Figure 9. 

The variations of resistivity with 

composition at 250°C and 350°C are illustrated in 

Figure 10. The addition of small quantities of zinc 

to pure mercury is accompanied by a sharp decrease in 

the observed resistivity. The resistivity decreases 

to less than half the pure mercury values on the 

addition of 20 atomic fe Zn, 

The points on the isotherms for 
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Eg - 80 atomic fc Zn and pure Zn were obtained "by an 

approximate extrapolation f rom the liquid region, 

assuming the t emperature coefficient of resistivity 

to he zero. The variation of resistivity with compo-

sition of the zinc-rich alloys was found to be very 

small. A change of 30% in composition ^as accompanied 

by a change in resistivity of No major 

discontinuities were observed in the variation of 

resistivity with composition. 

No previous resistivity measurements on 

this system have been found by the author in the 

literature. 

(b) The Mercury-Tin System 

The variations of resistivity as a function 

of temperature of the six alloys examined in this 

system are shown in Figure 11. Alloys with tin 

concentrations larger than 7.5 atomic % show a linear 

variation of resistivity with temperature, while the 

dilute alloys tend to follow the pure mercury form. 

No discontinuities were found in the resistivity-

temperature curves. 

Figure 12 shows the variation of 

resistivity with composition at constant temperature. 

Smooth curves can be drawn through the values of the 

limited number of alloys examined. The addition of 
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tin to mercury is accompanied by a large decrease 

in resistivity. Between Hg - kO atomic % Sn and 

pure Sn the rate of decrease is much lower and is 

approximately constant. In this region the 

\ f 
temperature coefficient ° -'Lchanges by less than 

w 

Also included in Figure 12 are the 

resistivities5 relative to that of mercury at 

approximately 2^6°C, observed by Weber^^^^. These 

results show a variation with composition very 

similar to that observed in the present work, 

although they are rather more scattered in the 

equi-atomic region. The displacement of Weber's 

results at all compositions other than pure mercury 

is sufficiently constant to suggest that the 

resistivity of tin would be a more appropriate 

reference value. 

(G') The Mercury-Lead System 

This system was the subject of a detailed 

study. Approximately fifty alloys were examined, at 

intervals of 2 atomic Composition ranges of 

about 10 atomic fo were covered by successive additions 

of a component metal to the allov specimen. The 

results from the final composition were then checked 

bv measurements on a freshly prepared alloy. 

Agreement was usually t o better than 0,5$. 
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In cases where the difference in measurements 

was near this limit, an analysis for the two main 

components was performed. It was found that the 

discrepancies could he attributed to mercury losses 

by evaporation resulting in composition shifts of 

not more than 0.8 atomic Some typical resistivity-

temperature curves are shown in Figure 13- All the 

alloys examined showed a Uniform variation of resistivity 

with temperature. The non-linear form of the curve 

for pure mercury also occurred with the dilute lead 

alloys, but an increase of the lead content to 

greater than I/4 atomic % Fb reduced the resistivity-

temperature curves to the linear form over the 

temperature range considered. 

The alloy resistivity varied smoothly with 

cmmposition, as shown by the resistivity isotherms 

illustrated in Figure li+. Many of the intermediate 

composition values have been omitted from the diagram, 

and are represented by the smooth curves. 

The resistivity of the mercury-rich alloys 

decreased rapidly with increasing lead content to 

below the value of pure lead. The lead-rich alloys 

showed the normal alloy behaviour of increase in 

resistivity with increase in mercury content. The 

system thus shows a resistivity minimum which occurs 
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at approximately Hg - 30 atomic Pb, arid a maxlfniim 

at about H-g - 80 atomic % Pt. These stationary 

points are not strongly marked, and the compositions 

at which they occur do not vary with temperature. 

Particular attention was paid to the 

compositions equivalent to Eg^Fb and Hg^Ph^. These 

compositions correspond to mercury with a valency of 

two and three, respectively. Discontinuous changes 

in the isotherms at these compositions were not 

observed. This suggested that ordering of atoms, 

or the presence of valency compounds resulting in 

high resistivities, did not occur in this system. 

The resistivities at 265°C observed by 

Weber^^^) are also included in Figure lU. Good 

agreement is shown with the present work for the 

mercury-rich alloys, but the other results are 

generally 2̂- higher. No irregular changes of 

resistivity with composition were observed by Weber. 

In common with the other mercury alloys 

examined, the coefficient | ̂ ^ of the mercury-lead 
VW/p 

system decreased rapidly with increasing lead 

concentration. At concentrations greater than 

20 atomic % Pb the coefficient becomes approximately 

constant at the value for pure lead. Minor 

irregularities occurred in / L which cannot be 
W p 
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a t t r i b u t e d to experimental errors. The variations 

of (3-^ ^ith composition for some mercury alloys 

are shown in Figure 15. 

(d) The Mercury-Bismuth System 

The alloys of bismuth and mercury were 

also examined in detail. Figure l6 shows the 

temperature variation of resistivity of a selection 
/bf.* 

of these alloys. The value of the coefficient(-^^ 

becomes independent of temperature for bismuth 

concentrations larger than 18 atomic % Bi. The 

compoations were changed and the measured resistivities 

checked in the same manner as for the mercury-lead 

system. 

The resistivities of different alloys of 

the same nominal composition wore reproducible to 

within Q).lfe in the regions where resistivity was 

most sensitive to composition change. This corresponded 

to a difference in composition of less than 1 atomic 

The results a r e presented in Figure 1?, where they 

are compared with those obtained by ?.'eber̂ ^̂ ^ at 

265^0. The measurements made by Weber are resistivities 

relative to a factor which is not stated. Defining 

the factor as the resistivity of mercury at 0°C 

gives reasonable agreement for the observed values 

of pure bismuth and mercury and general agreement 
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for the stoapes of the resistivity isotherms. 

A b road maximum in resistivijby occurs in 

the region of Hg - 80 atomic % B i , while a fairly 

sharp minimum exists near BS - 16 atomic % Bi, An 

increase of temperature shifts the minimum of the 

isotherm away from the mercury-rich end of the 

system. A secondary minimum was also observed close 

to the composition Hg^Bi^- This composition was 

attained by additions of bismuth to a specimen, and 

not as a freshly prepared alloy. It was therefore 

concluded that the minimum was a real effect, and 

did not arise from a composition error. 

However, irregular behaviour was observed 

in the region 30-145 atomic % Bi, and it is likely 

that the secondary minimum is associated with this 

behaviour. Figure 1? shows the results from stable 

alloys only in this composition range. The anomalous 

alloys in this system were also examined in detail. 

Four specimens with compositions in the 

range 20-50 atomic ̂  Bi were examined at 295°C, and 

the results are presented in Figure 18. The 

resistivity variation with composition of each specimen 

is plotted separately, the direction in which the 

composition is changed being indicated by the arrows. 

Also included in the diagram are the results for 
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some 'normal' alloys. Each specimen was under 

examination for about ten days. 

Tiie initial composition of specimen I was 

Hg - 35 atomic % Bi, Change in composition to 

Hg - L\.0 atomic ̂  Bi was accompanied by a rise of 

ICf/s- in the resistivity. Returning the alloy to its 

initial composition produced a further rise in 

resistivity to approximately the value expected for 

a 'normal' alloy. The normal curve was followed on 

further increasing the mercury concentration in the 

specimen. The resistivities did not vary significantly 

with time, changes of less than 0.5% being observed 

over twentyfour hourly periods. 

The specimen current was normally allowed 

to flow continuously between readings. To investigate 

the possibility of ionic transport the current was 

raised by a factor of ten, and also switched off, 

for periods prior to measurement. No detectable 

difference was noted in the resistivities. 

