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INTRODUCTION

The atomic or molecular structure of solids is deter-
mined by the nature of the forces acting between particles.
Crystal chemistry is based on the concept that solids acquire
a crystal structure corresponding to the chemical bond
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type. The thermodynamic method permits quantitative
evaluation of the energy of interatomic bonds, but only if
an equilibrium structure obtains and is known.

Practical problems often require predictions of the
thermodynamic properties of condensed phases. A know-
ledge of the connection between the structure-sensitive pro-
perties of these phases and simple, known, and easily
available data is also desirable. A complete solution of
such a problem is obviously impossible unless due account
is taken of all three of its facets: the crystal-chemical
correspondence between bond type and crystal structure,
theoretical analysis of the laws governing the interactions
between particles, and verification that theoretical conclu-
sions agree with the experimental results of thermodyna-
mic studies.

In the past insufficient attention has been paid to the con-
nection between the thermodynamic properties of metallic
alloys and their structure and bond type. The experimental
and theoretical study of the connection between alloy struc-
ture and thermodynamics has recently gained fresh impetus
from work on heat-resisting alloys and semiconductor com-
pounds, especially as regards the statistical theory of order-
ing processes and the experimental study of short-range
ordering in alloys.

It seems desirable, therefore, to clarify the relationship
between the structure and thermodynamics of metallic alloys
from both the physicochemical and the physical viewpoints.
The problem can be subdivided into a number of more or
less independent but intimately interconnected sections.

First of all, the calculation of equilibrium thermo-
dynamic properties of alloys on the basis of atomic pro-
perties in the light of solution theory must obviously rest
on the statistical method. Attention must therefore be
directed to statistical methods that are more or less con-
venient for calculating the thermodynamic functions of
alloys. The most rational statistical methods require
either the experimental determination or the theoretical
calculation of the alloy (or solution) structure. In this con-
nection the problem arises of establishing the link between
the structure and the thermodynamic properties of alloys.

Crystal chemistry gave us a deeper insight into the
nature of the chemical bond and the rules of foriration of
molecules and crystals. We can hope that the quantitative
characterisation of the chemical bond by combined thermo-
dynamical and structural data will enable us to systematise
and generalise our knowledge of liquid and solid metallic
alloys.

1. THERMODYNAMICS OF LIQUID ALLOYS WITH A
EUTECTIC IN THE SOLID STATE

The formation of an alloy from the pure metals accord-
ing to the reaction

π Μ -f b X = ΜηΧΛ \ί)

is accompanied by a change in the free energy of the sys-
tem

\F = —Rl inKp, \&)

where Kp is the equilibrium constant, a change in the heat
content

or

Δ//Γ --= RT2

and a change in the entropy

d In Kp (4)

(5)

The heat of formation can be experimentally determined
by a direct calorimetric measurement of the heat evolved.

The entropy of formation of the alloy may be derived
from heat-capacity data by means of the formula

(6)

wnere So = -R(^i1lr\N1 + iV2lnA'2) is the configurational en-
tropy of mixing, which must be taken into account for the
case of solid or liquid solutions, but not for compounds of
stoichiometric composition.

In general, Ean.(6) is inaccurate, since it is impossible
in principle to separate the "configurational" from the
"vibrational" entropy. Consequently both the entropy smd
the enthalpy of formation of the alloy are best determined
indirectly from formulae (4) and (5), making use of the
experimentally found value of Kp.

The concept of change in partial free energy is often
invoked in the study of the thermodynamical properties of
alloys:

Δμ = μρ — μ0

where μρ is the chemical potential of the given constituent
in the alloy and μ0 its chemical potential in the pure state;
the change in partial enthalpy is

AH = T2

dT
(7)

and the change in partial entropy is

dT
(8)

In experimental work it is usual to measure either the
e.m.f. of the cell

M ' l M i ( ion) l(MiM n ) a l l o y ,

which is related to Δμ by the expression

Δμ = -23 066 zE,

(9)

(10)

or the vapour pressure of one of the alloy constituents in
the pure state (p0) and in the solution (px), when

Δμ = RT In /VPo-

The partial thermodynamic functions are then derived
from formulae (7) and (8). The integral thermodynamic
functions, referring to 1 mole of the alloy, are related to
the partial quantities by the expression

AG = Λ ^ Δ ^ + N2AG2.

Alloy formation thus always results in a decrease in the
free energy of the syst* r̂  and in the chemical potential of
each of the constituents; enthalpy changes characterise
the changes in interatomic-bond energy, and entropy
changes describe the degree of randomness with which the
atoms are distributed. Both functions are related to the
atomic-interaction forces and the atomic structure of the
alloy.
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The present article is limited to consideration of the
relation between short-range order and the thermodynamic
properties of alloys. The restriction is justified, on the
one hand, by the fact that interatomic forces are short -
-range forces, and, on the other, by the fact that short-
-range order is also determined by long-range order. The
term "short-range order" usually refers to the number and
kind of atomic neighbours surrounding a given atom, in the
first, second, and possibly the third coordination shells.

In liquid metals and alloys short-range order is defined
by the atomic radial distribution function p(r), which gives
the distribution of atoms in the space surrounding any given
atom whose position is taken as the origin of the coordinate
system. The number of atoms in a spherical shell 4urzdr,
at a distance r from the central atom, is determined by the
radial distribution function:

dn = ρ (r) iTzr^dr.

