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THERMODYNAMIC CHARACTERIZATION OF LIQUID METALS 
AT HIGH TEMPERATURE BY IS03ARIC EXPANSION MEASUREMENTS* 

( . R. Gathers, J. W. Shaner and W. M. Hodgson 
University of California Lawrence Livermore Laboratory 

Liverraore, California 94550 

Abstract 

Results o£ isobaric expansion measurements for platinum are presented, 
including simultaneous values for enthalpy, specific volume, temperature and 
electrical resistivity in tabular form as well as numerical fits up to 7500 
K. The specific heat for the liquid is C = 5.85 + 0.30 R and is essen
tially constant up to 7500 K. The bulk thermal expansion coefficient in
creases from ̂  7.5xl0~5 K - 1 at melt to ̂  1.03xl0~4 K - 1 at 7500 K. The 
heat of fusion observed is Ah = 0.14 + 0.03 J£T/kg and the melting point slope 
with pressure is estimated to be dr/dp =31 + 10 K/GPa. The estimated 
critical parameters are T = 9285 K, p = 0.9492 GPa, v = 2.120x10 
m /kg, and z = 0.5085. Preliminary results of a new sound velocity 
technique are discussed for lead. This technique will allow determination of 
specific heat c , isothermal compressibility Kp and the constant tempera
ture volume derivatives of entropy and internal energy, as well as tht 
Gruneisen parameter Y r. 

*Wbrk performed under the auspices of the U.S. Department of Energy by 
Lawrence Livermore Laboratory under contract #W-7405-Eng-48. 
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I. INTKODDCTION 
Thermodynamic and transport properties of liquid metals at high 

temperatures and pressures are of interest in many areas of engineering and 
science. The need for data on liquid metals even up to their critical points 
is well known for both nuclear fusion reactor designs (Maniscalco 1977) and 
potential fission reactor accident calculations (Barnes 1974). Liquid metals 
in hot expanded states are intermediate between cold solids, for which there 
is extensive theoretical understanding, and low density high temperature ideal 
plasmas. This intermediate range is at present intractable for fundamental 
theoretical work. Therefore, even though experimental worfc at both high 
temperatures and pressures is difficult, equilibrium and transport data for 
metals in this region are badly needed. 

We have recently described a technique used to obt-in thermophysical data 
for liquid metals up to 0.4 GPa, 7500 K and two to four fold expanded states 
(Gathers 1976). These large expansions are achieved by using pressure to 
increase the boiling tenperature, greatly extending the liquid range of 
expansion. 

Our technique consists of resistively heating a 1 mm by 25 ran long rod in 
a vessel under high ambient pressure. The heating current pulse, provided by 
a capacitor bank is typically 20-30 kA and 10-50 us long, and is chosen so 
that samples are heated to 5000-10,000 K rapidly compared to hydrcmagnetic 
instability growth and radiative cooling rates but slowly compared with 
magnetic diffusion rates. The latter constraint is required for homogeneous 
heating. The ambient pressure is ̂ ovided by argon or helium gas, which 
prevents chemical contamination. The isobaric environment is assured since 
the expansion is slow compared with sonic transit time across the sample and 
the gas volune is much larger than the sample volume. 
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Optical access is provided through two lines of sight. Figure 1 illus

trates the diagnostics used. Back lighting is provided by lasers through each 
line of sight in order to make shadowgraphs. One shadowgraph uses a Q-
switched ruby laser to make a 15 ns snapshot of the overall sample at late 
times in order to detect sample instabilities. 

The other lint of sight uses an argon ion laser to provide continuous 
illumination for an image of the sample projected on a slit. The slit is used 
to define a particular sample diameter, and a streak picture of the slit gives 
a record of the sample growth dynamics. Since the ends of the sample are 
clamped in supporting jaws, growth of the liquid column will be radial in the 
absence of instabilities and the specific volume will be proportional to the 
square of the sample diameter. Narrow band filters are used to prevent laser 
light leakage between lines of sight and to discriminate against the intense 
blackbody radiation. 

A portion of the blackbody radiation is viewed by a three channel optical 
pyrometer. The current and voltage drop of the sample are also recorded, 
allowing us to determine both energy input and resistivity. In summary, we 
make simultaneous measuranents of enthalpy, specific volume, temperature and 
electrical resistivity. An additional measurement of sound velocity, to be 
described below allows direct determination of the derivative relationships 
between the thermophysical parameters. 