Curve 2 illustrates the effect of 

continually increasing the concentration of bismuth 

in an Eg - 30 atomic "fn Bi specimen. The initial 

resistivity of specimen I was reproduced. It was 

followed by a rapid increase in resistivity with 

composition until a concentration of about 
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l|.5 atomic % Bi was reached, when the normal curve 

was followed. 

The composition of specimen 3 was changed 

from close to Hg - 20 atomic % Bi in the normal 

region to about Hg - ÎO atomic % Bi, The normal 

curve was closely reproduced for the mercury-rich 

compositions but tended to diverge in the other 

composition range to about 1^ less than the normal 

resistivities. The very low values of specimens 1 

and 2 were not observed, 
ts 

The re^tivities found for specimen k are 

the results of the simulation of the usual procedure 

for the examination of a specimen, without in fact 

changing its composition by more than 1 atomic 

A low resistivity was obtained in the first measurements, 

which increased on changing the composition by 1.2 

atomic fe towards the bismuth end of the system. A 

range of resistivities was observed at this 

composition when different parts of the specimen 

were examined by raising the inner level of the 

specimen in the cell. Similar behaviour was also 

found in specimen 2. No decrease in resistivity 

could be obtained although the composition was moved 

back towards the mercury end of the system. However, 

when the specimen was allowed to cool considerably 
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below the llquldus temperature and then re-examined 

at temperaturey some low resistivities were 

observed. 

It should be noted that all the above 

alloys were prepared and examined above the melting 

point of pure b i s m u t h . This avoided the separation 

out of solid bismuth, which would move the composition 

towards the region in which the stable resistivity 

minimum was observed. Analysis of several specimens 

for the two main components gave results which were 

in good agreement with the nominal compositions, 

(e) The Mercury-Sodium System 

This was the only system for which the 

stainless steel cells were used. The purpose of 

measurements on this system was to observe the 

change in resistivity with composition in the 

ranges in which compounds exist in the solid state. 

Measurements were made with respect to temperature 

up to 500°C, but generally the composition was 

changed at constant temperature only. 

Figure 19 illustrates resistivity a s a 

function of temperature for three Hg-Na alloys. In 

each case a smooth variation in resistivity over 

the whole liquid region was found. The resistivity-

composition isotherm at 350°C is shown in Figure 20. 
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No marked changes in resistivity were observed at 

compositions associated with solid state compounds. 

A weak maximum occurred at the composition given by 

NaEg but, unlike the results of Bornemann and 

(71) 

Miiller̂  , no minimum in resistivity was found at 

the composition of the stable compound NaHgg, The 

eutectic composition Eg -2,8 atomic "fc Na was also 

associated with a small resistivity maximum. 

The failure rate of the non-conducting 

cells was h i g h , a result, a p p a r e n t l y , of the manner 

in which the potential leads were brazed to the steel 

capillary tube. Consequently, several composition 

ranges of the Hg-Na system were not examined in as 

much detail as was desired. However, sufficient 

data were obtained t o indicate that large resistivity 

changes with composition were unlikely to occur, and 

to suggest that the system exhibits only metallic 

type conduction, 

(f) The Lead-Tin System 

The examination of this system was 

originally undertaken to confirm the observations 

of Roll and his co-workers of the existence in this 

and other systems of small irregular changes in 

resistivity with composition, Toye and Jones^^'^^ 

noted greater sensitivity of resistivity to composition 
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changes than the results of Roll and Pees^^^^ 

suggest. Figure 3 shows the extent of the disagreement 

between the measurements taken at the liquidus 

temperatures. 

Toye and Jones make no pretence of 

obtaining good absolute values of resistivity. 

This is clearly shown by the values stated for pure 

tin and lead at their melting points, which differ 

by up to 3Q^ from the generally accepted resistivities. 

The main interest in these results lay in the 

appearance of two strong minima in the resistance-

composition curve. It was decided to examine a 

series of alloys in the region of the eutectic 

composition Sn - 26.1 atomic % Pb which included a 

resistivity minimum found by Toye and Jones, and 

some of the irregularities observed by Roll and Fees, 

Twenty compositions between Sn - 20 

atomic % Fb and Sn - 28 atomic % Pb were examined, 

and a representative selection of the results are 

shown in Figure 21. A resistance-composition isotherm 

obtained from this diagram shows the same sort of 

minor irregularities as those observed by Roll and 

Fees, but with a sharper peak occurring at the 

eutectic composition. 

Alloys close to the eutectic showed large 



- 77 -

anomalies up to 70°C above the liquidus temperatures. 

Above 250°C all alloys exhibited a normal linear 

variation of resistance with temperature, although 

some of the absolute values of resistivity could be 

regarded as rather high. Care was taken to ensure 

that the high resistivities were not the result of 

blockages or bubbles in t h e capillary. Between 

250°G and the liquidus temperatures the alloy 

resistances decreased rapidly, the temperature at 

which the temperature coefficient changed being 

apparently related to the absolute resistivity at 

that temperature. This effect was most marked at 

the eutectic, and disappeared within 1 atomic ̂  on 

either side of the eutectic composition. It is 

illustrated in more detail in Figure 22, where the 

results of a series of runs on some eutectic alloys 

and other close compositions are presented. 

It can be seen from F i g u r e 22 that, although 

the anomalous effect is repeatable, it by no means 

reproducible to the extent expected from the method 

of measurement. However, it was found that good 

reproducibility was obtainable under vacuum or argon, 

provided the alloy was not disturbed. The selection 

of a different sample of the specimen by alteration 

of the two liquid levels in the cell resulted in a 
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different; reproducible resistivity-temperature 

curve. This effect is illustrated "by the six 

separate rujis on the eutectic Sn - 26.1 atomic % Pb 

shown in Figure 22, 

The bulk composition accuracy of the 

eutectic a l l o y was confirmed by cooling curve . 

experiments which did not indicate a phase change 

at other than the eutectic temperature (183^0), and 

X-ray analysis, which also showed that the impurity 

content was low. The presence of the structure of 

the eutectic alone in the solid alloy was also shown 

by metallographic examination. Resistivity 

measurements on oxide-free specimens under dry 

hydrogen eliminated the possibility that the 

anomalies resulted from the presence of oxides or 

dissolved oxygen. 

The present work makes it easier to 

reconcile the very different results obtained for 

the Sn-Fb system. Roll and Fees determined the 

resistivities at the liquidus temperatures by 

extrapolation from the high temperature linear 

range, while Toye and Jones extrapolated the results 

observed at a few degrees above the liquidus. Both 

sets of measurements are shoira in Figure 23 together 

with the present work, on which both methods were 

applied. 
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Extrapolation from the linear region gave 

a considerably larger maximum than that found by 

Roll and Fees, Measurements near the liquidus 

temperature also indicated a minimum in resistivity 

at the same composition as that of Toye and Jones, 

although the magnitudes show only qualitative 

agreement. 
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DISCUSSION. 

1. Theoretical Considerations 

The literature shows that the electrical 

resistivities of liquid "binary alloys are generally 

complex functions of the pure metal values. The 

frequent failure of many fundamental and empirical 

theories to predict even the pure metal resistivities 

is indicative of the degree of difficulty experienced 

in relating theory to experimental observation. 

The origin of this difficulty most probably lies in 

the fact that a particular resistivity can arise 

from the operation of several different factors. 

Before discussing the experimental observations 

made on specific binary alloys, it is relevant to 

examine the meaning of electrical resistivity when 

applied to metallic systems, and to consider the 

relative importance of the factors which are known 

to affect .resistance behaviour. Alloy behaviour is 

rather more complicated than that of the pure metals, 

and it is proposed that the pure metal properties 

should be examined before those of alloys. 