Corresponding to this definition of the radial distribu-
tion function, the coordination number of a liquid is given
by

Z l = ^ ρ (r) 4- (13)

where rx and r2 are the radial distances from the given
atom to the inner and the outer boundaries of the spherical
coordination shell.

The radial distribution function is established experi-
mentally from the diffraction of X-rays or electrons by the
liquid1.

From the results of experimental studies of the struc-
ture of liquid alloys, the presence of "microheterogeneity"
and "stratification" can be expected, and, indeed, in some
cases has been definitely established, within the domain of
short-range order.

This phenomenon presents a simple picture: as far as
nearest neighbours are concerned, an atom of one kind is
surrounded by atoms of that same kind. It is evident that
this picture represents a statistically average state, and
therefore an equilibrium state, i.e. one corresponding to a
minimum free energy.

Attempts are sometimes made to describe the pheno-
menon by means of the ideas and formulae of fluctuation
theory, and the formation of clusters is described as a
fluctuation. It is obviously understood that the equilibrium
distribution under a given set of conditions is a uniform,
random distribution of atoms of both kinds.

The following objections may be raised to such a view.
In the first place, our picture was derived from X-ray or
electron-diffraction data, which reveal equilibrium distri-
butions of atoms. Secondly, the probability of a fluctuation
increases with temperature according to the formula

where Αφ , the fluctuation energy, is an essentially positive
quantity, such that Αφ may substantially decrease with in-
crease in temperature. Consequently, the short-range
clustering ("stratification") or molecular heterogeneity
should increase with temperature if it originated from fluc-
tuations. Experiments show the opposite to be the case.
The radial distribution functions for Al—In alloys at two
temperatures 2 are shown in Fig. 1. Molecular heterogeneity
can be seen to vanish as the temperature is increased: the
separation of the first maximum into three peaks decreases

15000

10000-

sooo-

3 4 5 radius, A 4 S radius, A

Fig. 1. Radial distribution function for the Al— In
alloy: a) at 680°; b) at 750°.

Fig. 2. Partial heat of form-
ation with respect to cadmium
in Cd - Pb alloys: 1) at 623°K;
2) at 773°K.

or completely disappears and is replaced by a single maxi-
mum which characterises the uniform distribution.

Precisely the same behaviour is observed on studying
the thermodynamic properties of systems which form a
eutectic in the solid phase. Data for the heat of mixing of
liquid alloys of cadmium and lead at two temperatures are
reproduced in Fig. 2.

The partial heat of mixing for cadmium at 350°C is a
complicated function of composition in no way resembling
the curve for regular solutions. At 500° the curve is con-
siderably smoother and has already lost its point of inflec-
tion and maximum. Although there are no direct experi-
mental data on the structure of liquid Cd-Pb alloys, we
can nevertheless conclude, by analogy with the Al-In
alloys, that the smoothing of the ΔΗαά curve results from
the disappearance of molecular heterogeneity. Conversely,
the complex shape of this curve at low temperatures, near
the liquidus temperatures, is definitely connected with the
presence of short-range "stratification" or molecular
heterogeneity.

Thermodynamic data alone do not establish with com-
plete certainty that molecular heterogeneity of the "strati-
fication" type is present in all liquid alloys that show a
more or less extended eutectic field in the solid region of
their phase diagram. This is obviously due to the fact that
in different systems full miscibility (random distribution of
atoms of different kinds) sets in at different temperatures.

For example, the structure of Zn-Sn alloys cannot be
unambiguously determined. Practically all liquid alloys
of the Zn-Sn system appear to have a completely random
distribution of the two kinds of atom. The partial heat of
mixing3 is almost linear. Only in the region of low tin
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concentrations is a deviation from linearity observed. The
integral heat of mixing gives an asymmetric curve whose
maximum is displaced from the 1:1 composition to ~ 0.6 atom
fraction of zinc. A similar displacement is also observed
with other eutectic systems. The Zn—Sn system can thus
be said to exhibit a noticeable, though weak, degree of
"stratification".

A completely unambiguous correspondence between the
quasi-eutectic structure of the liquid alloys and the thermo-
dynamic properties can be demonstrated with the Pb—Sn
system. According to Danilov4 and Skryshevskii5 the
Pb-Sn alloys show a high degree of inhomogeneity in their
short-range order. Thermodynamic studies6 have shown
that the integral heat of mixing of liquid Pb-Sn alloys
varies with concentration in the same sense as the heat of
formation of solid alloys (Fig. 3). The Pb-Sn phase dia-
gram has two narrow solid-solution fields: lead in tin and
tin in lead. Accordingly, the integral-heat-of -formation
curve for solid alloys has two branches: one positive, the
other negative. The same two branches appear in the heat
of mixing curve for liquid alloys. Thus the mode of inter-
action of lead and tin atoms and the short-range order in
their liquid alloys are similar to those in the solid alloys.

Fig. 3. Heat of form-
ation of Sn — Pb alloys at
1030°K: 1) integral, for
liquid alloys; 2) partial,
for lead; 3) integral, for
solid alloys.

Fig.4. Heat of form-
ation of Pb — Ag alloys:
1) integral; 2) partial
with respect to silver.

