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Introduction

Of all the thermodynamic properties of liquid alloys heat capacity has
been by far the most neglected quantity, and even for pure liquid metals accu-
rate data are known only for a relatively small number of low melting elements.
Since it has been recognized some time ago (1) that valuable information as to
the atomic arrangements is contained in the heat capacities of liquid alloys,

a review of the present state might be appropriate to stimulate interest.

Liquid metals

The values of C, for most liquid main group metals including Cu, Ag,
Au and Zn, Cd, Hg near tﬁe melting point cluster around 30 J K-1 mol-1, i.e.
close to 3R for the vibrational contribution to the heat capacity of the solid
plus the dilatation contribution Cq = Cp - Cy = @?VT/x, where o is the coeffi-
cient of thermal expansion and x7 the isothermal comprgssibility(z). Any devia-
tions are considered to be caused either by the anharmonicity of atomic vibra-
tions or by electronic contributions. Especially for the high melting transi-
tion metals Margrave (3) has pointed out that deviations are mostly due to the
electronic terms, and that the actual density of states at high temperatures
should be taken into account and not the low temperature term Ce1 = vT.
Accurate data of some low melting metals show that Cp in the liquid state first
decreases with increasing temperature, passes through a minimum, and then
increases again. At very high temperatures (2000-5000 K) Cp of liquid transi-
tion metals may reach values of 8 to 10 R (4)., Chapman (2) has developed a gene-
ral theory for the heat capacity of monoatomic fluids, based on the radial distri-
bution function. By applying the corresponding states principle he could show
that Cy of the liquid metals investigated (Na, K, Hg, In, Sn, Pb) was a univer-
sal function of only two dimensionless parameters and decreased steadily with
increasing temperature. The upturn in Cp is therefore caused by the dilatation
term. With reasonable assumptions for the distance and energy parameters Chapman
obtained a single curve for the reduced configurational heat capacity and
concluded that the configurational heat capacities of these liquid metals obey
a corresponding states law and that the decrease of Cy with temperature can be
explained by the effect of temperature on the liquid structure. According to
Kincaid and Eyring (5) the decrease is caused by a gradual destruction of vibra-
tional contributions as the liquid approaches increasingly a monoatomic gas.
Close to the critical temperature Cy - Ce; for Na, K, and Hg approaches 2R
which is explained by the gradual loss of excitations corresponding to the two
shear modes (6). Hoch and Vernardakis (7) showed that the heat capacitigs of
liquid Li, K, Na, Pb and Hg can be expressed as G, = 3RF(Op/T) + gT + hT~“ where
F(0p/T) is the Debye function, g the electronic geat capacity term, andh the
anharmonic term which according to Faber (8) may be due to some crystallites or
complexes in the liquid. The vibration of the atoms in the complexes would be
quite anharmonic but with increasing temperature complexes and therefore anhar-

monicity of the_liquid would disappear, and when the temperature is high enough
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a gas-like liquid would result. However, other thermophysical properties did
not support the existence of clusters in these liquid metals (7).

Not all liquid metals obey Chapman's relationship (2) as was demons-
trated for liquid Ga (9) and liquid Te (10) . An application of the hard-sphere
model to Cp of liquid Ga (9) also showed that it cannot be fully accounted for
in terms of the simple hard-sphere approximations. In the case of liquid Te
C, decreases from 49.32 J K-1 mol-T at 740 K to 33.47 J K-! mol~! at 1073 K.
Tgis behaviour was explained by an equilibrium between semiconducting and me-
tallic regions in the liguid shifting towards the metallic state with increasing
temperature using the effective medium percolation theory by Cohen and
Jortner(11-13). The heat capacity of liquid Se on the other hand is 35.95 J k!
mol~! at the melting voint (494.33 K), passes through a shallow minimum at
780 K (33.28 J K-1 mo1-1) and increases to 35.62 J K-! mol~! at 1000 K (14).