Electrical resistivity is defined as the 

resistance of a centimetre cube of a met?l. T h i s 

is a useful practical unit of comparison b u t i s , by 

definition, a macroscopic quantity, whereas t h e 
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factors from which resistances arise are atomic In 

nature. It Is therefore hardly surprising that 

little correlation exists between the resistivities 

of pure metals5 which are otherwise very similar. 

The temperature and the external pressure on a 

specimen a r e also specified, since they are not 

implicit in the definition of resistivity. 

Electrical resistance, "being an atomic 

property, should be related to t h e number of atoms 

in the specimens under consideration. But the 

definition of resistivity does not allow differences 

in the number of atoms in the fixed volume, 

resulting from density changes or from the different 

sizes of atoms, to be taken into account. Another 

difficulty in the comparison of metals arises from 

the choice of temperature at which resistivities 

should be compared. The t h e r m a l motion of atoms 

affects the mobility of the current carriers but, 

a c c o r d i n g to the Debye theory of specific heats for 

solids, the motion is not the same at a particular 

temperature for different metals. However, the 

thermal motion can be considered to be in the same 

state for different metals when at defined temperatures. 

Comparisons of metals at their characteristic 

temperatures would thus appear to be more appropriate 
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than at the same temperature. 

The validity of these assumptions has 

"been strengthened "by some experimental observations. 

Using the Einstein characteristic temperature for 

(6) 

ease of calculation, Mo11 has obtained a Periodic 

variation in the conductivity of the pure metals. 

A similar variation was observed by Bridgman 

for the resistivities, measured at half the 

characteristic temperatures and taking account of 

the number of atoms in a centimetre cube of each 

metal. It should be emphasised that a quantitive 

correlation was not observed, particularly between 

the metals of higher valency. 

Similar approaches to the liquid state, 

with appropriate factors to account for the changes 

on melting have also proved unsatisfactory. A 

change of characteristic temperature as assumed by 

Mott^ , or the increase in disorder suggested by 

McDonald'", were both unable to supply a completely 

satisfactory explanation of the change in 

resistivity on melting. Nevertheless, some form of 

rationalisation is essential before a reliable 

comparison between liquid metals can be made. 

An obvious first step in the standardisation 

of the conditions for a resistance comparison is t o 
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fix the numlDer of atoms in a specimen. This in 

itself is insufficient5 since the shape of the 

specimen must also be defined in terms of the number 

of atoms in the cross-sectional area and in the 

length. The resistivity unit itself can still be 

applied if rationalisation is performed by means of 

a cube containing the number of atoms in one gram 

atom of the metal. The usual formula relating the 

resistance R, to the resistivity f: 

R = T 

where A is the area of cross-section, 

and 1 is the length of the specimen 

reduces, in the case of a cube of volume V, to 

R f 

When V is the gram atomic volume the "atomic 

resistivity" R , , is given b y : 

Sat = ^ (8) 

• d 

where W is the atomic weight, 

and d is the density of the metal. 



TABLE 5 
Resistivity and Density Data of Some Pure Metals at the Melting Points 

(15) 01 % 1 n -7-7 ^ 

a M. pt. %t:wt. M 3/jL -9 ^ o 

5 " (mi) ' ^ o 

L i 3 1 7 9 6 . 9 4 0 . 5 0 9 1 . 5 1 3 . 6 4 2 . 3 9 1 8 , 8 

Na 1 1 9 7 . 8 2 3 0 . 9 2 8 2 . 5 2 4 . 7 8 2 . 9 1 6 1 . 4 5 ^ ^ ^ ^ 

K 19 63.7 39.1 0.827 2.41 47.28 3.616 1.56(14^ 
Rb 37 39.0 85.48 1.475 2.5 57-95 3.87 I.60 
Cs 55 28.5 132.9 1.84 2.6 72.23 4.165 1.66 
Cu 29 1083 63.5 8 . 2 2 4.1 7.73 1.977 2 . 0 4 

Ag 4 7 960.5 107.9 9.3 4.99 11.60 2 . 2 6 4 2 . 0 9 

Au 79 1063 197.2 17.285 5-2 11.41 2.251 2.28 
Hg 12 6 5 1 24.3 1.572 4 . 2 15.46 2.491 1.78 
3 n 3 0 4 1 9 . 5 6 5 . 4 6 . 9 2 6 . 9 9 . 4 5 2 . 1 1 4 2 . 2 4 

Cd 48 321 112.4 8.02 4-74 14 .01 2 . 4 1 1 1.93 
Hg 8 0 - 3 8 . 8 7 2 0 0 . 6 13.69 3.6 1 4 . 6 5 2.447 3.4 
A1 13 6 6 0 . 2 27 2 . 3 8 0 6 . 6 11.35 2.247 2 . 2 0 

Ga 31 29.92 6 9 . 7 6 . 0 9 5 -3.1 11.44 2.253 0.58 
In 49 156.4 114.8 7.032 2.5 16.33 2.537 2.18 
T1 81 303 . 204.4 11.295 3.2 18.10 2 . 6 2 6 2 . 0 6 

8n 50 231.9 118.7 6 . 9 5 2.6 I 7 . O 8 2.575 2.10 
P t 8 2 3 2 7 . 4 2 0 7 . 2 1 0 . 6 3 . 6 1 9 . 5 5 2 . 6 9 4 1 . 9 4 

8 b 5 1 6 3 0 . 5 1 2 1 . 8 6 . 5 0 - 0 . 9 4 1 8 . 7 4 2 . 6 5 6 0 . 6 1 

Bi 83 271 209 10.07 -3.32 20.75 2.748 0.45 

9. 5(16) 3- 2 5 8 

13. 
2(16) 3- 650 

2 2 . n(l6) 5. 6 8 5 

36. y(l6) 8. 8 1 2 

2 1 . 3 10, 77 
17- 2 7- 6 0 

31. 2 13- 8 6 

27-
^(15) 11. 0 

35. 3 1 6 . 70 
33. 7 13- 98 
90. 5 36. 98 
19. 6 8. 723 
25. 9 11. 50 
2 9 . 1 11. 47 
74. 0 28. 18 
47. 6 18. 49 
94- 6 35. 12 

117. 0 44. 05 
1 2 7 . 4 46. 36 



An examination of the resistivity and 

density change data on melting in Table 5 will show 

that a correction for the change in the number of 

atoms per unit volume cannot account for more than 

a few percent, of the total resistivity change. 

This results mainly from the smallness of the density 

changes at the melting points. Melting is also 

accompanied by an increase in the atomic disorder, 

and by the introduction of vacancies. Changes in 

the states of the valency electrons can also occur -

an effect which is quite marked for antimony and 

bismuth. 

A factor which is frequently not taken 

into account is the effect on resistivity of the 

volume change on melting. Work on resistivity as a 

function of pressure can be interpreted in terms of 

volume changes, although the resistivity changes 

cannot be accounted for merely by a correction for 

the change in the number of atoms. If atomic 

volume or its change is the more important parameter 

then, since the compressibilities are different, 

the use of pressure as a reference parameter can 

give rise to errors of interpretation. 

The problem can be examined in terms of 

the meaning of applied pressure when referred to 
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atoms not on the surface of the liquid. The 

properties of a metal are affected by the distance 

between such atoms, and an external pressure change, 

or a change of state, can both result in a change 

in the interatomic distance. This suggests that an 

external pressure can have a meaning only in terms 

of the interatomic distances between atoms in the 

liquid. The question of the validity of 

measurements made at atmospheric pressure thus 

arises. On the basis of the above argument there 

is no reason to suppose that resistance measurements 

at p r e s s u r e s approximating to zero can be taken as 

a special case. It is more appropriate for 

measurements to be made at constant volume. Many-

fundamental approaches to the problem of resistivity 

behaviour have considered constant volume to be an 

essential standard. 