Fig. 5. Heat of formation
of Cd - Bi alloys: 1) integral;
2) partial with respect to cad-
mium; theoretical curve.

The Pb-Sb system exhibits similar thermodynamic
properties7, and its equilibrium phase diagram is analo-
gous to that of the Pb-Sn system. Here, too, we observe
two solutions whose heats of formation have opposite signs.

The systems discussed (Pb-Sn and Pb-Sb) form liquid
alloys in which the heat of mixing changes sign with change
in composition. We shall call them alloys of the first
type.

Eutectic alloys have thermodynamic functions of a dif-
ferent type for the liquid state when their phase diagram
does not show solid solutions at the two composition ex-
tremes.

As mentioned above, the maximum in the integral heat
of mixing is displaced towards one of the components and
often has the appearance of a sloping plateau. This be-
haviour is observed especially with Cd-Bi and Ag-Pb
alloys. The partial heats of mixing for cadmium and sil-
ver in these alloys have a sloping trend in the middle con-
centration region (Figs. 5 and 4)8>11>12.

The non-regular concentration dependence of the partial
heats of mixing for cadmium and silver can be analytically
expressed by an equation, derived by Evseev11, which in-
volves empirical constants describing the deviations from
complete randomness of the distribution of the two kinds of
atom.

The partial heat of mixing is given11 by

(14)

where ΔΗοο is the experimentally observed partial heat of
mixing, when the first component is infinitely dilute.

The values of the coefficients A and Β in Eqn. (14) can be
selected on the basis of the activity coefficient at several
concentrations. The partial heat of mixing can then be
evaluated by substituting these values into the formula.

The calculated and the experimental values of the partial
heat of mixing for cadmium in the Cd-Bi system are com-
pared in Fig. 5. The theoretical curve is computed from
the equation

Ύ·

Good agreement is obtained between experiment and
theory. It follows that, in general, Eqn. (14) correctly
describes the influence of an ordered distribution of atoms
on the thermodynamic properties of alloys. However, in
some cases the dependence of structure on concentration
cannot be limited to the first approximation.

It would be interesting to express the variation of the
thermodynamic functions with concentration by substituting
into formula (14) experimental data on the structure of the
solutions. But one important obstacle arises. In the
majority of cases the number of neighbours of the opposite
kind, which is needed for calculating the interaction energy
in alloys, cannot be evaluated with sufficient precision from
diffraction data on the liquid alloys, only general informa-
tion on the structure of liquid alloys being available.

The absence of a theory of the binding forces in con-
densed phases (metals, in particular) suitable for practical
applications is a further obstacle to the theoretical calcu-
lation of the thermodynamic functions of alloys.

At the present time we can only compare thermodynamic
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TABLE 1. Coordination
numbers for
Al —Sn alloys
(60% Al).

Μ—Λ1
M— Sn
Sn—Sn
Sn— Λ1

η
lit.υ

•l.d

(i .2
• l . j — 1 . ( >

3.05
3.40
3.05

Fig. 6. Radial dis-
tribution function for
Bi —Pb alloys.

0 1 ί 3 A S 6 radius, A

data with an alloy structure on which X-ray and electron-
-diffraction information already exists. Only a few liquid
alloy structures have so far been investigated.

Bublik and Buntar'12 applied the electron-diffraction
method to the study of the structure of liquid Al—Sn alloys.
Three maxima, corresponding to the Al—Al, Al—Sn, and
Sn—Sn spacings, can be clearly distinguished in the radial-
-distribution curves for these alloys (see Table 1).

Solid Al—Sn alloys show a wide eutectic region in the
phase diagram. In the liquid too, as shown in Table 1,
atoms of the same kind are the preferred neighbours, in
spite of the fact that a continuous series of liquid solutions
is formed. The quantity r 0 in Table 1 is the preferred
atom-pair separation in the liquid.

The thermodynamic study of the liquid Al-Sn alloys13

has not been carried to completion. The work was done at
a temperature too high for the effect of molecular hetero-
geneity on the shape of the heat-of-mixing curve to be pro-
nounced. We can nevertheless observe a shift in the maxi-
mum of the ΔΗ curve, characteristic of eutectic alloys.

Skryshevskii5 investigated the structure of Bi—Pb alloys
of eutectic composition (Fig.6). Danilov and Radchenko14

had earlier shown qualitatively, from the intensity of
scattered X-rays, that atoms of the same kind tend to come
together in alloys of eutectic composition. Skryshevskii
demonstrated quantitatively that two types of atomic packing
exist in eutectic alloys: one with the lead structure and one
with the bismuth structure.

The heat of mixing for bismuth-lead alloys15 does not
depart appreciably from regular behaviour, but the partial
heat of mixing does, probably owing to the presence of
alloys with a quasi-eutectic structure. Partial heats of
mixing calculated from formula (14) are in satisfactory
agreement with the experimental re suits. Since formula (14)
expresses the functional dependence of the thermodynamic
functions on the alloy structure, it follows that we can draw
conclusions on the departure of the structure of Bi-Pb
alloys from a uniform distribution of atoms of the two kinds
by comparing calculated and experimental data.

The Pb-Sn system has been studied by Danilov16 and,
in greater detail, by Skryshevskii5. The area under the
first maximum of the radial-distribution curve for the
eutectic alloy was found to correspond to the sum of the
areas for the pure metals. The maximum occurs a t r =
= 3.26 A. Consequently, the short-range order in the alloy
is similar to that in the pure metals.

