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ABSTRACT

The elsctrical 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
protentiometric technique was employed with an
overall accuracy of about O.X%.

The results show thaf 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 % solute.
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A semi-empirical explanation of the daté
can be found in terms 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 Pb-Sn

alloys, occurs is also presented.



CONTENTS

I.
IT.

ITI.

INTRODUCTION:

PREVIOUS WORK

1. Introduction.

2. Empirical Rules:

3. Conductivity Models

(a)
(b)
(e)

(@)

Early Work
Microcrystalline Models

Models Involving Simple Pertur-~
bation Theory

The "Random Close Packing" Model

4, Experimental Observations

(a)
€))

(e)

Change of Resistance on Melting

Variastion of Resistance with
Temperature

Variation of Resistance with
Conposition

5. Techniques of Resistance Measurement

6. Conclusions

EXPERIMENTAL METHODS

1. Temperature Control and Measurement

2. Preparation of Specimens

3. The
(a)
(b)

4, The

Resistance Cells
The Non-Conducting Cell
The Conducting Cell

Electrical Circuilt

5. Resistance Measurement Technique

Page

I2
13
14
15
15
21

22
25
27
29

50

32
36
41
43
44
46
48
49
51
54
56.



IV. RESULTS 60
1, Measurements on Pure Metals 61

(a) Zinc, Tin, Lead and Bismuth &6l

(b) Mercury : 64

2. Measurements on Binary Alloys 65

(a) The Mercury-Zinc: System 65

(b) The Mercury-Tin System 66

(¢) The Mercury-Lead System 67

(d) The Mercury-Bismuth System 70

(e) The Mercury-Sodium System 74

(f) The Lead-Tin Sysbtenm 75

V. DISCUSSION 80
1., Theoretical Considerations 81

2. Liquid Alloy Applications 93

?. The Lead-Tin Anomelies 104

VI. GSOUMMARY AND CONCLUSIONS 108
1. Summary 108

2. Conclusions 109

VII. PROPOSALS FOR FURTHER WORK 112
VIIT., BIBLIOGRAPHY K 115
IX. ACKNOWLEDGEMENTS 119

X. DIAGRANMS 120



SECTION 1.

INTRODUCTTION.



-7 -

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 materisls. This interest
in solid metals provided the incentive for the
systematic measurement of their properties and thé
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
s0lid state behaviour of metals are available.

The main feature which distinguishes the
s0lid 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
maeke liquid metals particularly useful in the field
of nuclear technology, but difficulties in applying
them have underlined the deficienciesin 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. A 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.



TIonic bonding involves the transfer of valency electrons
from one type of atom to another, while the sharing of
electrons between agtoms is known as covalent bonding.
The third and most loosely defined type is the so~called
"metallic" bond, in which the ilons are sufficiently
disassociated from their valency electrons to enable
these electrons to move freely in an electric field.
Bonding in pure metals is most freguently metallic in
nature. Ionic or covalent bonding occurs in some alloys,
but the bond type most freguently 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 1s 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
107° _ 107" onms 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



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 ig 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 exeamination 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 comprehengive 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

liquids.,
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SECTION 1II

PREVIOTUS W ORK.
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PREVIOUS WORK.

(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
comple%, add 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 indefihitely, 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 ions.
These factors, and the manner in which they vary, are

of interest in any model of the behaviour of a metal,



(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 liguid, 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 (¢ - d) for a dilute alloy and
pure metal, respectively. The increase in resis-
tance on alloying (a - ¢) is typical of many
systems in the liquid state, and is known as the
residual alloy resistance.

Some attempts(l’2> have 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
so0lid alloys has also been extended to the liquid
state in an attempt(a) to relate the residual alloy
resistance to the electronegativities of the com-~

ponents.

(3) Conductivity Models.

a. Barly 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-
culationsﬁq) 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
BlochCS), 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 (8 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. ZElectrical 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 oo T _
ﬁ@g (1)
where fs = solid state resistance,
T = Absolute temperature
M = mass of the atom
and CE = Einstein characteristic temperature,

was egually applicable to the liquid state. The quantity
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ng, where ¢ is the conductivity, was shown(7) to vary
acgording to the position of the metal in the Perlodic
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 egquation for f_, and the assump-
tions regarding the liquid state, it follows that at

the melting point:

1 _ O3

9. 7§?< (2)
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(Dl can
then be calculated from the latent heat of fusion. of

an atom leading to the result:

= ot (3)

where Lf = latent heat of fusion
and Tm = 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(ll)

(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 =& in equation (3) shows good
agreement with experigent for many metals;, but the
theory also implies that, at constantt volume, ficcT;
This: is not true generally. Sodium shows what is

probably the best agreement for'floCT5 butr has the

worst. agreement for the ratio fl . The calculated
s
and observed values of %l for some monovalent
o

metals are shown in Table 1.

TABLE I.

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

Ne X Rb Ce Cu Ag Au
(%)calcrg6>l.77 1.75  1.76  I1.75  1.97 2.0 2.22
é;)obg. 14513 1,5618) 1,624 1,614 5 048D 2,04 1T

g
o at 0°x9 1.5 3.1 6.7  11.3



- 20 -~

The deviation from the prediotiomnﬁlgcT ig shown by
the magnitude Of-fo’ the 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 lons is
gtill an iﬁportant parameter in the understanding
of the liquid state. It 1s 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
been examined<l7) in a theory of the change of
resistance on melting. The assunptions 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 aton
volume ratio varies greatly with tenmperature. The
calculated ¥ 1 values show qualitative agreement
with the measired values for the pure metals con-
cerned, but in view of the rather arbitrary assumnp-

tions involved, the value of this theory is doubtful.
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(b) Microcrystalline Models.

The first-comprehensive attempt to cal-
culate ﬁl by taeking into account thermal and
structural factors in liquid metal resistances was

made by Gerstenkorn<18)

although many of the ideas used
had been suggested by Shubin(19> rmuch earlier, The
theory was confined to an examinabtion of the mono-

valent metals, and used the usual formuls,

? -

m .
-5 )
ne: T

relatingﬁ’to the relaxation time, T , of the conduc-
tion electrons. T was calculated assuming the existence:
of a structure factor which resulted from interference
between electron waves scattered from different atoms.

| Calculations on pclycrystalline solids
showed that the y-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 becémes small, the calculated shape
of the structure factor approaches the shape observed
experimentally for the distribution of atoms in a
ligquid. 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

netals, but even these "simple'" metals show no nore



- 20 -

than qualitative agreement with experiment,
The microcrystalline approach has also

been adopted in other models of liguid metal behaviour
(20’21>0 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.