Atomic resistivities measured at constant 

pressure should thus include a factor which 

introduces the effect of change in interatomic 

distance on resistance. This would be difficult to 

apply to the resistivity change on melting since a 

distinction exists between interatomic distance and 

atomic volume. On melting the density of a metal 

changes by about whereas X-ray data Buggest 
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that there is little change in the mean interatomic 

distance. As suggested by Bernal^^^^, the volume 

change can be related to an increase in the number 

of vacancies arising from the atomic disorder. 

Unless it is assumed that atoms are hard spheres, 

it is not possible to reduce the atoms of the 

liquid to the same state as those in the solid 

simply by t'ke application of an external pressure. 

I'liiile disorder is present the vacancies must exist, 

giving rise to a situation where an atom of a 

liquid at the same density as the solid occupies a 

smaller volume than when in the solid state. 

That such atoms are not in the same state 

is shoTO by the values calculated for , assuming 

that the metal can exist as a supercooled liquid 

when under pressure at the normal melting point. 

The difference between and at the same density 

and temperature is reduced only by about Zdfo for 

metals such as Na, K and Hg. Hence it would seem 

that standardisation for any metal with respect to 

volume alone is insufficient to account for the 

change of resistance on melting, without some 

knowledge of the effects of disorder and of 

vacancies. 

The changes in density and resistivity on 



- 89 -

melting for many metals are very similar. These 

observations are taken as sufficient grounds for the 

assumption that the melting process introduces in 

each metal disorder of approximately the same 

magnitude. Thus, in relation to each other, the 

mean interatomic distances in the liquid metals can 

he discussed in terms of their gram atomic volumes. 

Column 7 of Table 5 indicates these volumes at the 

melting points. 

The volumes at the melting points of the 

alkali metals were chosen by Endo^^^^ as those at 

which to measure resistivity at constant volume. 

This is the procedure adopted in most work at 

constant volume. I t leads to much rationalisation 

of results when the resistivity-temperature curves' 

are extrapolated to zero to eliminate the thermal 

effect on resistivity. However, from the theoretical 

standpoint, there appears to be little justification 

for choosing the constant volume to be that at the 

melting point. It is known that resistivity is a 

function of volume, so the different volumes taken 

lip by metals at t h e i r normal melting points under 

zero pressure are not necessarily standard conditions 

fo r measurement. 

At Absolute Zero it is considered that 
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the "liquids" all exist with approximately the same 

degree of disorder and the same fraction of free 

space. It is further assumed that each ion core 

electron has a volume equivalent, which is a 

constant for each of the electrons in an atom. 

It is immediately obvious that the volume equivalents 

are not the same for different metals such as 

silver and g o l d . This arises from the large 

difference in the number of electrons in atoms of 

the two metals, which occupy nearly identical 

atomic volumes. An atomic size standard can be 

derived in terms of the number of electrons by 

arranging that the volume equivalent is a constant 

f o r a l l metals. 

It is probably not justified to apply the 

rather oversimplified procedure of assigning a 

physical volume to the electrons in an atom. 

An electron can be considered as a point of negative 

charge, for which volume has no meaning, and the 

volume of an atom can be thought of as a measure of 

the equilibrium distance between atoms under 

different force fields. However, for similar metals 

at least, both views will be regarded as equivalent. 

Different metals can then be considered in the same 

s t a t e when the atomic volumes bear a simple 
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relationship to their atomic numbers. 

The gram atomic volumes at 0°K, determined 

by ext rapola t ion of the densi ty curves from the 

liquid ranges, are presented in Table 6, 

I t can be seen tha t the at ta inment , f o r 

all m e t a l s , of atomic volumes proportional to their 

atomic numbers would be experimentally very 

difficult. However, at zero pressure the atomic 

volumes of the alkali metals are roughly related t o 

the atomic numbers. The r e s i s t i v i t y behaviour 

might therefore be expected to be more rational 

than that of other metals, With the exception of 

lithium, this has been found to be so for resistivity 

nd 

(23) 

measurements at constant volume by Endo^^^', and 

the pseudo-potential theory developed by Ziraan 

The experimental problems involved in 

measuring resistivities at constant volume and a s a 

function of pressure are such that work at high 

temperatures is d i f f i c u l t . Of the polyvalent 

metals only those w i th low melting points, such 

as Eg and have been studied, and insufficient 

data is available to adequately test the arguments 

developed above. Despite t h i s difficulty, the 

degree to which atomic resistivity is related to 

atomic volume can be shown,, as in Figure 21+-
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TABLE 6 

Atomic Volumes and Atomic Resistivities 

of Some Pure Metals at 0°K 

Atomic h ] ' 

Number 
(mis) 

(iLohms) 
LI 3 12.3 (6,5) 

Na 11 22.1 —1.42 

K 19 42.3 -2. 8 

Rb 37 (51) -1.9 

Cs 55 (62) ( 1 . 2 6 ) 

Cu 29 (5.7) (2.5) 

Ag k7 9.7 4 

Au 79 9.U 1 

Mg 12 (8.3) (4.8) 

Zn 30 9 (5) 

Cd U8 12,7 (6) 

Hg 80 13.8 2 6 . 5 

A1 13 10.0 1 

G-a 31 10.8 8 

In 49 15.4 9 

T1 81 16.9 (20) 

8n 50 15.9 14.3 

Fb 82 17.8 25.5 

8b 51 16.9 23 

B1 83 19.5 31 

* The figures In brackets have been estimated 

from rather sparse experimental data. 
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With few exceptions all the metals lie on a smooth 

curve. The absolute value of mercury is rather 

high; but its variation with volume is the same as 

that given by the slope of the curve. 

The periodicity of the atomic resistivity 

parameter is shown in F igure 25- In general the 

function varies systematically with both atomic 

number and the sequence of metals in each Group. 

These diagrams illustrate the strong interdependence 

of atomic resistivity and volume which can override 

many of the differences between metals, 

2< Liquid Alloy Applications 

The purpose of this discussion has been 

to establish a basis for the manner in which 

resistivities should be treated, before a 

quantitative relationship between metals can be set 

up. From this point of view alone the approach has 

not been altogether satisfactory. Its value lies in 

the applications to liquid alloys, particularly 

those in which volume changes occur on alloying. 

Although the rationalisation process 

cannot be effectively applied to the pure metals, 

a l loy behaviour can be ezaziined in terms of the 

changes in the factors affecting resistivity when 

at the measuring temperatures. Justification for 
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this assumption can "be found from tlie ratios of the 

atomic volumes and resistivities of the component 

metals, which are much the same as when calculated 

at 0°%, This is not the case for the alkali metals 

which have large and differing compressibilities and 

temperature coefficients of resistance. 

The melting process introduces disorder 

into a system5 which is usually accompanied by a 

resistivity increase. On alloying, the mixing of 

A and B atoms produces further disorder, and hence 

the alloy resistivity might be expected to be positive 

with respect to the weighted mean value of the 

component resistivities. Provided the A-B interaction 

is not strong enough to cause the formation of 

intermetallic compounds, the solid state result for 

the excess resistivity of a totally disordered alloy 

usually applies,in the form of a parabola given by 

equation (5). 