However, as already pointed out (Fig.3), the trend of
the curve of heat of mixing against concentration for liquid
Pb—Sn alloys indicates that structural elements of primary
solid solutions are present in the liquid alloys. In other
words, not all nearest neighbours are of the same kind as
the central atom. It is not possible at the present time to
compute the composition of the first coordination shell.
This is due to the difficulty of interpreting the experimental
data on the structure of liquid alloys and to the low preci-
sion with which the area under the maximum of the radial
distribution curve can be determined.

Sn—Bi alloys have been studied17 by electron diffraction.
It was found that only with the alloy of eutectic composition
could short-range order of the stratification type be demon-
strated. All other alloys could be better described by a
random distribution of the two kinds of atom.

This is confirmed by the fact that the curve of heat of
mixing against concentration has a maximum at the 1:1
composition and only a small degree of asymmetry in the
direction of bismuth18. The system obviously approxi-
mates to regularity, both as regards its structure and its
thermodynamics, and the small amount of "stratification"
at the eutectic composition results from the fact that the
structure was studied at a temperature low enough to retain
the quasi-eutectic, near the liquidus temperature.

The structure of Zn—Sn alloys was investigated by
Lashko19 at several concentrations, and found to approxi-
mate to a completely random distribution of atoms. In no
case could the existence of ordering be clearly demonstrated.

The partial heat of mixing for zinc is approximately linear3

over a wide range of compositions. But the integral-heat-
-of-mixing curve has a maximum at 0.6, not 0.5 atom frac-
tion of Sn, which denotes non-regularity of the thermo-
dynamic properties of the system.

It should be noted that these departures from the in-
frequently encountered regular-solution case are not
exhibited exclusively by the concentration-dependence of
the heat of mixing. Many systems which form eutectics in
the solid state have activity coefficients varying with com-
position in a complicated way. Statistical theory11 gives
the following expression for the activity coefficient in sys-
tems comprising two kinds of lattice:

l o g * i = \og(x1-e~iEll~Eu)/kTq11-{- x2-e~{n"'Ell')/''rqu). 0·5)

The variation of the activity coefficient with concentra-
tion is therefore determined by the variation of E1X and£ 1 2

with concentration, and therefore also by the structure of
the solution or by the short-range order in the atomic dis-
tribution (provided that interatomic forces are sufficiently
short-range).

Wagner20 drew attention to the fact that the formulae of
the quasi-chemical method do not satisfactorily represent
the variation of logfccd with concentration in the Cd—Sb
system. The same applies to log£C d in the Bi-Cd system
(Fig.7).

Many eutectic alloys (e.g. Ag-Pb, Pb-Sn, Pb-Sb) have
activity coefficients varying with composition in a compli-
cated manner. The concentration-dependence of logfc for
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log/tcd

0.02
0

Q02

Q04

0.06

Fig. 7. Concentration
dependence of the ac-
tivity coefficient of cad-
mium in the Bi — Cd
system.

Hendus23 made X-ray studies of the structure of liquid
alloys of composition AuSn. It was found that each Sn
atom is surrounded by 6.5 atoms of Au, and the Au atom is
also surrounded by 6.5 Sn atoms. These experiments were
carried out at 450°, i.e. near the liquidus temperature.

these alloys may be satisfactorily described by assuming
the same approximate variation with concentration of 2?u
and E12 as in the calculation of the partial heat of mixing.

Consideration of the currently available data on the
structure of liquid alloys in conjunction with the thermo-
dynamic properties of these alloys thus leads to the con-
clusion that the structure in general corresponds with the
thermodynamic properties. The statistical theory of solu-
tions, based on a specific model of their molecular structure,
can reveal the link between the two approaches. However,
there are not sufficient data for a theoretical calculation of
the thermodynamic properties of liquid alloys, and further-
more the determination of the structure of liquid alloys
still presents grave difficulties.

In conclusion, mention may be made of the so-called
positive and negative deviations of the activity from Raoult's
law. Negative deviations of the activity from the atom fraction
are very often said to denote the presence of intermetallic
compounds in the liquid phase or the formation of atomic
groupings of the intermetallic compound type. Positive
deviations, on the other hand, are ascribed to a tendency of
the solution towards stratification. This incorrect opinion
is expressed by several authors, who base their views on
the early publications of Taylor21 and Wagner22.

By comparing the log£ curves for the Cd-Bi and Sn-Pb
systems with the data on the structure of these eutectic
alloys we find that the activity of the components can exhi-
bit either positive or negative deviations from Raoult's law
if the system tends towards stratification. These devia-
tions are induced by an ordered structure of a single type:
stratification. It is only possible, therefore, to judge
whether the ordering of the structure belongs to the "strati-
fication" or to the "compound formation" type on the evi-
dence of a complete analysis of the thermodynamic data,
based on formulae such as (14) and (15).

Conclusions about the structure of a solution should on
no account be considered reliable if they are derived
merely from the variation of activity with concentration.

