
NUCLEAR SCIENCE AND ENGINEERING: 18, 280-292 (1964) 

Letters to the Editors 

The Temperature Dependence of the 

Density of Liquid Metals 

One of the most quantitative approaches used to 
formulate a density/temperature relation is that 
described recently by Ree.1 (Other approaches to 
this problem have been discussed in the litera-
ture.2"18) By using the van der Waals, the 
Berthelot, and the Dieterici equations of state and 
by imposing the condition that the work done in an 
isothermal reversible cyclic process is zero, Ree 
derived the equation 

pr = 1 + ax1 + bx + cx2 + dx3, (1) 

where p r, the reduced liquid density, is the ratio 
of the density p divided by the critical density 

pc, x is the expression - in which Tc 

is the Kelvin critical temperature, and the coeffi-
cients a, b, c and d are constants that have 
different numerical values in each of the above 

three equations of state. (Ree also derived a p-T 
relation for the vapor in equilibrium with the 
liquid, but we shall not be concerned with this 
relation in the present communication.) Ree found 
that, of the above equations of state, the Berthelot 
equation described best the existing data for some 
non-metallic materials. This equation does not, 
however, yield a reasonable value of pc for Hg 
when compared with the experimentally determined 
value,17 but successively better values of pc are 
obtained when the Dieterici and the van der Waals 
equations are applied to Hg. The present investi-
gation was carried out to determine whether an 
equation of the same functional form as Equation 
(1) could be fitted to liquid metals. 

A comprehensive survey of the literature was 
made to obtain the available experimental density 
data on liquid metals; the sources of the data are 
referred to in Table I. In initial attempts to fit 
Equation (1) to liquid metals, calculated densities 
were compared with experimentally determined 
values using data for Li, Mg, In, Ag, Pb, Hg, U, 
and Au. These elements were selected because 

TABLE I 

Sources of Density Data 

Element Method of 
Measurement References Element Method of 

Measurement References Element Method of 
Measurement References 

Ag a,b,d 18-26 In a-d 53,90-92 Sb a,b,d 22,25,31,38, 
Al a-c 22,27-34 K a-c 63,84,86, 41,52-54, 
Au a 24,35,36 90-96 56,113,120, 
Bi a-d 25,37-50 Na a-d 63,93-102 121 
Ca b 51 La b,c 59,103 Si c,d 41,122 
Cd a-d 6,8,27,40, Li b-d 42,65,92,96 Sn a,b,d 25,31,33,34, 

45,52-57 Mg a,b 22,104-109 37,40,43,45, 
Ce b,c 58,59 Ni ctd 60,61,75 56,92,114, 
Co c,d 60,61 Pb a-d 25,27,31,33, 115,123-127 
Cs b,c 62-65 40,42,43,45, Te d 41 
Cu a-d 18,20,28, 52-54,56, Ti d 128 

31,34,66-72 69,109-115 T1 d 52,53 
Fe a-d 18,60,61, Pd c 20 U a 129 

70,71,73-76 Pr d 116 Zn a-d 22,25,27,28, 
Ga b,c 77-79 Pt c 20 31,33,40,45, 
Ge b 80,81 Pu a-c 39,117 108,115, 
Hg b-d 17,45,54, Rb a-c 62,65,118, 120,124, Hg 

82-89 119 126,130, 
131 

a - Archimedean, b - pycnometer, c - volumetric, d - pressure 
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Fig. 1. Density-temperature plots for liquid metals. 

their densities are known fairly accurately, and 
these densities represent low, intermediate, and 
high values in the density spectrum of liquid 
metals. It was found empirically in the present 
study that a very good fit of Equation (1) to these 
liquid metals was obtained by using the simple 
numerical values of 2, i , -1, and f for the 
coefficients a, 6, c, and d, respectively; these 
values of the coefficients were used to fit Equation 
(1) to the other metals listed in Table I. 

It can be shown readily that, by using the values 
of the coefficients found in the present study, 
Equation (1) may be written in the form 

where pm is the density of the liquid metal at the 
Kelvin melting temperature, Tm. This equation 
shows that we need only one experimentally 
determined value, pm, to estimate the density of 
the liquid metal as a function of temperature. The 
density p in Equation (2) is expressed as a 
function of pm (as well as of temperature) rather 
than in terms of the density at some higher 
temperature because it is possible in many 
instances to estimate pm from a knowledge of the 
densities of solid metals when density data for 
liquid metals are not available. 

Equation (2) was tested by comparing experi-

1 + 

P = Pn (2) 
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Fig. 2. Ordinate intercept-density plots for liquid metals. 

mental and calculated densities of 35 metals (see 
Fig. 1). Mercury is the only metal whose critical 
temperature has been determined experimentally,17 

and values of Tc for the other metals were 
estimated by the method of Gates and Thodos.132 

Over the temperature ranges for which experimen-
tal data were available, the differences between 
experimental and calculated densities were found 
to be (a) less than seven percent for Ca, Cs, Cd, 
Fe, Hg, K, Na, Rb, Sb, Sn, and Ti, and (b) less 
than three percent for the remaining 24 metals. 