II. THERMOPHYSICAL PROPERTIES OF PLATINUM 
The thermophysical properties of platinum have been measured in the 

isobaric expansion experiment and are presented here as representative. The 
variation of specific volume ratio v/vn with enthalpy h is shown in Figure 2 
for both solid and liquid. The data were taken at 0.2, 0.3, and 0.4 GPa but 
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even at the highest temperatures achieved the compressibility is so small that 
isobars cannot be distinguished within the experimental uncertainties. The 
enthalpies shewn are referenced to the state at 298 K and 0.1 MPa. When the 
vessel is pressurized a small amount of compressional work is done on the 
solid sample. It can be estimated from the relation 

Ah = (l-c0vn Ap 

where a, the bulk coefficient of thermal expansion is 26.85x10 K~ for 
the solid (Gschneidner 1964). The corresponding enthalpy increments are 
9.2xl0 - 3, 1.39xl0~2, and 1.85xl0~2 MJ/kg for 0.2, 0.3 and 0.4 GPa, 
respectively. Subsequent increases in enthalpy are achieved by electrical 
heating of the sample. 

A second order polynomial least squares fit has been made to the liquid 
data and is given by 

v/v Q = 0.99265 + 0.19299h + 0.15811h2 (1) 

where h is in Ml/kg. The error bars shown in the Figure represent 5% in 
v/v Q and 2% in the enthalpy. These are our estimate of the precision of the 
experiment and appear overly conservative in view of the scatter of results 
from different runs. 

Our data for the solid phase are compared in Figure 2 with results of 
Wasada, et al (1975). Waseda's data, obtained by x-ray diffraction deter
mination of the crystal dilation, have been combined with the enthalpy-
temperature calibration of Hultgren (1973) to give the curve shown in Figure 
2. The agreement between our data and Waseda's is well within the uncer
tainties of our data. 
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Also shown in Figure 2 are liquid Pt density data obtained by Lucas (1961) 

using the maximum bubble pressure technique and by Dubinin (1975) by 
examination of sessile drops. The results in these two works are described by 

v/v Q = 1.1345 + 1.73374xl0~4 (T-2042) (2042 < T < 2200), 
and (2) 

v/v Q = 1.085 + 1.317xl0-4 (T-2042) (2042 < T < 2473) 

respectively. Our enthalpy-temperature data discussed below was used to 
convert to the enthalpy variable. Our data is seen to lie between Lucas' and 
Dubinin's results in the liquid density at the melting point, but our thermal 
expansion coefficient is significantly less than both their values. Since our 
data were taken over a much larger temperature range, slopes are better 
defined, and thus, our expansion coefficient should be more reliable. 

Platinum temperature measurements, made at pressures of 0.3 and 0.4 GPa, 
are plotted in Figure 3. Pyrcmetry channels were centered at nominal 
wavelengths of 450, 650, and 700 nm and sample radiation was sufficiently 
intense in all channels to produce distinct evidence of the melting 
transition. However, the low melting temperature (T = 2042 K) caused the 
melting transition to occur near enough to minimum detector response to render 
the blue channel melting intensities too unreliable for calibration purposes. 
Therefore, the red channels are calibrated on melting intensities and the blue 
channel is calibrated by attributing a later time intensity to a higher 
temperature as determined by red channel data. Sample radiation in almost all 
cases was bright enough to saturate the pyrometers at late times, resulting in 
abnormally large data scatter at temperatures above 6000 K. Error bars in 
Figure 3 are computed assuming 10% uncertainty in the intensity measurement 



6 
and 20% uncertainty in the geometrical and emissivity calibrations. Because 
of these uncertainties in calibraticn and late time measurements, the data are 
least squares fit to only a linear function: 

H = C^ + C 2 T (3) 

Cx = -5.5935xl0"2 

C 2 = 2.4954xl0~4 

From expression (3) the broadly averaged heat capacity for liquid Pt over 
the range 2042-8000 K is 250 J/kg K, or 5.85 R. Chaudhuri, et al (1970) have 
measured the enthalpy of liquid Pt over the very limited temperature range 
2202-2646 by drop calorimetry. Their value of C is 186 J/kg K, but their 
data fall in the middle of our scatter. The large value of C for Pt, as 
well as for other liquid transition metals (Shaner 1977) can be associated 
with the large thermal expansion. Since 

C p - C v = a ^ A p , (4) 

where a is the volume thermal expansion coefficient, and ̂ , is the 
isothermal compressibility, large values of a, V, and T will result in a large 
C while C remains quite normal. An independent measurement of F̂ ,, by 
a sound velocity, for example, would provide a useful check. 