In contrast to this behaviour,the 

resistivity isotherms of mercury alloys are all the 

more remarkable. The negative resistivity deviations 

from the weighted mean values of several Hg-based 

systems are illustrated in Figure 26. The similarity 

between the curves is rather striking, with the 

minima appearing between 15 and 25 atomic H solute. 
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The size of each minimum is related to the absolute 

resistivity of the solute metal. Quantitative 

calculations involving the Hg-Zn curve should be 

used with caution, since the pure zinc end-point 

was determined by an u n c e r t a i n extrapolation from 

the liquid state. The formation of these mercury 

alloys is accompanied by fairly substantial volume 

contractions of up to 

Before the volume change effect on 

resistivity can be studied, the variation of the 

number of conduction electrons per atom must be 

knomi, since this is a major factor affecting 

resistivity. These properties have all been 

measured for the Hg-In system, and are illustrated 

in Figures 27 and 28. The values for the indium 

rich alloys at lOO^C are obtained by extrapolation 

from the liquid region. 

The number of conduction electrons per 

atom was calculated from the Hall coefficient data 

of Cusack^^^^ and Tieche^^^^. Although the pure 

metals show free-electron behaviour, the measured 

Hall coefficients suggest that the Hg-In alloys 

have more conduction electrons available than would 

be expected from free-electron considerations. 

Recalculated values by Cusack and Kendall^ , 
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which agree more closely w i t h the Tieche c o e f f i c i e n t s , 

are attributed to local anisotropy in the liquid 

alloys. This anisotropic effect is presumably 

similar to that arising in solids, where free-electron 

values are not obtainable although resistivity data 

suggest that this behaviour does occur. It is 

difficult in any case to understand v/hy a larger 

number of electrons than expected should be present. 

Behaviour similar to that found for 

resistivities ^̂ as also observed for the 

compressibilities of some dilute mercury alloys, 

including Hg-In, It was interpreted by Abowitz and 

G o r d o n ^ i n terms of the breakup of covalently 

bonded pure mercury into the metallic state when 

alloyed. The Characteristic temperature increase 

of the alloys as calculated in this work was also 

attributed to the same cause. The Hall coefficient 

data on pure mercury indicate that the metal 

behaves according to the f r ee - e l eo t ron theory, and 

tend to refute t h e covalent bond t h e o r y . 

Several theories on electrical resistivity 

behaviour have been developed with the u se of a 

Charac t e r i s t i c temperature f a c t o r . Mhen applied to 

liquid alloys the concept tends to become rather 

artificial. It is suggested t h a t the Characteristic 
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temperature effect should, be recognised as a means 

of correcting for volume differences. The 

relationship can be described in a f a i r l y simple 

manner. If at any temperature the volume of a 

system is decreased, then the amplitudes of the 

thermal vibrations of the atoms will be reduced. 

The total thermal energy must remain constant,so a 

corresponding increase in the vibrational frequencies 

Must occur J resulting in an increased Characteristic 

temperature. 

This is an oversimplified picture, but it 

is borne out by the existence of an inverse 

relationship between the Characteristic temperatures^ 

and atomic volumes of similar metals when in the 

solid state. The increase in Characteristic 

temperature observed for the mercury a l l o y s ^ c a n 

also be attributed to the volume contractions on 

alloying. 

No change in volume is to be expected 

when the components of a simple mixture are alloyed. 

For systems in which a volume change does occur, it 

is possible to determine its effect from the pure 

metal properties by arranging f o r the volume change 

to be z e r o . The degree to which each component 

changes its volume in the alloying process, or the 
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resistivity variation of the alloy as a function of 

volume must be known. 

The similarities be tween the volume 

changes of the mercury alloys suggest that t h e effect 

is largely independent of the solute m e t a l . It is 

therefore assumed that these changes can be related 

t o the mercury atoms only. The 'simple mixture' 

resistivity of an alloy is then given by the point 

at which the straight line j o i n i n g the resistivity 

of mercury, compressed sufficiently to account for 

the t o t a l volume change, to the resistivity of the 

pure solute metal intersects the alloy composition. 

The effect of the volume change correction 

on the atomic resistivities of the Hg-In system at 

100°C is illustrated in Figure 29. It can be seen 

that the deviation of the observed atomic resistivity 

from the simple mixture value is reduced by about 35̂ "-

The variation of the resistance of mercury with 

volume is taken from Bridgman's data^^^'^^^ at 30°G, 

and used on the assumption that the relationship 

between resistance and volume is independent of 

temperature. 

The volume-corrected curve will indicate 

the weighted mean resistivities if it is assumed 

that the system contains the number of electrons 
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given "by the free-electron theory. The apparent 

number present is shown in the upper diagram of 

Figure 28, and the simple-mixture alloy should he 

treated as if this increased number of electrons 

were introduced into the system. The resultant 

values determined from the two sets of Hall 

coefficient data are shown in Figure 29- This 

correction for the apparently increased number of 

conduction electrons accounts for 50î  of the 

resistance difference from the linear values. 

The observed and theoretical resistivities 

of the Hg-In system are shoim in Figure 27- The 

observed resistivities are about llo smaller than 

the calculated values. A negative deviation of 

resistivity with respect to the weighted mean 

values could be considered a somewhat surprising 

result in view of the marked change in the 

properties of mercury caused by solute atoms. 

However, the large negative heats of formation 

associated with a strong A-B interaction are not 

generally found for the mercury alloys. This lends 

support to the initial assumption that these alloys 

can be treated as mixtures. The closeness of the 

agreement between the experimental and derived 

resistivities also justifies the hypothesis that 
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the change in volume on alloying can be attributed 

mainly to pure mercury. 

On the assumption that the percentage 

volume changes measured at 158°0 do not vary 

significantly with temperature, the volume change 

effect on the weighted mean resistivities at 350°C 

of the Bij 8n , Fb and Zn amalgams can be calculated. 

These curves are shovm in Figures 30 and 31, together 

with the observed atomic resistivities. As in the 

case of the Hg-In system the correction for the 

volume effect accounts for approximately 35}̂  of the 

total resistance deviation from the linear values. 

However, there is little justification 

for an assumption that the mercury alloy 

resistivities should follow the weighted mean 

values, since most alloys show positive deviations 

from them. No Hall coefficient data on these four 

systems are known to the author, but, on the basis 

of the measurements on Hg-In it will be assumed 

tKat the effective valency of mercury rises to 

three when more than 20 atomic fo solute atoms are 

present. In this case Hg-In can be considered as 

an alloy system of two metals of the same valency, 

for which the resistivity variations are frequently 

(51-1. 65) 
linear with r e s p e c t to composition^ ' . Hence, 
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agreement between the calculated and observed 

resistivities in this system can be expected. 

The apparent number of conduction 

electrons present in each system, assuming that 

mercury shows an effective valency of three, is 

shoTO in the lower diagram of F i g u r e 32. The upper 

diagram represents the d i f f e rence between the observed 

atomic r e s i s t i v i t i e s , and those calculated from 

weigh ted mean values corrected for volume changes 

and for the presence of excess electrons. These 

figures need only be m u l t i p l i e d by approximately 2,5 

to convert them t o the more familiar resistivity 

differences, 

While the r e s u l t s are not e n t i r e l y 

compatible with the suggested increase in the 

effective valency of mercury, the derived resistance 

devia t ions of the Bi and Fb amalgams are typ ica l of 

alloys which exhibit a normal increase of resistivity 

w i t h composition. Difficulties arise when lower 

resistivities than expected are o b s e r v e d , as in t h e 

cases of Hg~Sn and Hg-Zn. One explanation is t h a t 

the atoms in the systems are ordered. In t h i s case 

it would be reasonable t o suppose that the ordering 

effect would be more pronounced at some composition, 

causing a w e l l defined minimum in the resistivity 
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isotherms. The isotherms of the Sn, Pb and Zn 

amalgams show no discontinuities at which ordering 

could occur. It is more l i k e l y that the negative 

resistivity differences from t h e calculated values 

result from errors in the application of the 

cor rec t ion f a c t o r s . 