2. LIQUID ALLOYS OF SYSTEMS WITH COMPOUNDS IN
THE SOLID PHASE

It is desirable to compare the data on the structure of
liquid alloys which form one or more compounds in the solid
phase with the corresponding thermodynamic parameters.
The compounds may be either of the berthollide or of the
daltonide type. Starting from the general proposition, put
forward by Danilov4, of corresponding solid- and liquid-
-alloy structures, we can suggest that order of the "com-
pound-formation" type exists in both liquid and solid alloys,
i.e. that as far as short-range order is concerned the
structure of the liquid alloys is similar to that of the com-
pound in the solid phase.

In the Au-Sn system the solid-phase compounds AuSn,
AuSn2, and AuSn4 can be distinguished. Skryshevskii5 and

Fig. 8. Heat of formation
of Cd — Sb alloys: 1) integral,
for solid alloys; 2) integral,
for liquid alloys; 3) partial
with respect to Cd.

Fig. 9. Heat of formation
of Zn —Sb alloys: 1) integral,
for solid alloys; 2) integral,
for liquid alloys; 3) partial
with respect to Zn.

-201

The atomic distribution found for the liquid alloy cor-
responds to that for the solid alloy of the same composition.
Clearly, as in the case of eutectic alloys, the given atomic
distribution is only an approximation to the actual state of
affairs. A fraction of the Sn atoms may exchange places
with Au atoms. Available structural data are insufficient
for a precise calculation of the number of nearest neigh-
bours of the two kinds.

The heat of mixing for Au—Sn alloys has been mea-
sured24 at 550°, and does not reveal any departures from
regularity. This is hard to explain, especially since a
number of alloys of the same type give quite appreciable
effects. Kleppa24 found that the entropic contribution of
Sn at 550° shows a peculiar concentration-dependence,
which Frost attributes 25 to ordering processes in the liquid
phase.

Solid alloys of the Cd-Sb system are characterised by
the presence of the compounds CdSb and CdgSt^. No struc-
tural studies of the liquid alloys of this system have been
published, but one can nevertheless expect to find short-
-range order in them by analogy with the Au—Sn system.
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By comparing the thermodynamic data 2 6 ' 2 7 for the solid
and liquid alloys (Fig.8) we can conclude that the solid and
liquid structures are of a similar character. The heat of
formation of the liquid alloys at the eutectic composition
is positive. The subsequent trend of the heat-of-mixing
curve is surprisingly reminiscent of the heat-of-formation
curve for the solid alloys. It follows that short-range
order of the "compound-formation" type exists in the
liquid alloys.

In the Zn-Sb system there are three compounds of com-
position between 0.5 and 0.6 atom fraction of zinc. The
heat of formation of the solid alloys at 20°, and the integral
heat of mixing for the liquid alloys, are shown in Fig.9.
Once again we find that the concentration dependence of the
heats of formation of solid and of liquid alloys shows simi-
lar trends. The structure of the solid and liquid alloys
can therefore be said to be very similar within the limits
of short-range order. No structural investigations of
liquid Zn—Sb alloys have been reported.

The peculiar variation with concentration of the partial
heat of mixing for zinc and cadmium is noteworthy. The
sharp inflection of ΔΗΟά in the region of the compounds
indicates a reorganisation of the structure of one of the
"microphases", or, to put it differently, of a cluster-like
heterogeneity of molecular dimensions; this is similar to
what takes place in the solid.

The behaviour of the heats of formation of liquid and of
solid alloys in the Bi-Mg system2 9 '3 0 is analogous to those
discussed above. The formation of the compound Mg3Bi2 in
the solid phase can be recognised by a maximum in ΔΗ at a
composition corresponding to a 3 :2 ratio. The same maxi-
mum can be observed, at the same composition, with liquid
alloys. The partial heat-of-mixing curve for magnesium

Fig. 10. Integral heat of
formation of Cu—Au alloys:
1) below the ordering tem-
perature; 2) above the
ordering temperature.

Fig. 11. Partial heat of
formation of Cu—Au alloys
with respect to Cu:
1) above the ordering tem-
perature; 2) below the
ordering temperature.

shows an inflection, also at the 3 :2 ratio. One must there-
fore presume that a structural correspondence between
liquid and solid alloys exists in the Mg-Bi system.

The solid compounds Mg3Bi2 and Mg3Sb2 have the same
type of structure. Accordingly, their thermodynamic
functions are similar. The integral and the partial heats
of formation of the Mg—Sb alloys therefore vary with con-
centration just like the corresponding quantities for the
Mg-Bi system27»31.

The curves of the thermodynamic functions of the Mg—
Sb system retain the same general appearance for the
liquid state as for the solid state. Hence we can conclude
that the liquid and the solid state structures for the Mg-Sb
system are similar.

The Mg-Pb and Mg-Sn systems are no less interesting
than the two systems just discussed. They form the solid
compounds Mg2Pb and Mg2Sn which, like the bismuth and
antimony compounds of magnesium, are valence-bond com-
pounds and have an antifluorite-type lattice.

A review of the thermodynamic properties 13»l5>28>29 of
these compounds once again confirms that similarity in the
liquid and solid states is maintained and provides un-
deniable evidence of the closeness between the structures
of the two states. The variation of the activity coefficient
with concentration is complex: an inflection at about
0.6 atom fraction of magnesium denotes a transformation of
the structure with change in concentration. This yet again
underlines the existence of order of the "compound-forma-
tion" type in the liquid alloys.