The end of the solid-liquid two phase region is easily observed in the 
pyrcmetric data, and occurs at a value of 0.43 + 0.03 MJ/kg. The completion 
of melting is also observed as a dramatic slope change in the resistivity dis
cussed below. The enthalpy at the onset of melting is reported by Hultgren 
(1973) as 0.273 MJ/kg, which should be increased to 0.29 W/kg upon inclusion 
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of the pressurization enthalpy. The onset of melting was difficult to 
identify in the resistivity, and it was difficult to measure accurately in the 
pyrcmetry. Therefore, in calculating a heat of fusion, our measurement and 
the data of Hultgren are combined to give 0.14 + 0.03 MJ/kg (AS = 1.6 R). 
This value compares reasonably well with 0.114 MJ/kg reported by Chaudhuri, et 
al (1970) and with 0.128 MJ/kg reported by Lebedev, et al (1971). Our 
experiment in its present form is clearly not optimized for precise heat of 
fusion measurements. 

With these identifications of the onset and completion of melt, we may 
also estimate the volume change upon melting. Using v/vQ = 1.06 at the 
onset of-melting from Waseda (1975) and v/vfl = 1.105 + 0.02 at the 
completion of melt gives AV^/vg = 0.045 + 0.02. Again, the precision is 
low because the experiment has not been optimized to study the melting 
transition. 

The heat of fusion and volume change can be combined in the Clausius-
Clapeyron relationship to give the slope of the melting line. In this case 
the large correlated uncertainties in AH and Av cancel by division. The 
result is dT^dP =31 + 10 K/GPa. 

Electrical, resistivities measured along 0.2, 0.3 and 0.4 GPa isobars are 
presented in Figure 4. The independent parameter of choice is enthalpy but 
could as well have been temperature or specific volume because there is no 
measured resolution among the platinum isobars. A least squares fit of these 
data in the liquid phase yields the expression: 

Pe(uJ2m) = 0.71749 + 0.92139h - 0.679053h2 

+ 0.327686h3 (0.47-1.77 MJ/kg) (5) 
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This data has been tabulated for convenience along with enthalpy, temperature 
and specific volume in Table I. 

For comparison, we have plotted in Figure 4 the resistivity data of 
Vertogradskii (1977) taken between 800 and 1800 K. Thermal expansion was 
ignored in Vertogradskii's experiments, so a small correction should be made 
to his data in order to obtain true resistivity. Without a detailed 
description of his sample holder, one cannot make the correction reliably. 
The correction should be only 1-2% and in a direction that increases the 
discrepancy between his data and ours. The agreement remains, however, 
satisfactory considering the errors in both measurements. 

A single measurement of the liquid phase resistivity has been presented by 
Lebedev, et al (1971). Their value of 0.94 uftn at the melting point lies 6% 
below our value, but correction for volume expansion would make the agreement 
better. 

h characteristic feature of the data shown in Figure 4 is the dramatic 
reduction in the enthalpy, or equivalently the temperature derivative of the 
resistivity. This result is typical for the transition metals studied both by 
our pulse technique and by more conventional means (Guntherodt 1975). 