Individually, the Sn, Fb and Zn amalgams 

show little in the way of interesting behaviour. 

All three are characterised by smoothly varying 

isotherms and similar temperature coefficient 

behaviour. The minor variations in the coefficient 

for Hg-Pb cannot be associated with any single 

cause. It is only in their behaviour as a group 

that mercury alloys of this type are of Interest, 

On the other hand,the Hg-Bi alloys 

exhibit some unusual resistivity behaviour in t h e 

composition range 30-45 atomic % Bi. The normal 

results for this system are shown in Figure 17, 

while the abnormal resistivity values on four 

specimens are indicated in Figure 18, I t was found 

that abnormally low resistivities were obtainable 

on the freshly prepared specimens. Operations 

performed on any of these specimens resu l t ed in a 

larger resistivity, and it was not found possible 

to lower the values either by t h e same path or by a 
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form of hysteresis. This behaviour continued until 

the normal values of resistivity for the system 

were obtained. 

The resistivity at the minimum was found 

t o be the same as t h a t at t h e minimum of the 

isotherm. This suggested t h a t the alloy was not 

homogenous, and that the sample of specimen under 

examination was of the wrong composition. This 

could be true if the measurements had been made 

below the bismuth melting point, since bismuth 

alloys made in this manner have been observed to 

maintain a suspension of pure solid bismuth^^^^. 

Ionic transport was not observed, and the 

resistivities were generally found to be not time 

dependent. The resistivity was also not particularly 

sensitive to mechanical mixing of the specimen. 

The observed resistivities can be satisfactorily 

explained if it is assumed that, even when liquid, 

the bismuth atoms tended to cluster. The effective 

composition of the alloy would be lower than Intended, 

and would give rise to the resistivities observed 

in the region of the true minimum. Breakup of the 

clusters, caused by mechanical mixing, and with 

time, would result in resistivity increases until 

the normal values were attained. 
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Confirmation of t h e abnormally low 

bismuth content of the sample in the capillary 

could be obtained from the temperature coefficients 

of resistivity of the anomalous results. 

Unfortunately, the resistivity changes made the 

accurate calculation of the coefficients difficult. 

In any case, it can be seen from Figure 15 that the 

coefficient is almost constant in the region 

required for the composition check. 

Over the range of composition examined, 

the resistivities of the Hg-Na alloys are relatively 

insensitive to composition changes. The system was 

examined in the region which contained four solid 

state compounds. Small maxima were observed at the 

composition Nalig and near the eutectic Hg - 2.8 

atomic % Na. These maxima could equally well arise 

from the tendency to form a minimum in the region 

of NaHgg. The experimental technique requires 

further development before the resistivities near 

the compound compositions can be defined with any 

certainty. 

3- The Tin-Lead Anomalies 

The discrepancies which exist between the 

data on the eutectic in the ?b—Sn system are 

illustrated in Figure 23- In this work it was 
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found that both the anomalous effects could "be 

qualitatively reproduced. 

Since the results suggested that the 

eutectic composition showed a very narrow maximum, 

it is tempting to imagine the presence of a 

"eu tec t ic s t ruc ture"^^^) , which i s s tab le over a 

very small composition range, and %hioh possesses a 

high resistivity. The irregular behaviour of the 

results could then be explained in terms of 

fractional composition changes causing the capillary 

sample to change from the eutectic composition, 

with a corresponding fall in resistivity. 

However, the manner in which the 

discontinuity temperature was related to the high 

and low temperature resistivities as shown in 

Figure 22, suggested a different cause for the 

anomalies. The consistency of the measurements 

suggested that phase changes were occurring in the 

capillary, although not at the same composition, and 

although there was little doubt that the bulk 

composition was that of the eutectic. 

This hypothesis was tested in the 

following way: It was assumed that the change in 

temperature coefficient represented a real phase 

change. The compositions corresponding to the 
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discontinuity temperatures were obtained from the 

equilibrium diagram, and the liquidus temperature 

resistivities of alloys at these compositions found 

from the Roll and Fees data. 

An almost exact correspondence e z i s t s 

between these v a l u e s , and the measured resistivities 

at the discontinuity temperatures. The data are 

presented in Table 7- The final column proves 

conclusively that localised composition changes can 

occur in alloys close to the eutectic composition. 

This behaviour could arise from different diffusion 

coefficients of the metals when under the influence 

of an electric field. It has been found^^^^ that 

the component phases of a fused salt eutectio can 

•z 2 

be separated when a current density of 10 amps/cms 

is applied. It is surprising that similar behaviour 

can have such a marked effect on the Pb-Sn eutectic, 
2 

using current densities of only 5 amps/cms . 



Table 7 

Correlation between Observed and Derived Resistivities in Some Pb-Sn Alloys 

Nominal 

composition 

Discontinuity 

temperature 

Observed 

resistivity 

Composition 

equivalent to ( R o l l ) 

0 
• (obs 

i 
(Roll 

at. /J Pb °C {p. ohm cms) dis. temp, 

a t . 40 F b 

('p. ohm cms) 

0 
• (obs 

i 
(Roll 

26.1 2 5 6 6 9 . 8 57 74.0 0.95 

21:0 6 7 . 0 48.5 68.4 0 . 9 8 

U 227 63.4 41.5 66.0 0 . 9 6 

t? 225 614, 0 hi 6 5 . 2 0 . 9 8 

n 2 2 3 6 2 . 8 ho 63.5 0.99 

25.7 210 6 0 . 0 35 6 3 . 0 0.95 

11 205 59.0 33 61.0 0.97 

25.3 197 58.0 30 5 6 . 3 1 . 0 3 

26.7 192 57.5 28 57.0 1.01 
2 6 . 1 192 57.2 28 57.0 1.00 
2 " . 0 188 5 6 . 7 27 57.0 1.00 

O 



- 1 0 8 -

VI. SUmAEY AND CONCLUSIOEB 

1. Summary 

Electrical resistivity measurements were; 

made on several liquid alloys by means of a 

precision, direct current potentiometric method. 

The resistance cell was designed to ensure homo-

geneity of the specimens, the overall accuracy of. 

measurement being approximately 0,2%. The results 

can be summarised as followa: 

(a) The addition of a polyvalent metal to 

mercury results in a sharp decrease in the resis-

tivity. The slopes of the resistance-composition: 

isotherms of the mercury-rich alloys, are dependent 

on, but not very sensitive to, the resistivities, of 

the pure solutes. 

(b) The resistivities of alloys in the sodium-

mercury system are very insensitive to composition 

change s. 

(c) The temperature coefficient of resistivity 

decreases with increasing solute concentration 

up to about 20 atomic % solute. Above this concentration 

the coefficient becomes almost independent of com-

position. 

(d-) Ho significant discontinuities were observed 

in the variation of resistance with composition of 

the tin, lead and zinc amalgams, and the normal 
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mercury-bismuth alloys. 

(e) Irregular resistivity "behaviour occurred' 

in some alloys of the mercury-bismuth system. 

Abnormally low resistivities were observed, which 

increased under various factors and could not be 

regained, 

(f) Abnormally large resistivities were found 

in the region of the lead-tin e^utectic. They were 

accompanied by sharp changes in the temperature 

Coefficient at up to 70°G above the eutectic 

temperature. 

Z. Conclusions. 

The following conclusions have, been 

drawn from the results obtained in this work. 

Ca), The electrical properties of mercury are 

strongly in evidence in all the polyvalent mercury 

alloys. The interest in these systems lies in 

their behaviour as a group, rather than as 

individual systems. The resistivities of all these 

alloys deviate negatively with respect to the 

weighted mean values of the pure components. 