(¢) 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-
potential™, It was shown by Phillips and Kleinman(22>
that the real electron wave function of a conduction
electron which oscillates rapidly ncar 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

(2%) (24,25)’

developed by Ziman, and other workers

who showed that the pseudo-potential was sufficiently
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gsmall 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 unnecessary(25>. 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'ﬁl at constant
volume was calculated to be proportional to T. This
result was not found by Gerstenkorn who considered
that the thermal factor did not dominate in liquid
sodium, The theory indicated that the other alkalil
metals possess larger pseudo-potentials, so 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.fg.and.thavvariations of j71 from one metal

fs
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to another can also be explained in a gualitative
manner by this model.

The theory has also been extended to

consider polyvalent metals(26>.

The 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 ligquid states. DPlasma 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) to the problem of solving, in detail,
Shrodinger'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 shownﬂ27’28) that the
results obtained from such a model could be erron-—
eous merely because it considered disorder in one-
dimension: only. However, the treatment of liguid
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 degreé of order
in the solid and liquid states has been extensively
studied by Bernal 3%) 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 ligquid, 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
ligquids: 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 5%. 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 camnot be explained by
this model. The difficulty can be removed if it
is again assumed that the spheres are not hard.
Support(al) for 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 ligquid.
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(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 cén be put
forward in support of either of these view-poilnts.,
Recently, measurements(za’55’54’55’56’57>of 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, , of Some Pure Molten Metals.
R R

Valency H'obs. Heale. Hobg,
107w /a8 calc.
15 (56) 1 ~25 -25.6 0.98
70(36) o 43 4,90  0.88
ca(38) 2 7.1 -7.25 0.98
g3 2 7.3 ~7.60 0.96
22 (3 3 ~3.9 ~3.95 0.99
1237) 3 -5.5 -5.65 0.97
Ge(36) mn 3.6 ~3.40 1.06
o (3%) 5 4,7 42 1.06
pp (36) 4 ~1.9 ~5.05 0.38
5b(36) 5 b ~3.87 1.14
B3 (37) 5 41 4,30 0.95
e (36) 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. ‘

SchuléBS%ws measured the optical properties
of some pure liguid metals, and obtained the values
expected from free electron theory. 4 series of optical
measurements by Hodgson(59>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

(4O>on tin, and soft X-ray emission studies<4l>om

studies
aluminium have both been interpreted as showing that
local crystalline order can exist in the ligquid. If
the current interpretation of the Knight shift(gl)is
correct, then its constancy when a metal is melted also
lends support to the microcrystalline models.

Experimental measurements on binary alloy
systems also provide conflicting evidence for models of
liguid metals. There have been few Hall effect studies on
liquid alloys. Apart from measurements on the glloy
InSb(42Z the only published data found by the author is
that on the Hg-In system(45’44). Unpublished work(45>om
the same system shows: fair agreement with these results.
The observations indicate a departure from free-clectron 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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(45)

determined and show free electron behaviour.
Magnetic susceptibility measurements<57> on

several bismuth- and lead-based alloys show the

same behaviour. Optical measurements<38) on the
systems Hg-In and Gg-In support the Hall coefficient
data. It seems 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.

(a) Change of Resistance on Melting.

The resistance ratio 7; has been meagsured
-
or tabulated by Roll<l5> 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 jﬁ; and the

S
volume and entropy changes on melting., This is
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alsc the case for those metals which show anomalous

A1
values for —— .

A §earoh of literature has revealed
1ittle data on the change of resistance at the
liquidus temperatures of alloy systems. Where
guch measurements have been made, they have been
associated with anomalous solid state behaviour,

such as semiconductivity<42),

It is hardly pro-
ductive to consider such systems at this stage.

(b) Variation of Resistance with Temperaturec.

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 5 x 1074 °¢7L,  The
coefficients of different metals do not appear to

conform to any simple pattern.

It is of greater interest to examine the
temperature coefficients for gnomalies 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 zine, cadmium, magnesium and mercury
show temperature coefficients which do not behave
normally(l5>o The first three metals show a

0
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 <é£% are observed., Mercury
P NTlp

has an unusually large coefficient of resistance ab

constant pressure. However, when the resistances

are measured(46>

gt constant volume, mercury,
zine and cadmium all show the same behaviour.
This suggests that the temperature cocefficients
of resistance at constant pressure and at constant
volume can be related. The usual procedure for
estimating L(ﬁi% for metals for which it has

£ AT/
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 metals have been measured<47), the
larger coefficients of the slkali metals being
related to their large compressibilities.

d(48) that the tem-

It hasy been reporte
perature coefficient of liguid gallium showed a
discontinuous: change in the liquid phase. This
would be of gignificance if correct, as it might
be indicative of structural changes in the liquid.
Later measurements(49> failed 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 specieg, than in a system of one {ype

(50) (51)

only. Resistance and e.m,f., measurements
on some Hg-Tl alloys have shown behaviour similar
to that found for pure gallium. It was suggesbted
that these observations were a result of ordering
of the alloys in the liquid phase.
The extensive work of Roll and his
?T

for liquid alloys at compositions corresponding

to so0lid state phases. Large changes of (Bf

co-workers has shown some marked changes in CifJ
P

BT /p
with ecomposition are observed in tin alloys of

R )
copper, silver.<52> and gold(55>, and in Cd-zu o™
alloys, Different alloys examined in these and

other(92126557) papers show less: marked, but still

significant, variations in 6§£> . GaY¥bullaew(58)
has shown that "quasi-eutectic" structures may
exist in many systems for several hundred degrees
above: their eutectic temperatures. A smooth change
in the temperature coefficient with a walue related
to those of the components, which might be expected
from a ecompletely homogenous: liquid alloy, was not

found in most cases.

(¢) 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 practice. Many of tThe properties
of this type of alloy system are the weighted meang
of the components.

It is more usuael to find that the obser-
ved alloy resistances are larger than the weighted
means. This:can be expleined by an increasc in
disorder resulting from the addition of floreign
atoms to the solvent metal, Nordheim<59>
calculated the residusl resistance fg for a

totally disordered solid alloy to be given by:

f%= econstant x(1 ~ x) (5)
where X ig the atomic fraction:of A atoms, and
(1 - x) the fraction of B atoms. The conditions
imposed on this result were that the atomiec 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 show
resistance behaviour of the form given by equation
(5). Many alloys have been shown<54’56’57) to

behave in this manner,

The deviations from the behaviour of ideal
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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 Mg5B12

has been shown<6o> to behave as an ionic conductor,
although the components behave as metallic conductors.
Evidence of compound formation has also been deduced
from gas solubillity and magnetic susceptibility

(e1)

measurements on the Fe-Si system, and resistance

(62) on Au-3n

measurements(55> and X-ray studies
alloyss.

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.