3. ORDERING PROCESSES IN SOLID SOLUTIONS

Structural studies on various alloys led to the discovery
of the phenomenon of ordering in solid solutions. There is
no experimental criterion for identifying alloys capable of
forming ordered solutions. Not all solid solutions are
able to undergo ordering.

Ordering is detected by the appearance in the X-ray
diffraction pattern of "superlattice" lines, additional to the
lines given by a pure metal with the same lattice. The for-
mation of a superlattice in the Au—Cu alloy having a 1:1
ratio of components is a simple example of ordering.

The copper-gold solid solution has a face-centred cubic
lattice whose lattice sites can be occupied by any atom with
equal probability. When the temperature is lowered it be-
comes energetically more favourable to let the nearest-
-neighbour sites surrounding any atom be occupied by atoms
of the opposite kind. From the point of view of the quasi-
-chemical theory of solutions31 the phenomenon is des-
cribed by the condition

where V is the atomic interaction potential. In the cell
method the same condition is formulated as follows:

where Ey is the energy of the i-th atom in the j- th cell.

As a result, the structure of the solid solution suffers a
reorganisation such that each copper atom is surrounded by
gold atoms only, and each gold atom by copper atoms only.
In the case of AuCu the original solid-solution lattice is not
retained: a transformation from the cubic to the face-centred
tetragonal form takes place. When the AuCu3 alloy becomes
ordered, on the other hand, the lattice of the solid solution
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, eal deg*1

Fig. 12. Partial entropy of
formation of Cu—Au alloys:
1) with respect to Au;
2) with respect to Cu;
3) with respect to Cu, above
the ordering temperature.

AS, col deg"1

Fig. 13. Integral entropy
of formation of Cu—Au
alloys below the ordering
temperature.

is preserved with only a slight change in dimensions.

It should be mentioned that small heterogeneous fields
lie adjacent to the homogeneous fields of the ordered solu-
tions in the phase diagram for the system; the type of the
order-disorder phase transition is thus defined.

Bragg and Williams's first statistical theory3 2 '3 3 classi-
fies order-disorder changes in alloys among phase transi-
tions of the second kind, which are characterised by a finite
jump in heat capacity. But in a transition of the second kind
the continuous change in thermodynamic properties with
temperature does not admit the existence of heterogeneous
regions. Landau34 showed that the change in lattice sym-
metry which accompanies phase transitions of the second
kind must be taken into account. From the point of view of
statistical theory the order - disorder transformation is a
mixed phase transition of the first and the second kinds with
a continuously changing probability of finding atoms of the
two types at their "proper" or at "foreign" lattice sites.
Let us now turn to the thermodynamics of copper-gold
alloys undergoing ordering.

Oriani35, and Weibke and Quadt36, studied the thermo-
dynamic properties of ordered Cu-Au alloys by the
e.m.f. method. The heats of formation of Cu—Au alloys at
380° are given in Figs. 10 and 11. Alloys of compositions
1 :1 and 1:3, corresponding to CuAu and Cu3Au, give rise
to maxima in the heat-of-formation curve, similar to those
accompanying the formation of intermetallic compounds.
The main dissimilarity is the absence of an appreciable
region, near the ordering composition, over which AH
varies linearly with concentration.

The variation with concentration of the partial and the
integral entropies below the ordering temperature has a
characteristic form in the Au-Cu system (Figs.12 and 13).
The partial-entropy curves for copper and gold change in
the opposite sense in the region of concentrations investi-
gated. The peaks in the partial-entropy curves (Fig.12)

obviously define the concentration limits within which
ordering can proceed._ For ordered solution near N^JS^ -
= 1:1 the curves of AS^ and ASQ, change smoothly, pro-
bably in proportion to the degree of long-range order.

The curve of the change in integral entropy with concen-
tration (Fig. 13) exhibits a minimum at a 1:1 ratio, con-
nected with the decreased entropy of formation of this alloy,
as required by statistical theory. The "configurational"
entropy of formation of the fully ordered alloy is zero. At
380°, near the onset of disorder, both the configurational
and dynamic distortions, or fluctuations, of the positions
of the atoms become large.

The concentration variation of the thermodynamic pro-
perties of the Cu-Au system in its ordered condition de-
pends on the alloy structure. The type of variation can be
explained by statistical theory provided that the structure
of the alloys is taken into account.

Ordered solid solutions in the Cu-Pt system have also
been fairly thoroughly studied from the thermodynamic
point of view. Here, too, ordered solutions with composi-
tions CuPt and Cu3Pt are formed. Johanson and Linde37

studied the structure of Cu—Pt alloys and found a face-
-centred cubic lattice for disordered solid solutions.
Ordered alloys of composition CusPt have also the same
lattice.

In the region of 40-55 at.% Pt a rhombohedral structure,
resulting from the deformation of a cubic lattice, is im-
posed by the appearance of order. Between 60 and 75 at.%
Pt a cubic lattice with an ordered distribution of atoms is
formed. The partial and the integral entropies38 of forma-
tion of the alloys are analogous to those of the Cu—Au sys-
tem in their concentration dependence. The integral heat
of formation of the Cu-Pt alloys also shows the two charac-
teristic maxima at the atomic ratios 1:1 and 1:3 respec-
tively.