Liquid alloys

The heat capacity of liquid alloys will generally also decrease with
increasing temperature but in most cases data are lacking and a constant tem-
perature-independent value calculated from the Neumann-Kopp rule of additivity
is assumed. One of the early direct measurements of Cp of a liquid alloy was
that of Orr et al. (15) of an In-Sn alloy. They observed a marked decrease of
Cp with increasing temperature which according to them could be interpreted as
résulting from two possible causes : 1) a decrease in interactions of non-
random associations between unlike atoms resulting in ACy positive ; 2) changes
in structure or in the vibrational and translational energy distributions such
as those postulated for pure metals giving AC, = 0 as was observed for the li-
quid In-Sn alloy (15). Therefore the quantity girectly indicative of interactions
or associations in a liquid alloy will be ACp and not C,, and one would expect
AC, either to be nearly zero or positive. This is indeed observed in most binary
alloys. Only in a few systems with a positive enthalpy of mixing and a strongly
positive excess entropy of mixing (Cd-Sn, Sn-In) Kleppa (16) found ACp negative,
and a correlation between ASM>XS and ACp, and ASM,XsS and the volume expansion
on mixing (ASvol = &Va/kg). Chen and Turnbull (17) found a positive ACp decrea-
sing with temperature for a liquid Au-Si alloy near the eutectic composition.
As an explanation they suggested three possible causes : 1) a change in the
vibrational spectrum due to a change in the type of bonding during melting ;

2) a decrease in non-random association between unlike atoms with increasing
temperature ; 3) changes in configurational entropy from the multiplicity of
atomic positioning. They concluded that the change in structural configurational
entropy with temperature makes a major contribution to ACp.

In 1967 Hultpren and Orr (1) remarked that the on?y direct C, measure-
ments for liquid alloys known to them were on one alloy each in the Bi-In and
In-Sn system. Even today direct Cp measurements especially for an entire binary
system are very scarce, and most information albeit sometimes of questionable
reliability has to be drawn indirectly from AHM measurements.

A search of the litterature has resulted in 78 binary alloy systems
for which some information about ACp is known. These systems are listed in
Table 1 together with ACp, the temperature range, and the enthalpy of mixing,
AHM, Appended to Table 1 are the references to the systems listed in the table.
Most of the systems are binaries between main group elements including elements
of Group IB and IIB of the PSE. The reason is purely exverimental : due to
lower liquidus temperatures they are more easily accessible. Only seven systems
have another transition element as component (Ce-Cu, Cu-Te, Cu-Ti, Ge-Pt, Pd-Si,
Pd-Sn, Ni-Sn) of which two systems have two transition elements as components
(Ce-Cu, Cu-Ti). Of the 79 systems 62 have a positive AC,, 13 AC, = O, and four
a negative ACy. All but two (Bi-Ga, Ga-Hg) of the 62 sygtems wigh positive ACy,
have (at leasg over a limited concentration range) a negative enthalpy of mixing.
For Bi-Ga AC, is very small and was obtained indirectly from the temperature
dependence o% AHM, In Ga-Hg Cp was measured directly and very precisely by a
pulse modulation technique for the critical composition just above the liquid
miscibility gap ; AC, could not be calculated since the heat capacity of alloy
plus container was mgasured but from the nlot of C, vs. temperature it is clear
that ACh is positive at the critical temperature dgcreasing to zero about 5 K
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above T _ . Of the 12 systems with AC_ = O AHM is positive for six, weakly nega-
tive fof three, and strongly negatiee for three. Of the four systems with a

- relatively small - negative 4C, three have a positive AHM and one (Bi-In) a
negative. However, when AC, for the latter system is calculated using the
adiabatically determined Cp for indium, 4C, 1is either zero or slightly positive,