Tt 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—<64>
from viscosity, density and resistivity measurements
on tin- and zinc~based alloysw. It should be noted
that the resistance measurements by Toye and Jones
on the Pb-5Sn system differ widely from those
obtained by Roll and Fees<65>. The results at the

liquidus temperatures obtained by these workers
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are. plotted in Figure 3. Viscosity measurements<66)
on Bi-5b, 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 found(67>
in several antimony- and thallium~based systems.

Behaviour of a different type has been-
observed for many mercury-besed alloys., Measure—~
ments on several dilute alloys of mercury gquoted
by Abowitz and Gordon<ll> have shown that a marked
fall in the electrical resistance occurs with
increasing solute content. Measurements<54’65’68)
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(69)
made an X;ray examination of some Hg-T1l alloys in
the region of the compound HgBTlg. 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,

(51)

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(7o> who attempted

to detect anomalous changes in resigtivity near

the compound composition,

The resistivities of the liquid alkali

metal amalggms do not vary

other mercury alloys. The

in the game manner as

resistivity of the Hg-—Na

system<7l) for example, decreases slowly with

increasing sodium content,

until a minimum is

reached at a composition corresponding to the com-

pound ngmg.
normal binary alloy with a
curve, Alloying of sodium
accompanied by an increase
weighted mean, and a large
formation<72>. Kleppa and

that the densities of many

Thercafter the system behaves as a

positive excess resistance
and mercury is also

in density over the
negative heat of
others(75> have shown

other mercury alloys

are larger than expected even where there 1s little

evidence of strong interaction between the compo-

nents. No correlation was

observed between the

heats of mixing of these alloys, =znd their densities.

(5)

Techniques of Resgistance Measurement.

The electrical resistances of liquid

metals have most frequently been measurcd 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 elther case 1t 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 1is
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 used,(6o’64’74>

made
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(lj. The gsteel 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
has also been used for measurements(75) on
Pb, Sn, Zn and Bi. 4in oxide film was: allowed to
cover the specimen metal, which was in the form
of a wire. Measurements were then made in the
solid and liguid states, the oxide film being
strong e¢nough to retain the shape of the liguid
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 nagnetic field.

The method has been used by several workers
(36,47,61,6%)

(15,76)

, and in particular by Roll, eti al,

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 fiecld produce a torque, which can
be determined from the angle through which the
specimen is twisted. Calculations show that the
conductiwvity 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 end effccts of the spceccimen. 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 measuremcnt can havec consider-
able effect. This problem is avoided by the
calibration of the specimen contalner using a

nectal whose resigtivity ic 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 otherwisc would not be available. Sonme
of the difficulties of high temperature measure-~
ments by direct methods can thus be avoided. An
accuracy of + 1% is c1ained(7) for the values
of resistivity measured. Larger discrepancies
than those allowed by the experinental errors
are found betwecen these results(l5), and the
literature values for sone liquid netals,
notably Al, In and Bi. Disagreement also exists

between measurements<64’65)

on the Pb-Sn alloy
systen, as shown in Figure 3. However, there
exists a genersl mecasure of agrcement between the
results for many systems when determined by this;,

and other techniques of resistance mecasurecment.
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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 ligquid metals is far from
complete.

Some fundamental theories are in
direct conflict over thé 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 ligquid 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 températures 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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SECTION IIT

EXPERIMENTAL

METHODS.



- 4~

EXPERTMENTAL METHODS

1. Temperature Control and Measurement.

Electrical resistance iss 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 (69 , for many liquid metals is about 5 x 1074 °¢1,

}E;agiation in specimen temperature of 1°C 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 400°C the temperature in the cell
was found to vary by not more than O.lOC, during
the time required for the electrical measure-
ments to be made. Temperature variations along
the bore of the block did not exceed O.5OC, 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 ﬁemperature

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. Callbration



~ 46 -

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
(Isceon 11, melbting point about -50°C). The
fluid was cooled by the addition of small
quantities of liguid nitrogen. Uniformity of
temperature throughout the bath was ensured
by continuous stirring. Temperature variations
of not more than Q.BOC occurred during any

measurement of resistance.

2 Preparation of Specimens.

The so0lid metals used in this work
were sgupplied 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 sodiunm,
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. Bections 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. Alloys
which had been under examination for several
weeks showed deviations from the nominal com-
positions of not more than 1.5%. 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.

3¢ The Resistance Cells.

Normal metallic systems 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°C.,
- 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 Jjoint 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 Jjoining glass tubing by fusion,

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

A diagram of the céll is shown in
Figure 4. The capillary was suspended vertically
from the inner tube, which was connected
directly to the atmosphere control systen,
Electrical connections to the liquid specimen
were nade by neans 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 nmoved
vertically within the container. ALpproximately
15 cms., of movenment were possible. The con~
tainer was also connected to the atmosphere
control systen.,

The length of the container was:
30 cms., and it was, apart from the ground
glass Jjoint, 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 cns.
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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.

4 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 mls. of ligquid 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 smalgams above

the maximum liguidus temperature of the system.
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Above 300°C the rate of attack of pure sodium on
glass. is rapid(77>, and although the reactivity
of: sodium amalgams: is much lower, the risk of
an indeterminate change in the capillary dimen-
sions' could not be taken., Alternative non-—
conducting materials, such ag sapphire, were
not aveilable and recourse was made to a metal
ceill,

A suitiable material from the point of
view of corrosion and workability was stainless
steel, and a cell was constructed ass 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 lecads. Potential measurements
were made on the quantity of specimen between
the brazed potential contacts, which were about
10 cms. apart. Electricgl 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
étmosphere 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 currcnt 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
T%E > 2 Mear (6)

The ninimum feasible wvalue 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
resistivity was about 10_4 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 £ 0,15 cms. The tubing used for the lower
arms of the cell was 0.305 cms, in diameter
with a wall thickness of 0.0076 cms. The
measured resistance between The potential
contacts was approximately O.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 mls.

4, The Electrical Circuit

The electrical measurcments. 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 samec
current was flowing, provided the resistance

of the specimen,

le€s
R, = “sp . Dst 7
sSp T
st
where ESP and E_y were the potentials

developed across the specimen resistance, R

sp’
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and standard resistance, Rst’ respectively.

A diagfam of the circult 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-cpecimen 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 Jjunctions 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 rcversal, the mean p.d.'s so
obtained being used to calculate the true 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., A4.C. "pick-up" was avoided by the

use of gceresned leads.