It is possible to separate the effects 

that some factors can have on resistivities. The 

volume change which occurs on alloying can account 

for up to 35% of the resistivity deviation from 



- 1 1 0 -

the mean valtz-es, if it is assumed that the volume 

contraction is related only to mercury, 

A-further 50% of the deviation can 

be attributed to an apparent increase in the; 

valency of mercury. Reasonable agreement with the 

measured resistivities can be obtained if the 

valency of mercury is assumed to rise to three 

when the concentration of solute atoms is more 

than 20 atomic %. This was suggested by the Hall 

coefficient on the Hg-In system. 

A correction for the increased number of: 

atoms in a centimetre cube of alloy, resulting 

from the volume contractions, cannot account for 

more than 1% of the total resistivity change. 

When these factors have been taken 

into account the Hg~In results suggest that there 

is little need for a Characteristic temperature 

change correction as proposed by some workers"^^ 

It is obvious that a direct measure of 

the number of conduction electrons is necessary 

before close agreement with the observed resistivities 

can be obtained. The effects of disorder introduced 

by the solute atoms can then be examined. 

The treatment of the differences between 

the resistivities of the pure metals themselves 
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isj a difficult problem, which cannot be., resolved 

using the available data merely in terms of the 

difference; in atomic volumes, 

(b) The data for several Hg-M alloys; suggest 

that clustering of bismuth atoms or bismuth- rich 

complexes: can occur at temperatures above the 

melting points of the components. The disappearance 

of the effect suggests that is is not a very 

stable state, and that the atoms can be uniformly 

distributed by mechanical methods. 

(c) It is concluded that similar behaviour 

can occur in alloys near the Pb-Sn eutectic. The 

mechanism in this case appears to depend on. different 

diffusion rates of the species when in an electric 

field. 

Both observations suggest that liquid 

alloys remain homogeneous only when external 

factors are not in operation. 
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VII PROPOSALS FOE FUETHEE WOBK. 

It is evident that the electrical resistivities 

alone of a system are insufficient to show the degree of 

interaction "between the component metals, 

1. There is very little Hall coefficient data 

available on liquid alloys. Much of this work is on 

mercury alloys, which have many anomalous properties. It 

would be useful to know if, as the resistivities suggest, 

most alloy systems show free electron values for the con-

duction electrons. 

2. Since resistivities are fairly sensitive to 

volume changes, it is necessary that the change in volume 

on alloying should be known before any treatment of the 

resistivity variations can be attempted. Hence, density 

changesckhe liquid alloys as a function of temperature 

and composition need to be known. Volume changes as 

measured by Kleppa et al^^^^ would be sufficient, if the 

technique could be developed to work at high temperatures, 

3. It is felt that to resolve the differences 

between the liquid pure metal properties, more should be 

known of the variation of resistivity at constant volume. 

This would allow a reasonably fundamental approach to be 

made to the effect on resistivity of the differences in 

atomic volumes. 



- 113 -

VIII.BIBLIOGRAPHY. 

I., J. P. Preedman, W. D. Robertson, J. Chem.Physs. 

34^ 769 ( 1 9 6 1 ) . 

2L,. B. A. Green, Jnr. , Piiys.Rev/. 126, 14-02- (1962). 

5. E. Verb oven, Phil. Mag. 753 (1960). 

4. A. Sommerfeld, N. H. Frank, Rev.Mod.Phys?. 

1, 1 (1931). 

5. F. Block, Z. Physik, ^2, 555 (1928); 

ibid 22, 216 (1929). 

6. N. P. Mott, Proc,Roy.Soc. A146, 4-65 (1934-), 

7 . N. P. Mott, H. Jones, Theory of Properties of 

Metals and Alloys,Oxford University Press-, 1956, 

pp. 24-6 and 287. 

8. L. S. Kothari, K. S. Singwi, S. Visvanathan, 

Phil, Mag. 1^ 560 (1956). 

9 . D. K. C. MacDonald, Phil,Mag. 4, 1283 (1959). 

llO, U. E. Cusack, J. E. Enderby, Proc.Phy&.Goc* 

25, 395 (1960). 

11. G. Abowitz, R. B. Gordon, Trans.Met.Soc.A.I.M.E. 

2 2 ? , 87 ( 1 9 6 3 ) , 

12, P. A. Egelstaff, Adv.in Phys, 11, 203 (1962). 

1 3 , P. J- Bradshaw, S. Pearson, Proc.Phys,Soc,.. 

69B:. 441 (1956). 

14. P. W. Bridgman, Proc.Amer.Acad.Arts^,Sci. 

^6, 61 ( 1 9 2 1 ) , ibid 60, 3 8 5 ( 1 9 2 5 ) . 



- 1 1 4 -

15. A. Roll, H. Motz, Z. Metal Ik, 272 (1957). 

16. E. Endo, Phil.Mag., 8j 1403 (1963). 

17. G. Butra, Conpt.Rend., 224, 2589 (1952), 

ibid 707 (1952), ibid. 244, 174 (1957). 

18. H. Gersteiikorn, Ann.d.Phys. , 1^,49 (1952). 

19. S. Shubin, Phya.Zeits.Sowjetunion, 

5, 81(1954). 

20. A. I. Gubanov, Soviet Phys.;.Tech.Phys, 

1^ I6O5 (1957), ibid 1 (1957). 

21. W. D. Knight, A. G. Berger, V. Heine, 

Ann. Phy&., 8, 175 (1959). 

22. J. C, Phillips, L. Kleinnan, Phys.Rev., 

116. 287 (1959). 

23. J. M. Ziman, Phil.Mag., 6, IOI3 (1961). 

24. M. H. Cohen, V. Heine, Physr.Rev. , 

122, 1821 (1961). 

25. W. A. Harrison, General Electric Research 

Reports, 62-RL-(3145M), ibid 62-RL-(3162M). 

25. C. C. Bradley, T. E. Paber, E. G. Wilson, 

J. M. Ziman, Phil.Mag., 2, 865 (1962). 

27. R. E. Makinson, A. P. Roberts, Australian 

J. Phys., 12, 437 (1960). 

28. R. E. Borland, Proc.Phys.8oc., 22) 7^5 (1961), 

ibid 28, 926 (1961). 



- 115 -

29. S. P. Edwards, Phil.Mag., 6, 61? (1961), 

Proc.Roy.Soc,, 26%, 518 (1962). 

30. J. D. Bernal, Trans.Par.Soc., ^2? 2? (1937)? 

Nature, 13^, 14-1 (1959), ibid 18^, 68 (1960). 

31. I- Pelah, W. L. v/hittemore, A. W. McReynolds., 

Pbys.Rev,, 11%, 767 (1959). 

32. N. E. Cusack, P. W. Kendall, Phil.Mag., 

6^ 419 (1961). 

33. N. E. Cusack, P. W. Kendall, A. S. Marwaha, 

Fbil.Mag., 2, 1745 (1962). 

34. E. G. Wilson, Phil.Mag., 2, 989 (1962). 

35. J. E. Enderby, Proc.Phys.Soc., 81, 772 (1963). 

36. G. Busch, Y. Tieche, Phys^k.Materie, 1, 78 (1963). 

37. S. Takeuchi, H. Endo, Trans.J.I.M., 2, 188 (1961), 

38. L. G. Schulz, J.Opt.Soc.Am., 42, 70 (1957). 

39. J. E. Hodgson, Phil.Mag., 6, 509 (1961), 

ibid 2j 229 (1962), 

40. K. Eurukawa, B. R. Orton, J. Hamor, G. Williams, 

Phil.Mag., 8, 141 (1963). 

41. J. A. Gatterall, J. Trotter, Phil.Mag., 

8,, 897 (1963). 