Equation (2) requires, for application, a knowl-
edge of the critical temperature, which, as 
indicated above, has been measured only for Hg.17 

A simpler representation of the p/T relationship 
may be made in the form 

p = A + BT , (3) 

where T is in °K and A and B are constants. 
Although this equation does not have the funda-
mental basis that Equation (1) has, and Equation (3) 

cannot be expected to be applicable at temperatures 
at which a plot of p vs T is no longer linear 
(whereas Equation (1) does not have this restric-
tion), Equation (3) represents existing data satis-
factorily for many practical purposes, and it is 
obviously somewhat simpler to handle than 
Equation (1). Equation (3) was therefore adopted 
to search for an empirical means of estimating 
unknown temperature coefficients of density for 
liquid metals. A plot of the coefficient A of 
Equation (3) vs pm showed that the data fell on a 
straight line with reasonable scatter (see Fig/ 2). 
A least-squares treatment of the data, omitting the 
values for Pt, Pd, Co, Ti, and Ca, whose points 
on the A vs pm plot showed the largest deviations, 
yielded the expression 

27 
A = 25 Pm ' ^ 

From Equation (3) it follows that 

pm =A + BTm . (5) 
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A solution of the three simultaneous linear 
Equations (3), (4), and (5) gives the following 
empirical density/temperature relation for liquid 
metals: 

P = Pn 
27 2_ / T \ ] 
25 ' 25 \Tm)J 

(6) 

The differences between experimental densities 
and densities calculated by use of Equation (6) 
were found to be (a) less than about twenty percent 
for Ga, In, and Sn, (b) less than eight percent for 
Ce, Fe, Na, Rb, and Ti, and (c) less than five 
percent for the remaining twenty-seven metals; in 
the case of Hg, Equation (6) was applied in the 
temperature range corresponding to the linear 
portion of the p vs T plot for this metal. 
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Considerations on the Mechanism of 
Inert-Gas Diffusion in UO2 

A large amount of work has been done in a 
number of laboratories in the U. S. A., in Canada 
and in Europe on the subject of inert-gas diffusion 
in solid nuclear fuels, and specially of xenon in 
UO2,1 this problem being of considerable impor-
tance in reactor design. 

Information on inert-gas diffusion in some 
solids has been gained beforehand from the use of 
Hahn's emanation technique.2 Moreover, experi-
ments have been performed on the behavior of 
inert gases in metals,3'4 and ionic crystals.5'8 On 
the other side, a lot is known about some ion 
diffusion in U02 .7'8'9 

1 For a comprehensive review and additional references, 
see: D. F. TONER and J. L. SCOTT, Nucl. Safety, 3, 15 , 
(1961). 

2 See, for instance, F. FELIX and P. SCHMELING, 
Euratom Report EUR-l l l .e (1962). 

3A. D. LeCLAIRE and A. H. ROWE, Rev. Met., 52, 94 
(1955). 

4 J. M. TOBIN, Acta Met., 7, 701 (1959); 8, 781 (1960). 
5T. LAGERWALL, Nukleonik, 4, 158 (1962). 
8 Oral communications of the Hahn-Meiter Institut Group 

at the Euratom Meeting on U02, Brussels (1962). 
7A. B. AUSKERN and J. BELLE, J. Nucl. Mat., 3, 267 

(1961). 
8J. BELLE and A. B. AUSKERN, J. Nucl. Mat., 3, 311 

(1961). 
9H. M. FERRARI, Westinghouse Report WCAPD-2098 

(1962). 

It turns out, therefore, that while experimental 
results of xenon diffusion - coefficient measure-
ments in U02 are so widely scattered that, as 
Zimen pointed out recently,6 one may feel justified 
in publishing almost any figures, some consider-
ations on the migration mechanism are neverthe-
less possible. The scope of this short paper is 
merely to review in a critical way and, to a certain 
extent, to clarify and integrate current ideas on 
this subject, while suggesting at least one experi-
ment that could cast a little more light on its 
intricacy. 

The idea that inert gases can migrate in solids 
as charged ions instead of neutral atoms has been 
set forth by Tobin4 for the following reasons: 

1. When the gas is introduced into a metal 
through a glow discharge, the kinetic energy of 
the impinging atoms is of the order of 10 eV, 
corresponding to their ionization energy, where-
as to displace an atom from the interior of the 
metal about 25 eV would be required: 

2. a neutral inert - gas atom, being very 
large, would be a very serious misfit within a 
regular metal lattice; 

3. the allegedly high strain energy associ-
ated with a neutral inert-gas atom within a 
metal lattice would result in its combination 
with the first few vacancies, which diffuse 
toward it; 

4. the activation energies and, to a much 
lesser extent, the temperature - independent 
diffusion coefficients D0 of Xe and Kr in Ag fit 
very well into the frame of a modified Lazarus 
theory if they are supposed to exist within the 
metal lattice as quasi-univalent positive ions. 
That a neutral inert-gas atom would be such a 

misfit in any lattice may perhaps be questioned, 
since inert gases are highly compressible even 
in the solid state, as should be expected from the 
lack of strong Van der Waals interactions between 
atoms. 

Stewart10 has measured and Zucker11 has 
calculated the compressibility of solid neon, argon 
and krypton. One sees that, even at very low 
temperature, the behavior is such that the com-
pressibilities approach asymptotic temperature-
independent values with increasing pressure. For 
argon the value is about 18 x 10~12 cm2/dyn, and 
for xenon, extrapolating from the other inert gases, 
about 14 x 10'12 cm2/dyn. 

For U02, the Young modulus E should be, rough-
ly extrapolating from Lang's data,12 about (1.90 -

10J. W. STEWART, Phys. Rev., 97, 578 (1955). 
11 J. J. ZUCKER, J. Chem. Phys., 25, 915 (1956); Phil. 

Mag., 33, 937 (1958). 
See: J. BELLE and P. LUSTMAN, Westinghouse 

Report WAPD-184 (1957). 