5. Resistance Measurement Technigue.

The main factor affecting the reproducibility
of the resistance measurements was the presence of
adisorbed gases on the capillary walls. On raising
the temperacture 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 furnaoe 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 ligquid. The two separate
connections of the cell to the atmosphere control system

allowed a pressure diffecrence to be applied betwecn
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the ends of the capillary. BSurface tension effects.
in the capillary could then be ecasily 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 means
by which the variation of resistance with tempera-
ture and composition could be accurately determined.
The accuracy of the absolute values: of
resistivity weas 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 pe Jjustified by the constancy of the
length of a column of mercury when obscrved in
different sections of the capilllary.

The area of cross-section was also cal-
culated from resistance measurements on pure mercury.

The registivity of pure mercury at QOOC was taken

as 95.6 x lO_6 ohms cms., this being the value
assumed by Roll(l5>. These nmethods of determining

the "cell constant" of a capillary agreed to within
0.5%, but to avoid any discrepancy between the
results on different capillaries, all measurements
were referred to the resistivity value for pure
mercury at 20°C. TResistance 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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SECTIONX IV,

RESULTS.
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RESULTS

1. Measurements on Pure Metals.

(a) Zinc, Tin, Lead and Bismuth.

Resistivity measurements at. constants
pressure were made on these: metals from the meliting:
points to approximately BBOOG, in non-conducting,
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 3, together with the temperature
coefficients at the melting points.

Measurements were made to within 3°C of
the: melting poinﬁs, 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 3.

Re&ast1v1ty'fL, as a Function of Temperature for
Some: Pure Liquid Metals.

Temperature Resistivity (Microhm Cms.)
(°0) Zn Sn Pb Bi

At This Work 34.5  47.5  95.2  126.5

M. Pt. it 77, 35,3 uve 9u.6  127.4
250 - 48.0 - -

300 - 49.4 - 128.1

350 - 50.9  96.4  130.7

400 - 52.3  98.8  133.4

450 34,2 53,7  101.2  136.1

500 33.8  55.1 103.6  138.8

550 33.4  56.5 10630  141.5

1 afljo 2.00" - 59.6  50.4 42.%

tabulated in the Liquid Metals Handbook /7)., The
resistiwity of tin was found to be a little less
sensitive to temperature changes than the results of
Roll and Motz(l5) 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 be
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 technigue. The
resistivities are calculated with reference to
the value of pure mercury at 2006, g0 the dis-
crepancy cannot be attributed to errors in
measuring the size of the capillariea. 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?, but, no
deviations from Ohm's law were observed for a.
range of current densities up to 50 amps/cmz.

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 obtalined 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 problenms:
were most serious when using mercury because of
its high vapour pressure, and added precautions
were taken to obtain bubble frec specimens.

The: results of many calibration runé
are shown in Figure 8. A single reference point
was teken for each capillary, being a defined
Aresistivity of mercury at 2OOQ. Agreement to
within 0.1% was obtained over the whole liquid
range of mercury,up to its boiling point. The
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 coefficilent
1 [of varied smoothly between 83,6 xrlO'B/QC
E;Lthgz melting point and 112.3 x 10~2/°C at the

boiling point.
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TABLE 4.

Resigtivity of Mercury as a Function of Temperature.

Pemperature (°C) -38.87 O 50 100 200 300 350
ﬁL,)thm Cms. 90.9 93.9 98,2 103,1 1i4,0 127.2 134.7
Literature. 90.5 94,0 98.5 103%.1 114.0 127.0 135.5

2., Megsurements on Binary Alloys.

(a) The Mercury-Zinc. Systen.

The resigtivities of eights alloy composi~-
tions in this system were measured with respect to
temperature. No 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 60-80 gtomic’% Zn and becomes slightly negative
for alloys richer in zinc. These results are presented
in Figure 9.

The variaticns 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 1s 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 % %n.

The points on the isotherms for
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Hg - 80 atomic % Zn and puré Zn were obtained by an
approximate extrapolation from the liguid region,
assuming the t emperature coefficient of resistivity
to be 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 was accompanied
by a change in resistivity of 6%. No major
discontinuities were observed in the variation of
resistivity with composition.

No previous registivity measurements on
this system have been found by the author in the
literature.

(b) The Mercury-Tin System

The variations of resgistivity as a funcﬁion
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 discontinuvities were found in the resistivity-
temperature curves.

Pigure 12 sltiovs 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 - LO atomic % Sn and

pure Sn the rate of decrease is much lower and is

aporoximately constant. In this region the

temperature coefficient 5f£changes bv less than 6%%.
Also included inTPigure 12 are the

regigtivities, relative to that of mercury at

(68)~ Thece

approximately 2&6009 observed by Weber
results show a variation with composition very
similar to that observed in the present work,
although they are rather more scatitiered in the
egui-atomic region. The displacement of Weber's
repults at all compositions other than pure mercury
is sufficiently constant to suggest that the

registivity ol tin would be a more appropriate

reference value.

(c) The Mercury-Lead System

| Thig system wag the subject of a detailed
study. Approximetely fifty alloys were examined, at
intervals of 2 atomic %. Composition ranges of
about 10 atomic % 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 prevared alloy.

Agreement was usually to better than 0.5%.
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In cases where the difference in measurenents
was near this limit, an analysis for the two main
components Was performed. It was found that the
discrepancies could be attributed to mercury losses
by evaporation resulting in composition shifts of
not more than 0.8 atomic %. Some typical registivity-
temperature curves are shown in Figure 13. All the
alloys examined showad 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 14 atomic % Pb reduced the resistivity-
temperature curves to the linear form over the
temperature range considered.

The alloy resistivity waried smoothly with
cummposition, as shown by the resgistivity isotherms
illustrated in Figure 1L. Many of the intermediate
composgition values have been omitted from the diagram,
and are renresented by the smooth curves.

The resistivity of the mercury-rich allovs
decreased vrapidly with increasing lead content to
below the value of pure lead. The lesd-rich alloys
showed the normal alloy behaviour of increase in
resgistivity with increase in mercury content. The

system thus shows 2 resistivity minimum wiiich occurs
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at approximately Hg - 30 atomic %. Pb, and a maximum
at about Hg - 80 atomic % Pb. These stationary
points are not strongly marked, and the compositions
at which thcy occur do not vary with temperature.
Particular attention was paid to the
compositions eqguivalent to ngPb and ngij. These
compositions correspond to mercury with a valency of
two and thrcee, respectively. Discontinuous changes
in the isotherms at these compositions were not
observed. This suvggested 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

(68)

Weber are alsgso included in Figure 1lhL. Good
agreement is shown with the present work for the
mercury-rich alloys, but the other results are
generally 2% higher. No irregular changes of
registivity with composition were observed by Weber.
In common with the other mercury alloys
examinéd9 the coefficient (Eyﬁa of the mercurv-lead
OT /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
59,

ST

irregularities occurred in wirich cannot be

r
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attributed to experimental errors. The variations

of ( fi with composition for some mercury alloys
\ 0T

are shown in Figure 15.