42. G. Busch, 0. Vogt., Helv.Phys.Acta., 241 (1954), 

43. N. E. Cusack, P. W. Kendall, Phil.Mag., 8, 157 (1963) 

44. N. E. Cusack, Rep.Prog.Phya., 26, 361 (1963). 

45. X. Tieche, Private Communication. 

46:, C. C. Bradley, Phil.Mag. , 8, 1535 (1963). 



- 1 1 6 -

4-7. S. Takeuchi, H. Endo, Trans. J.I .M., 30 (1962). 

4-8. G.. I. Goryaga, E. P. Belozerova, Vest .Mosk.Univ., 

3er. Mat., Mekli., Astron., Piz., Khim., 1^, 133? (1958), 

4-9, E. E. Cus^ack, P. W. Kendall, Proc.Phys.Soc., 

25, 509 (1960). 

50, J, R. Wilson, Unpublished Work, 

51. R. G. Ward, J. R. Wilson, Nature, 182, 354: (1958), 

52. A. Roll, H. Motz, Z. Metallk., 4S, 435 (1957). 

53, A. Roll, E. Uhl, Z. Metallk,, ^O, 159 (1959). 

54-, A. Roll, N. K. A. Swamy, Z. Metallk., 

22, 111 (1961), 

55,. A. Roll, H. Motz, Z. Metallk., 495 (1957). 

56. A. Roll, P. Basu, Z. Metallk., 511 (1963). 

57" S. Takeuchi, H. Endo, Trans.J.I.M., 35 (1962). 

58. P. Gaibullaev, Uch.Zap.Nam.Gos.Ped.Inst. , 

2, 177 (1957), ibid. 2^ 207 (1957). 

59. 1. Nordheim, Ann.d.Physik, 641 (1931). 

60. B. R. Ilsciiner, C. Wagner, Acta.Met. , 

6, 712 (1958). 

61. A. M. Samarin, J.Iron, Steel Inst., 200,95 (1962). 

62. A. P. Skrysiievskii, Ukrainsk.Piz. Zhur. , 

11, 363 (1957). 

63. B.W,Hewlett, Private Communication, 

64. T, C. Toye, E. R. Jones, Proc. Phys.Soo., 

21^ 88 (1958). 

65. A. Roll, G. Pees, Z, Metallk., 540 (1960). 



- 117 

66. T. P. Yao, Glesserei Tech-Wiss. Belh. Giessereiv. 

u. Metallk., 1%, 897, (1957). 

67. D. K, Belashchenko5 Doklacly Akacl, Naak, 8.8.8.R, , 

liz, 98, ( 1 9 5 7 ) . 

68. k. Weber, Ann, d.- Physik, Jlj 2^3, (1887). 

69- R. E. Smallman, B. R. T. Frost, Acta Met., 

611, (1956). 

70. L. G. Sctiulz, P. Spiegler, Trans, Met, Soc. A.I.M.E., 

215. 87, (1959). 

7I- K. Bornemann, P. Miiller, Metallurgies 396, (I9IO), 

72, 0. Kubaschevfski5 J'. A. Gatterall, 

Thermocliemical Data of Alloys, Pergamon Press, 

London, 1956. 

73, 0. J. Kleppa, M, Kaplan, 0. S. Tlialmayer, 

J. Phys. Chem. , 8^3, (I96I), 

yii, E. Scala, W, D. Robertson, Trans. A.I.M.E., 

197. 1141, (1963). 

75. W. B. Pietenpol, H. A. Niley, Phys. Rev., 

1588, ( 1 9 2 9 ) . 

76. A. Roll, H. Pelger, H. Motz, Z. Metallk., 

AZ, 707, (1956). 

77. liquid Metals Handbook, Dept. of the Navy, 

Washington, D.G., (1952). 



- 1 1 8 -

78, P. W. Br idgman, quoted by '•V. Hume-Ro tliery. 

The Metallic State, Clarendon Press, 19315 p.U-

79, P. Bridgman, Proc, Amer. Acad., Arts, Scl., 

^ 2 , 3 4 7 , ( 1 9 1 2 ) . 

80, W. G, Pfann, R. S- Vlagner, Trans. Met. Soc. A.I.M.E., 

22a. 1139, (1962). 



- 119 -

IZ ACKNOVLEDGEMENTS 

The author is grateful for the advice 

and encouragement provided by his supervisor, 

Dr, J. S. LI, Leach, throughout this work. 

Gratitude is expressed to Professor J. G. Ball 

for permission to use the laboratory facilities 

in the Metallurgy Department of Imperial College, 

The financial support of the U.K.A.E.A, and 

the D.S.I.E. is also acknowledged. The author 

would like also to express his appreciation of the 

support and assistance from his wife, June, 

particularly during the final preparation of this 

thesis. 



- 1 2 0 -

Z. DIAGRAMS 

Figure 1. Resistivity of solid alloys of Ni in: Cu, 

Figure 2. Resistivity-temperature curve of a metal 

and dilute alloy. 

Figure 3. Resistance-composition curves at the 

liquidus temperatures of the system Sn-Fb. 

Figure 4:, Glass resistance cell. 

Figure Stainless steel resistance cell. 

Figure S. Diagram of circuit used to measure resistance 

of specimen. 

Figure ?• Variation of resistivity with temperature 

of liquid Bi, Pb, Sn and Zn. 

Figure 8. Variation of resistivity with temperature 

of liquid mercury. 

Figure 9* Resistivity variation with temperature of. 

some Hg-Zn alloys:. 

Figure 10. Resistance-composition isotherms of the 

system Hg-Zn. 

Figure 11. Resistivity variation with temperature of 

• some Hg-Sn alloys. 

Figure 12, Resistance-composition isotherms, of the 

system Hg-Sn. 

Figure 13. Resistivity variation with temperature of 

some Hg-Pb alloys. 

Figure 14. Resistance-composition isotherms of the 

system Hg-Pb. 
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Figure 15. Temperature coefficient of resistivity, 

[~5f 1 some mercury alloys, 

Figure 16. Resistivity variation with temperature 

of some Hg-Ei alloys. 

Figure 17. Resistance-composition isotherms of 

the system Hg-Bi. 

Figure 18. Resistance-composition isotherms of 

four liquid Hg-Bi specimens: at 295°G. 

Figure 19. Variation with temperature of the 

resistivity of some Hg-Ba alloys. 

Figure 20. Resistance-composition isotherm at. 

3$0°G of some Hg-Ha alloys. 

Figure 21. Resistivity variation with temperature 

of some Bn-Ph alloys. 

Figure 22. Variation of resistivity with 

temperature of Sn-Ph alloys in the 

region of the eutectic Sn-26.1 at. % Fb. 

Figure 23. Liquidus temperature resistivities 

at compositions around the eutectic 

of the Sn-Ph system. 

Figure 21+. Atomic resistivities of some metals 

as a function of atomic volume, at 0°K. 

Figure 25- Atomic resistivity at 0°K as a 

function of atomic number. 
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Figure 26. Deviations of resistivity from 

weighted mean values of some Hg alloys 

at 350°C. 

Figure 27. Resistance-composition isotherm 

at 100°G of the Hg-In system. 

Figure 28. Number of free electrons and atomic 

volumes in the system Hg-In. 

Figure 29, Atomic resistivity and derived 

properties of the Hg-In system. 

Figure 30. Atomic resistivity and volume-

corrected resistance of the systems 

Hg-Bi and Hg-Sn. 

Figure 31. Atomic resistivity and volume-

corrected resistance of the systems 

Hg-Ph and Hg-Zn, 

Figure 32. Derived resistivity differences and 

numbers of free electrons in some 

Hg alloys. 
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