We can postulate that short-range order exists above the
ordering temperature in the solid solutions of the Cu-Au
and Cu-Pt systems which undergo ordering, since the
nature of the forces of atomic interaction hardly changes
above the ordering temperature. Short-range order in
ordered solid solutions implies that in the preferred atomic
distribution neighbouring atoms are of different kinds. This
ordering phenomenon is formally similar to that which takes
place in liquid alloys when eutectics or intermetallic com-
pounds occur in the solid phase.

Roberts3 9 and Cowley40 have studied experimentally the
short-range order in Cu-Au alloys above the ordering
temperature. Table 2 shows some experimental values of
the short-range order parameter α.χ for several of the
innermost shells surrounding a chosen central atom.

The number of Cu atoms in the i-th coordination shell of
an Au atom may be determined as follows. Take the first
shell, for instance:

= 1 - — = — 0.133.
12*0.5

The required value, WQ, = 12 x 0.5 x 1.133 = 6.8, can be
easily derived. If perfect short-range order existed in the
first shell, WQJ would be 8, and therefore ax would be
-0.33; at the opposite extreme of complete disorder WQ, =

12 = 6, and consequently

r=0.
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TABLE 2. Data for single-
-crystal Cu— Au
alloys.

Coordina-
tion shell

I

1
2
3
A
7)
6

Coordination

number
mi

12
6

24
22
2Ί
~8

complete
order

- 0 . 3 3
1.00

— 0 . 3 3
1 .(X)

— 0 . 3 3
1.00

— 0 . 1 3 3
— 0 . 0 6 5

0.020
0.066

— 0 . 0 3 3
0.030

TABLE 3. Short-range order
parameters for Cu — Pt
alloys.

c

C
o

o
rd

in
o

t

s
h

e
ll

1

3

Complete
order

lu
m

b
e

r 
o

t
li

k
e

 n
e

ig
h

-
b

o
u

rs

6
0

12
12

nu
m

b
er

 o
f

u
n

lik
e

n
e

ig
h

b
o

u
rs

(5
6

12
0

a id

0
— 1

0
1

V
(890°)

0.00
—0.2O±0.06

0,00
-i-0.12±0.05

These experimental data provide a clear picture of
short-range order in Cu-Au alloys above the ordering
temperature. This type of order changes smoothly with
concentration, unlike long-range order below the ordering
temperature. Therefore, the thermodynamic functions of
solid solutions are also smooth functions of concentration.

The partial and the integral heats of formation of copper-,
-gold solid solutions are displayed in Figs. 10 and 11. The
general trend of the variation of the integral heat of forma-
tion with concentration corresponds to that for the ordered
condition. The partial-heat-of-formation curve for copper
(Fig. 11) shows a characteristic inflection at the 1:1 com-
position.

Inferences as to the effect of short-range ordering on the
thermodynamic functions of the Cu-Au alloys may also be
drawn from the variation of the excess entropy for copper
with concentration. A minimum at the 1 :1 composition,
clearly related to short-range order, can be observed in
the curve.

Short-range order in Cu-Au alloys also affects the way
in which the activity coefficient varies with concentration.
Logfe for copper as a function of concentration has a trend
similar to that of the partial heat of formation of the alloy
with respect to copper. If we remember that

log/o
as.

2.3 RT 2.3-R

the similarity becomes easy to understand. The heat of
formation of the alloy provides the major contribution to the
departure of the activity from the concentration.

Short-range order has also been studied41 in copper-
platinum alloys at 890°, i.e. above the ordering tempera-

ture. Table 3 gives experimental values for the short-
-range-order parameter.

As in the case of Cu—Au alloys, short-range order is
again observed. It is interesting to note that the partial
heat of formation with respect to copper shows a clearly
defined plateau over a wide range of concentrations, bearing
a slight resemblance to the inflection in the corresponding
curve for the Cu-Au alloys. In both the copper-rich and
the platinum-rich regions the curve coincides with that for
the ordered condition: this can be explained if the primary
solutions have a similar character above and below the
ordering temperature. In view of the fact that short-range
order is experimentally established, the practically con-
stant partial heat of formation in the middle region of the
curve must be ascribed to ordering. The dependence of
the thermodynamic functions of the alloys on short-range
order is thus observed for solid as well as for liquid solu-
tions .

Similar relationships between thermodynamic proper-
ties of the solid solutions and structure are again found in
the Mg-Cd system. Short-range order has not been
experimentally studied in these alloys, and neither have the
thermodynamic properties of the ordered solid solutions.
For the disordered solutions, however, the thermodynamic
properties are known42. Their dependence' on concentra-
tion is analogous to that for the Cu-Au system. Since long-
-range order is observed in the Cd-Mg system, the simi-
larity in properties between the Cu-Au and the Cd-Mg
alloys must be ascribed to the influence of short-range
ordering.

Dehlinger43 studied the structure of the ordered Cd-Mg
alloys, CdMg3 and Cd3Mg. The two series of solid solu-
tions {a and β) in the Mg-Cd system have lattices with
hexagonally close packed magnesium and cadmium atoms at
all concentrations (axial ratio c/a 1.89 and 1.62 respec-
tively); the lattice dimensions decrease as the concentra-
tion of the second component increases. Below 253° super-
lattices are observed. Alloys of compositions Cd3Mg and
CdMg3 have the cadmium and the magnesium lattice res-
pectively, but with an ordered distribution of atoms. Alloys
near, the composition CdMg also appear to have the Mg and
Cd lattices.