(d) The Mercury-Bismuth Systcem

The alloys of bismuth and mercury were
also examined in detail. Pigure 16 shows the

temperature variation of resistivity of a selection

dF
of these alloys. The value of the coefficient—&fp
P

becomes independent of temperature for bismuth
concentrations larger than 18 atomic % Bi. The
compoétions were changed and the measured resistivities
checked in the same manner as for the mercury-lead
system.

The registivities of different allovs of
the game nominal composition wers reproducible to
within 0.7% 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 are nresented in Figurc 17, where they

(68) _,

are compared with those obtained by Weber
26500. The mcasurements 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 reascnable agreement for the observed values

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

4 broad maximum in resistiviﬁy occurs in
the region of Hg - 80 atomic % Bi, while a fairly
sharp minimum exists near Hg - 16 atomic % Bi. An
increase of temperaturc shifts the minimum of the
isotherm away from the mercury-rich end of the
svestem. A secondary minimum was alsgso observed close
to the composition HgBBiz. 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 30-45 atomic % Bi, and it is likely
that the secondary minimum is associated with this
behaviour. Figure 17 shows the results from stable
alloys only in this composition range. The anomalous
alloys 1in this systen were also examined in detail.

Four specimens with compositions in the
range 20-50 atomic % Bi were examined at 295°¢, 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’ slloys. Each specimen was under
examination for about ten days.

he initial composition of specimen I was
Hg - 35 atomic % Bi. Change in composition to
Hy - 4O atomic % Bi was accompanied by a rise of
10% in the resistivity. Returning the alloy to its
initial composition produced a further risge in
registivity 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 gpecimen current was normally allowed
to flow continuously betwecn readings. To investigate
the possibility of ionic transport the current was
raised by a factor of ten, and also switched off,
for periods prior fto measuremcnt. No detectable
difference was noted in the resistivities.

Curve 2 illustrates the c¢ffect of
continually increasing the concentration of bismuth
inanHg - 30 atomic % Bi specimen. The initial
registivity of specimen I was reproduced. It was
followed by a rapid increasc in rcceistivity with

composition until a concentration of about
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L5 atomic %vBi 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 - LO 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
registivities. The veryv low values of specimens 1
and 2 were not obsefved.

The re#&ivities found for specimen L 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 incrceased on changing the composition by 1.2
atomic % 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

gpecimen in the cell. Similar behaviour was also

found in specimen 2. No decrease in resistivity

could be obtained although the compesition was moved
back towards the mercury end of the system. FHowever,

when the specimen was allowed to cool considerably
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below the liquidus temperature and then re-examined
at temperature, some low registivities were
observed.

It should be noted that all the above
alloys were prepared and examined above the melting
point of pure bismuth. This avoided the separation
out of solid bismuth, which would move the composition
towards the recgion in which the stable registivity
minimum was obgerved. Analysis of several specimens
for the two main components gave rcsults 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
chhange in resistivity with composition in the
ranges in which compounds exist in the solid state.
Measurements were made with respect to temperature
up to 5OOOC, but generally the composition was
changed at comstant temperature only.

Figure 19 illustrates resistivity as a
function of temperaturc for threc Hg-Na alloys. In
ceach case a snooth variation in resistivity over
the whole liguid region was found. The resistivity-

. . On . .
comp081tlon isotherm at 350°C ig shown in Figure 20,



_75_
No marked changes in resistivity were observed at
compositions associated with solid state compounds.
A weak maximum occurred at the composition given by
NaFg but, unlike the results of Bornemann and
Mﬁller(71)9 no minimum in resistivity was found at
the composition of the stable compound Nang. The
eutectic compogition Hg - 2.8 atomic % Na was also
associated with a small resistivity maximunm.

The failure ratc of the non-conducting
cells was high, a result, apparently, of the manner
in which the potential leads were brazed to the steel
capillary tube. Conseguently, several cpmposition
ranges of the Hg-Na system were not cxamined in as
much detail as was desired. However, sufficient
data were obtained to 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 thz existence in this
and other systems of small irregular changes in
(eL)

registivity with composition. Toye and Jones

noted greater sensitivity of resistivity to composition
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changes than the resgults of Roll and Fees(65)

suggest., Figure 3 shows the extent of the dissgreement
between the meosurements taken at the liquidus
temperaitures.

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 30% from the generally accepted resistivities.
The main interest in these resultg 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
gome of the irregularities observed by Roll and Fees.

Twenty compositions between Sn - 20
atomic % Po and Sn - 28 atomic % Pb were examined,
and a representative selection of the results are
shown in Figure 21. A registance-composition isotherm
obtained from this diagram shows the same sort of
minor ifregularitées as those observed by Roll and
Fees, but with a sharpcer peak occurring at the
eutectic composition.

Alloys close to the ceutectic showed large
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anomalies up to 7OOC above the liguidus temperatures.
Above 25000 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 the capillary. Between
25OOC and the liguidus temperatures the alloy
resistances decreaged 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 disappecared within 1 atomic 96 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 Figure 22 that, although
the anomalous effect is repeatable, it by no means
reproducible to the extent expected from the method
of measurement. FHowcver, 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 ligquid levels in the cell resulted in a
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different, reproducible resistivity-temperature
curve., This effect is illustrated by the six
separate runs on the eutcctic Sn - 26.1 atomic % Pb
shown in Figure 22.

The bulk composition accuracy of the
eutectic alloy was confirmed by cooling curve
experiments which did not indicate a phase change
at other than the cutectic temperature (183°C), and
X-ray ahalysis, 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
meagurements on oxide-free specimens under dry
hydrogen eliminated the possibility that the
anomalies regulted from the prescnce of oxides or
dissolved oxygen.

The present work makes it easier to
reconcile the verv different resulits obtained for
the Sn-Po system. Roll and Fecs determined the
resistivities at the liguidus temperatures by
extrapolation from the high tempcrature lincar
range, while Toye and Jones ex*irapolated the results
observed at a few degrees above the liguidus. Both
sets of measurements are shown 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,
zlthough the magnitudes show only qualitative

agreement.
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SECTION V.