For all systems where C, has been measured directly (Ag-Ge, Au-Ge,
Au-In, Au-Si, Au-Sn, Cd-Sb, Ge-T&, In-Te), and therefore presumably with higher
precision, AC, decreases with increasing temperature and seems to approach AC
= 0. Exceptiogs seem to be the adiabatically determined constant AC, values for
Au-Ga, Au-In, Au-Sb, Au-Sn, Au-Te and Cu-Sn by one group of authors’ (Itagaki
and co-workers) but they found a constant AC., for Au-In and Au-Sn where DSC
measurements (Janitsch, Komarek, Mikler) have definitely established that AC
decreases with increasing temperature. In the In-Te system ACy for InzTes(1)
seems to first increase slightly then to decrease with increasing temperature.
In the Au-Sn system AC, seems to become negative at very high temperature
(Hayer et al.) but thig observation again is based on indirect measurements. In
the In-Te system measurements of AHM (Said, Castanet) have indicated that AC,
= 0 for T < 1000 K, and ACp positive for T > 1000 K decreasing with temperature
but again the evidence is indirect. Although the data in general are still too
sketchy and in many cases too unreliable some generalizations can be made. As
pointed out previously (i8) chemical short range order (association of unlike
atoms) can be expected to occur in about 300 out of 435 liquid binary systems
of main group (plus IB and IIB) elements, therefore some deviations from metal-
lic bonding will be the rule and not the exception. A comparison shows that all
systems with positive 4Cp belong to the 300 systems with chemical short range
order (CSR0O), and it is safe to assume that more of these systems will show a
positive ACp although in cases with strong CSRO ACp - at least over a limited
temperature range - can also be zero (e.g. Ag-Te, partly Ga-Te). The magnitude
of AC% (maximum value) for systems with CSRO can cover a wide range from 54 J
K-1 mb1-1 for In-Te to about 4 J K-T mol-! for Au-Ge but for most system 4Cy
close to the liquidus temperature seems to fall into the range from 5§ to 10°J
k-1 mol-1. The temperature range over which 4C, decreases to zero also varies
between 150 to 200 K (Ag-Ge, Cd-Sb) and about gOO K (Au-Si, Au-Sn). There are
indications that 4C, might even become slightly negative at higher temperatures
(Ag-Ge, Au-81, Au-Sn) but more experimental confirmation is needed. There is apparently
no relationship between the magnitudes of (negative) AHM and ACg"small : AHM -
values can be associated both with large ACX (e.g. Ag-Ge) and small 4C} (e.g.
Cd-Sb) as can be large AHM - values (small Ecg in Au-In and Au-Sn, large AC5
in In-Te). When AHM 1s positive ACy is either zero or possibly slightly nega-
tive but evidence for this is scarce and indirect. Just above a miscibility gap
ACp is also pdsitive (Ga-Hg) but it decreases much faster with increasing tempe-
ragure towards zero (or negative values ?) than in systems with CSRO. Density
fluctuations (clusters) between like atoms are much less stable than inter-
actions between unlike atoms as a comparison of the system Ga-Hg and Cd-Sb shows.

Conclusion

The relative heat capacity of a liquid alloy, the (positive) deviation
from Neumann-Kopp rule is therefore in many instances an important indicator of
CSRO as has been previously realized for associations in liquid organic binary
systems (19). The physical interpretation of CSRO and consequently of AC, is an-
other matter. The volume change on mixing due to the size difference of the pure
component atoms will possibly be a contributing factor but it cannot explain the
entire deviation or else it would have a larger effect on AC, of systems with a
positive AHM. Presently the most plausible interpretation of CSRO are interact-
ions or non-random associations between unlike atoms decreasing with increasing
temperature as pointed out previously (15, 17). This leaves unanswered the ques-
tions of life time of the associations and of the type of interaction (covalent
or ionic) but it can be explained by a temperature dependent chemical equili-
brium between actual or hypothetical species. Such a reaction can be for example
the dissociation of associated unlike atoms (associates), the randomization of
ionic groupings, a temperature dependent charge-transfer (especially in transi-
tion metal alloys) or an equilibrium between differently charged ions. Thermo-
dynamic quantities, especially AC_,will not be able to settle these questions
but they are very sensitive indicBtors of CSRO.
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As far as AC_ is concerned much more experimental work of higher precision and
reliability Bs required - a still largely untouched field for interested expe-
rimental thermodynamicists and thermochemists.
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