A striking similarity between the alloys of the Cd-Mg
and the Au—Cu systems above the ordering temperature is
revealed by comparing their heat-of-formation-curves.
The partial heat of mixing for Mg shows the same trend
with concentration as Δ# for copper in the Cu-Au system
(Fig. 11). Consequently, by analogy with the Cu—Au sys-
tem, we can suggest that short-range order is also present
in the Cd-Mg alloys above the critical temperature.

It would be wrong to assume that short-range order
exists only in those cases in which long-range order is ob-
served below a critical temperature. The appearance of
short-range order in the distribution of atoms is caused by
binding forces, and these are so general that the above
warning applies to any alloy, whatever the type of inter-
atomic force. Thus, short-range order can be detected
experimentally in Ag—Au alloys44, in which no long-range
order has been observed. Data on the number of nearest
neighbours in solid Ag-Au alloys, obtained by measure-
ments of diffuse X-ray scattering, are presented in Table 4.

Short-range ordering is also observed in α-brass 4 5. The
"stratification" type of ordering, which is detected in the
solid as well as in the liquid alloys, is more frequently re-
ferred to as grouping of like atoms. This phenomenon has
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TABLE 4. Short-range order
in Ag —Au alloys at
400°(quenched).

Composition

AgAu

Ag3Au

Short-range
order para·
meter a,·

0.U80
-υ.υι
u.os

Number of nearest·
•neighbour Ag atoms

around each Au
atom

6.48

9.43

been studied experimentally in the solid solutions of the Al-
Zn and Al-Ag systems.

Guinier and Walker46 studied the short-range order in
the Al-Ag alloy containing about 6 at.% Ag in the field of
the δ -phase. At 500° this field appears as a solid solution.
Below 450° segregation of the γ -phase takes place. We can
therefore expect ordering in these alloys to be of the
"stratification" type, i.e. that regions rich either in silver
or in aluminium will appear.

The silver-rich microscopic regions of the alloy proved
to have a diameter of 16 A, the aluminium-rich micro-
-regions 72 A. These results apply in particular to the
partly annealed alloys, at different stages of segregation of
the r -phase, but we can assume that ordering is preserved
at high temperatures even though no precise experimental
proof exists. The available thermodynamic data for the
ο-phase of the Al-Ag system47 are too scanty to illustrate
the effect of short-range ordering of the stratification or
grouping type.

The presence of short-range order in alloys is of more
frequent occurrence than its absence. This affects not
only the thermodynamic properties of the alloys but also
several other physical properties. This is why it is so
important to establish the connection between the thermo-
dynamic properties and the atomic structure of alloys;
this may lead to the development of a statistical theory of
alloys, essential for the prediction of alloy properties.

The phenomenon of ordering, as shown above, can in
general be subdivided into two types: "stratification" and
"compound formation". This applies equally to the liquid
and to the solid solutions. The observed direct link be-
tween short-range order in liquid solutions and the struc-
ture of the corresponding solids confirms Danilov and
Radchenko's hypothesis of congruent structures of liquid
and solid alloys.

A combined analysis of the thermodynamic and struc-
tural data for liquid alloys can throw light on the correct-
ness of the cellular statistical theory, the basis of which
was first laid by Frenkel' 4 B. According to this theory,
atoms in the liquid spend the greater part of their time in
vibrational motion within "cells" made up of other atoms,
just like atoms in a solid. The introduction of the concept
of two kinds of cells1 1 gives greater precision to the cellu-
lar model of liquids and links the thermodynamic data with
the structural data for the liquid.

Eutectic alloys give quasi-eutectic liquid solutions;
alloys forming compounds give liquids in which the atomic
packing is not very different from the short-range order
found in intermetallic compounds. "True" solutions, in
which the atoms of both kinds are distributed completely at
random, are rarely encountered, and then only if the tem-
perature is sufficiently high.

Ordering is also observed in solid solutions. The
thermodynamic functions of these alloys, like those of the
liquids, exhibit a characteristic concentration dependence,
reflecting the effect of short-range order in the atomic dis-
tribution, since these functions appear to be very sensitive
to the pattern of nearest neighbours.

The concept of the short-range order includes the num-
ber of atomic neighbours not only in the first coordination
shell but also in the second and the third. It has not yet
proved possible to carry out a precise evaluation of the
contribution of these atoms to the interaction energy, but
their influence is nevertheless considerable.

In the present review the discussion of structure has
been mainly confined to short-range order in the atomic
distribution in alloys, both liquid and solid. This seemed
justified in view of the importance of short-range order,
which can throw light both on the crystallisation of liquid
metals and on stabilising (hardening) processes in solid
solutions.

Dispersion hardening of alloys is known to be related to
their submicroscopic heterogeneity; the interaction of
dislocations with atomic agglomeration can be considered
as a factor in the stabilising (hardening) process.

From the point of view of statistical theory short-range
order also plays an important part in determining the
thermodynamic properties of alloys.

It is evident that no further progress towards a com-
plete elucidation of the link between the structure and the
thermodynamics of alloys is possible unless long-range
order is taken into consideration. Such a wide view of the
problem, however,would go beyond the terms of reference
of a single review article. The restricted scope of the
present review is therefore not entirely arbitrary.
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