DISCUSSTION.
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DISCUSSION,

Theoretical Considerations

The literature shows that the electrical
resistivities of liguid binarv alloys are generally
complex furctions 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 tlie operation of several different factors.
Before discussing the experimental observations
made on specific binary alloys, it 1s relevant to
examine the meaning of electirical registivity 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,
aﬁd it is proposed that the pure metal properties
should be examined before those of alloys.
Electriczsl resistivity is defined as the
resistance of a centimetre cube of a met~l. This
is a useful practical unit of comparison but is, by

definition, a macroscopnic quantity, whereas the
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factors from which resistances arise are atomic in
natvre. 1t is therefore hardly suroprising that
little correlation exists between the resistivities
of pure metals, which are otherwise very similar.
The temperature and the external pressure on a
gpecimen are also specifised, since they are not
implicit in the definition of resistivity.
Zlectrical resistance, being an atomic
property, stuould be related to the number of atoms
in the soecimens under consideration. But the
definition of resistivity does not allow differences
in the number of atoms in the fixed volune,
resulting from densitv changes or from the different
sizes of atoms, to be taken into account. Another
difficulty in the comparison oFf metals arises from
the choice of temoerature at which resistivities
should be compared. The thermal motion of atoms
affects the mobllitv of the current carriers but,.
according 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 moticn 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 Linstein characteristic temperature for
ease of calculation, Mott(6> has obtained a Periodic
variation in the conductivity of the pure metals.
A similar variation was observed by Bridgman(78)
for the resistivities, veasured at half the
characteristic tempecratures and taking account of
the number of atoms in a centimetre cube of each
metal., It should he ecmphasised that a quantitive
correlation was not observed, particularly between
the metals of higher valency.

Similar apnroaches to the liguid state,
with appropriate factors to account for the changes
on melting have also proved unsatisfactory. A
change of characteristic temperature as assumed by
Mott(6>, or the increase in disorder suggested by .
McDonald(9), were both unable to supply a completely
gatisfactory explanation of the change in
resisgtivity 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 to
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fix the number of atoms in a specimen. This in
itself is insufficient, 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
lengtnh. The resistivity unit itself can still be
applied if rationalisation is parformed by means of
e cube containing the number of atoms in one gram
atom of the metal. The usual formula relating the
resistance R, to the resistivity'P:

R:fl

A

where A is the area of cross-scction,
and 1 is the length of the specimen

reduces, in the case of a cube of volume V, to
a2
/N
When V is the gram atomic volume the "atomic

resistivity" Rat’ is given by:

(8)

Roy =

d

where W is the atomic weight,

ror

and d is the density of the metal.
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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. lMelting 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 freguently 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 risce 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 ligquid. 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. Thig suggests that an
external pressure can have a meaning only in terms
of the interatomic distances between atoms in the
licuid. The cuestion of the validity of
measurements made at atmospheric pressure thus
arises. On the basis of the above argument there
is no reason to supnose that resistance measurements
at pressures approximating to zero can be taken as
a special case. It is more appropriate for
measurements to be made at constant volume. Many
fundamental anproaches to the problem of resistivity
behaviour have considered constant volume to be an
essential standard.

Atomic resistivities measured at constant
»regsure should thus include a factor which
introduces the effect of change in interatomic
distance on resgistance., This would ve difficult to
apply to the resistivity change on melting since a
distinction exists betwecen interatomic distance and
atomic volume. On melting the density of a metal

changes by about %, whereas ¥Y-ray data suggest
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that there is little change in the mean interatomic
distance. As suggested by Bernal(BO), the volume
change can be related to an increase in the number
of vacancies arising from the atomic disorder.
Unless it 1s assumed that atoms are hard spheres,
it is not possible to reduce the atoms of the
liguid to the same state as those in the solid
simply by the application of an external pressure.
While disorder i1is present the v=cancies must exist,
giving rise to a situation where an atom of a
liquid at the same densityv as the solid occupies a
smaller volume than when in the solid state.

That such atoms are not in the same state
is shown by the values calculated for ?L’ assuming
that the metal can exist as a supercooled ligquid
wnen under pressure at the normal melting point.
The difference between‘?L and f; at the same density
and temperature is reduced only by about 25% 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
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melting for many metals are very similar. These
observations are taken as sufficient grounds for the
assumption that the melting process introduces in
cach metal disorder of approximately the same
magnitude. Thus, in relation to each other, the
mean interatomic distances in the liguid metals can
be discussed in terms of their gram atomic volumes.
Column 7 of Tsable 5 indicates these volumes at the
melting points.

The volumes at the melting points of the

(16)

alkali metals were chosen by Endo as those at
wnich to measure resistivity at constant volume.

This is the procedure adopted in most work at
constant volume. It leads to much rationalisation
of results when the resistivity-temperature curves
are extrapolated to zero to eliminate the thermal
affect on resistivity. However, from the theoretical
standpoint, there apwnears to be 1little 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
up by metals at their normal melting points under
zero pressure are not necessarily standard conditions
for measurement.

At Absolute Zero it is considered that
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the "liquids" all exist with anproximately 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
gsilver and gold. 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 terns of the number of electrons by
arranging that the volume equivalent is a constant
for all metals.

It is probably not justified to apply the
rather oversimplified procadure 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 sn atom can be thought of as a measure of
the equilibrium digtance 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

state when the atomic volumes bear a simple
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relatipnship to their atomic numbers.

The gram atomic volumes at OOK, determined
by extrapolation of the density curves from the
liguid ranges, are presented in Table 6.

T4 can be seen thatb
all metals, 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 to
the atomic numbers. The resistivity behaviour
might therefore be expected to be more rational
than that of cther metals. With the exception of
lithium, this las been found to be so for resistivity

(16)

measurements at constant volume by Endo , and
. : Ca : . (23)

the pseudo-potential theory developed by Ziman .

The experimental probhlemg involved in
measuring resistivities at constant volume and as a
function of pressure are such that work at high
temperatures is difficult. Of the polyvalent
metals only those with low melting »oints, such

(Le)

as Hg and Ga have been studied, and insufficient
data 1s available to adeguately test the arguments
developed above. Despite this difficulty, the

desree Lo which atomic resistivity is related to

63

atomic volume can be shown,.as in Figure 2.
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TABLE 6
Atomic Volumes and Atomic Resistivities
of Some Pure Metals at 0°k

¢ _g S
Atomic (EL) 1,\ ’
3 —_—
Number L/0°K 2/jL/O°K

(mls) dL
(1ohms)

Li 3 2.3 (6.5)
Na 11 22.1 -1.42
K 19 L2.3 -2.8
RD 37 (51) -1.9
Cs 55 (62) (1.26)
Cu 29 (5.7) (2.5)
Ag L7 9.7 L
Au 79 9.4 1
Mg 12 (8.3) (L.8)
Zn 30 9 (5)
cd L8 12.7 (6)
Hg 80 13.8 26.5
Al 13 10.0 1
Ga 31 10.8 8
In L9 5.4 9
Tl 81 16.9 (20)
Sn 50 15.9 14.3
Pb 82 17.8 25.5
sb 51 16.9 23
Bi 83 19.5 31

# The figures in brackets have been estimated
from rather sparse experimental data.
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With few exceptions 2l1ll the metals lie on a smooth
curve, The absolute value of mercury is rather
high, but its veriation with volume is the same as
that given by the slope of the curve.

The periodicity of the atomic resgistivit
parameter is shown in Figure 29. In general the
function varies systematically with both atomic
number and the sequence cf metals in each Group.
These diagramg illustrate the strong interdependen
of atomic resistivity and volume which can overrid
many of the differences between metals.

Licuid Alloy Applications

The purpose of this discussion has been
to establish a basis for the manner in which
resistivities should be treated, before a
guantitative relationship between metals can be se
up. From this point of view alone the approach ha
not been altogether satisfactory. Its value lies
the applications to liquid alloys, particularly
thosge in which volume changes occur on alloying.

Although the rationalisation process
cannot be effectively applied to the »Hure netals,
alloy behaviour can be exanined in terms of the
changes in the factors affecting resistivity when

at the measuring temperatures. Justification for

¥y

ce

e

t
S

in
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this assumption can be found from the ratios of the
atomic volumes and resgistivities of the component
metals, which are much the same as when calculated
at 0°%. This is not the case for the alkali metals
wiiich have large and differing compressibilities and
temperature coefficients of resistance.

The melting process introducses disorder
into & system, which is usuelly sccompanied hy a
resistivity iacrease. On alloying, the mixing of
A and B atoms produces further disorder, and honce
the alloy resistivity might be expected to be positive
with resgpect to the weighted mean value of the
component registivities. 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,K the
registivity isotherms of mercury alloys are all the
more remarkable. The negative registivity deviations
from the weighted mean values of several Hg-based
svstems are illustrated in Figure 26. The similarity
between the curves ig rather striling, with the

minima appearing between 15 and 25 atomic % solute.
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The size of each minimum is related to the absolute
resistivity of the solute metal. Guantitative
calculations involving the Hg-%Zn curve ghould be
used with caution, since the pure ginc end-point
was determined by an uncertzin extrapolation from
the liguid state. The formation of these mercury
alloys is esccompanied by fairly substantial volume
contractions of up to 3%(73).

]

Before the volume change effect on
resistivity can be studied, the variation of the
nurber of conduction electrons per atom must be
known, since this is a major factor affecting
resistivity. These properties have all been
meagured for the Hg-In system, and are illustrated
in Figures 27 and 28. The values for the indium
rich alloys at 100°C are obtained by extrapolation
from the liguid region.

The number of conduction electrons per
atom was calculated from the Hall coefficient data
of Ousack<uu) and Tiéche(MB). Although the pure
metals show free—electron behaviour, the measured
Tiall coefficients suggesty that the Hg-In alloys
have more conduction electrons available than would
be expected from free-electron considerations.

i3)
Recalculated values by Cusack and Kendall<h3',
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which agree more closely with the Tiéche coefficients,
are attributed to local anisobtrony in the liguid
alloys. Thisg anisotropic effect is presumably

gimilar 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 why a larger

Y

number of electrons than ted should be present.

)
Q

xpe
Behaviour similar to that found for
resistivities wag also observed for the
compressibilities of some dilute mercury alloys,
including Hg-In. It was interpreted by Abowitz and

(11)

Gordon in terms of the breakup of covalently
bonded pure mercury into the metallic state when
alloyed. The Charactasristic 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
pehaves according to the fres-electron theory, and
terd to refute the covalent bond theory.

Several theories on electrical resistivity
hwehaviour have been developed with the use of a
Charecterictic temperature factor. When applied to

liguid alloys the concept tends to become rather

artificial. It is suggested that tlie Characteristic
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temperature effect shoald be recognised as a means

of correcting for volume differences. The
relationship can be described in a fairly 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 increage in the vibrational freguencies
must occur, resulting in an increased Characteristic
temperature.

This 1s an oversimplified picture, but it
is borne out by the existence of an inverse
relationship between the Characteristic temperatures(7)
and atomic volumeg of similar metals when in the
so0lid state, The increase 1in Characteristic
temperature observed for the mercury alloys(ll) can
also be attributed to the volume contractions on
alloying.

No change in volume is 1o be expected
whern the components of a simple mixture are alloyed.
For systems in which a volume change does occur, it
ig possible to determine its effect from the pure
metal properties by arranging for the volume change
to be zero. The degree to which cach component

changes its volume in the alloying process, or the
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registivity variation of the =2lloy as a function of
volume must be known.

The similaritics between the volume
changes of the mercury alloys suggest that the effect
is largely independent of the solute metal. It is
therefore assumed that these changes can be related
to the mercury atoms only. The ‘simple mixture'
resistivity of an alloy is then given by the point
at wiitich the straight line joining the resistivity
of mercury, compressed sulficiently to account for
thie total volume change, to the resistivity of the
pure solute metal intersects the alloy composition.

The effect of the volume change corrcction
on the atomic resistivities of the Hg-In system at
lOOOC is illustrated in Figure 29. It can be seen
that the deviation of the observed atomic resistivity
from the simple mixturc value is reduced by about 35%.
The variation of the resistance of mercury with
volume is taken from Bridgmsn's data(lu’79> at BOOC,
and usged on the assumption that the rclationship
between resistance and volume is independent of
temperature.

The volume-corrected curve will indicate
the weinlhted mean resistivities if it is assumed

that the system contains the number of clectrons
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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 be
treated as 1f 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 increasced number of
conduction electrons accounts for 50% of the
resistance difference from the linear values.

The observed and theoretical resistivities
of the Hg-In system are shown in Figure 27. The
observed resistivities are about 7% smaller than
the calculated values. A ncgetive deviation of
resistivity with respect to the weighted mean
values could 5@ considered a somewhat surprising
result in view of the marked change in the
properties of mercury caused by soclute atoms.
However, the large ncgative 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 ag mixtures. The closcness 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 15800 do not vary
significantly with tewmperature, the volume change
effect on the weighted mean resistivities at 35006
of the Bi, Sn, Pb and Zn amalgams can be calculated.
These curves are showvn in Figures 30 and 31, together
with the observed atomic resistivities. As in the
case of the Hg-In systen the correction for the
volume effect accounts for approximately 35% of the
total resistance deviation from the linear values.

However, there is 1little justification
for an assumption that the mercury alloy
resistivitdes should follow the weighted mean
values, since wost alloys show positive deviations
from them. Yo 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 agsumed
that the effective valency of mercury rises to
three when more than 20 atomic # solute atoms are
present. In this case'Hg—In can be congilidered as
an alloy system of two metals of tlie same valency,
for which the resistivity variations are frequently

(54,65)

linear with regpect to composgition . Eence,
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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 etffective valeuncy of three, is
shown in the lower diagram of Figure 32. The upper
diagfam represents the difference between the observed
atomic resistivities, and those calculated from
weighted mean values corrected for wvolume changes
and for the presence of excesg electrons. These
figures need only be multiplied by approximately 2.5
te convert them to the more familiar resistivity
differences.

While the resgults are not entirely
compatible with the suggested increase in the
effective valency of mercury, the derived resistance
deviations of the Bi and Pb amalgams are typical of
alloys which exhibit a normal increase of resistivity
with commosition. Difficulties arise when lower
resistivities than expected are ocbserved, as in the
cases of Hg-Sn and Hg-Zn. One exovlanation is that
the atoms in the systems are ordered. In this case
it would be reasconable Lo suppose that the ordering
effect would be more pronounced at some compositilon,

causing a well defined minimum in the registivity

)
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isotherms. The isotherms of the Sn, Pb and 7Zn
amalgams show no discontinuities at which ordering
could occur. It is more likely that the negative
resistivity differences from the calculated values
result from errors in the application of the
correction factors.

Individually, the OSn, Pb and Zn amalganms

N

show 1ittle in the way of interesting behaviour.
A1l three are characterised by smoothly varying
igotherms and esimilar temperature coefficient
tehaviour. The minor variationg in the coefficient
for Hg-Pb cannot be associated with any single
cauge. It ig only in their behaviour as a groubd
that mercury alloys of this type are of interest.
On the other hand. the Hg-Bi alloys
exhibit some unusual recistivity behaviour in the
composition range 30-45 atomic % Bi. The normal
regults for this system are shown in Figure 17,
while the abnormal resistivity values on four
specimens are indicated in Figure 18. It was found
tlat abnormally low registivities were obtainable
on the freshly prepared specimens. Overations
performed on any of these specimens resulted in 3
larger resistivity, and it was not found possible

to lower the values either by the same path or by a
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form of hystergsis. This behaviour continued until
the normal values of resistivity Tor the system
were obtained.

The registivity at the minimum was found
to be the same as that at the minimum of the
isotherm. This suggested that 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(63).

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 wnixing, and with

time, would result in resgistivity increases until

the normal values were attained.
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Confirmation of the 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 registivity 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 registivities 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 NaHg and near the eutectic Hg - 2.8
atomic % Na. These maxima could egually well arise
from the tendéncy to form a minimum in the region
of NaHgg. The experimental technique requires
further developmnent before the resistivities near
the compound compositions can be dcfined with any
certainty.

The Tin-Lead Anomalies

The discrepancies which exist between the
data on the eutectic in the Pb-Sn system are

illustrated in Figure 23. In this work it was



- 105 -~

found that both the anomalous effects could be
gualitatively reproduced.

Since the results suggested that the
eutectic composition showed a very narrow maximum,

oregsence of a

A

it is toempting to imagine the

(58)9

gutectic structure® which is stable over a
very small composition range, and which possesses a
high resigtivity. The irregular behaviour of the
restlts could then be explained in terms of
fractional composgition changes causing the capillary
sample to change from the eutectic composition,
with a corregponding fall in resigtivity.

Fowever, 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
gsuggested that phase changes were occurring in the
capillary, although not at the same composition, and
although there was 1little doubt that the bulk
composition was that of the eutectic.

This hypothesis was tested in the
following way: It was assumed thet the change in
temperature coefficient represented a real phase

change. The composgitions corresponding to the
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discontinuity temperatures were obtained from the
equilibrium diagram, and the licuidus temperature
registivities of alloys at these compositions found
from the Roll and Fces data.

An almost exact correcspondence cxists
between these valucs, and the measured resistivities
at the discontinuity temperatures. The data are
prescnted in Table 7. The final column proves
conclusively that localised compogition changes can
occur in alloys close to the eutcctic composition.
This behaviour could arisc from different diffusion
coefficients of the metals when under the influence

of an electric field. It has been found(go)

that
the component phases of a fused salt cutectice can
be separated when a current density of 103 amps/cms2
ig applied. It is surprising that similar behaviour

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

‘o 2
using current densities of only 5 amps/cms<.



Table 7

Correlation between Observed and Derived Registivitics in Some Pb-8Sn Alloys

Nominal Discontinuity Observed Composition
composition temperature - resistivity equivalent to
at. % Pb °a (p.ohm cms ) dis. temp.

at. % b

26.1 256 69.8 57

" 240 67.0 L8.5
" 227 63.4 L1.5
" 225 64.0 L1

o 223 62.8 4O
25.7 210 60.0 35

" 205 59.0 33
25.3 197 58.0 30
26.7 192 57.5 28
26.1 192. 57.2 28
2-.0 188 56.7 27

(. ohm cms)

Th.
68.
6.
65.
63.

63.
61.
56.

N O o W»oN o £ @)

O

57.
57.0
57.0

(Roll)

0.95
0.98
0.96
0.98
0.99
0.95
0.97
1.03
1.01
1.00

1.00

~ LOT -~
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VI. SUMMARY AND CONCLUSIONS

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 hono-
geneity of the specimens, the overall accuracy of.
measurement being approximately 0.2%. The results
can be summarised as follows:

(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
changes.

(¢) The temperature coefficient of resistivity
decreases with increzsing solute concentration
up to about 20 atomic % solute. Above this concentration
the coefficient becomes almost independent of con-
position.

(d) No significant discontinuities were observed
in the variation of resistance with composition of

the tin, lead and zinc amalgams, and the normal



- 109 -

mercury-bismuth zlloys.

(e) TIrregular resistivity behaviour occurred
in some alloys of the mercury-bisnuth 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 eutectic. They were
accompanied by sharp changes in the temperature
coefficient at up to 7OOCrabove the eutectic
temperature.

2., Conclusions.

The following conclusions have. been
drawn from the results obtained in this work.

(a), 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 deviabte 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
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the mean valwes, if it is assumed that the volunme
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 datal#DsH4:45)

on the Hg-In systen.
A correction for the increased number off
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 sone workers(g’ll).
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 atons can then be examined.

The treatment of the differences between

the resistivities of the pure metals themselves
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is:a difficult problem, which cannot be resolved
using the available data merely in terms of the
difference in atomic volumes.

(b) The daba for several Hg-Bi alloys: suggest
that clustering of bismuth atoms or bismuth- rich
complexes: can occur at tenmperatures above the
melting points of the conmponents., 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.

(¢) 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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VITI PROPOSALS FOR FURTHER WORK.

It is evident that the electtical 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 liguid alloys. Much of this work is on
mercury alloys, which have many anomalous properties. I%
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 gemsitive 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
changes£the liguid alloys as a function of temperature
and composition need to be known. Volume changes as
measured by Kleppa et al(75> 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.
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Figure 13. Resistivity variation with temperature of
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system Hg-FPb.
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weighted mean values of some Hg alloys
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