Theoretical calculations have been performed on the resistivity of liquid 
Pt by Hirata, et al (1977), using the t-matriK approach. This method has been 
applied to a number of metals for which the presence of d-bands near the Fermi 
surface precludes a weak scattering approximation for electron-ion 
collisions. Their calculated value of 0.95 uflm is in good agreement with our 
data for liquid platinum, ""sese calculations were not pursued, however, 
because neither the structure factor nor the necessary partial wave pr.ase 
shifts are known reliably over the wide density range of our experiments. 
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Table 1. Thermophysical Data for Platinum at 0.3 GPa 

T(K) h(MJ/kg) 

2100 0.468 
2300 0.513 
2500 0.563 
2700 0.613 
2900 0.668 
3100 0.713 
3300 0.768 
3500 0.817 
3700 0.867 
3900 0.917 
4100 0.967 
4300 1.017 
4500 1.067 
4700 1.117 
4900 1.167 
5100 1.217 
5300 1.267 
5500 1.317 
5700 1.366 
5900 1.416 
6100 1.466 
6300 1.516 
6500 1.566 
6700 1.616 
6900 1.666 
7100 1.716 
7300 1.766 

i i••fan) v / v Q 

1.028 1.12 
1.052 1.14 
1.076 1.15 
1.099 1.17 
1.122 1.19 
1.144 1.21 
1.167 1.23 
1.190 1.26 
1.214 1.28 
1.239 1.30 
1.264 1.33 
1.291 1.35 
1.320 1.38 
1.350 1.41 
1.383 1.43 
1.418 1.46 
1.455 1.49 
1.496 1.52 
1.539 1.55 
1.586 1.58 
1.636 1.62 
1.690 1.65 
1.748 1.68 
1.810 1.72 
1.877 1.75 
1.949 1.79 
2.025 1.83 

T = 2042 K m 
ASm = 1.6 R 

v Q = 4 .66xl0~ 5 m 3 /kg 
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Platinum r e s i s t i v i t i e s exh ib i t moderate inc reases with enthalpy u n t i l what 

i s i n t e rp re t ed here as the bo i l ing point i s reached. At tha t po in t the 

r e s i s t i v i t y begins t o r i s e very rap id ly , making t h e enthalpy and r e s i s t i v i t y 

measurements uncertain beyond tha t po in t . The r e l a t i v e volume a t the assumed 

bo i l ing p o i n t i s thus the most r e l i a b l e of the est imated boi l ing po in t 

parameters . Table 2 l i s t s the parameters c h a r a c t e r i s t i c of t h i s po in t on each 

i sobar . 

Table 2 . Platinum Boiling Poin t Parameters 

P(GPa) h(MJ/kg) v /v p lyfim) 
0 e 

0.2 1.60 1.82 1.85 

0 .3 1.89 1.90 2.28 

0.4 1.90 1.97 2.80 

It is seen that for pressures between 0.2 and 0.4 GPa the relative 
expansion at which boiling occurs appears to be only weakly dependent on 
pressure, indicating that the slope of the liquid vapor coexistence curve in 
the pressure-specific volume plane is very steep. It is thus assumed that 0.4 
GPa is well below the critical pressure, since near the critical point the 
coexistence curve must have shallow shope in this plane. Young and Alder 
(1971) have used hard sphere Van der Waals calculations to predict a platinum 
critical pressure of 1.05 GPa. Young (1977) has also used a modified soft 
sphere model to fit our platinum measurements. The resulting predicted 
critical point parameters are 

T c = 9285 K, V ^ V Q = 4.547, p c = 0.9492 GPa, z c = 0.5085 
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III. SODND VEUXITY MEASUREMENT 

Measurement of the sound velocity c in the liquid will add a key parameter 

for description of the material. In addition to equation (4) we also have 

_ c 
c 2 = — -E-

With the sound velocity measurement, all quantities in these expressions would 
be known except c y and K_. Simultaneous solution would provide both of 
these and in addition, the derivative relationships 

w si,-*-$,-*&-
where S and E are specific entropy ,.\nd internal energy, respectively. The 

Gruneisen parameter, cairoonly expressed as 

r s P 

1 G - v 3E 

can also be written as 

Y - — c 2 

'G c c 

Elimination of the temperature between the derivative relationships for a 

and c allows this to be further expressed as 
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Since our determination of temperature is less accurate than the enthalpy 

and volume results, eliminating it improves the expected accuracy of y„. 
The principal source of error wjuld be in the sound velocity measurement. 

We have already described our sound velocity technique in some detail 
elsewhere (Gathers, et al 7J77). Figure 5 is a schematic representation of 
the internal arrangements used in the pressure cell. The sample is used as 
one mirror of a displacement interferometer. The energy of a Q-switched Nd 
glass (NdG) laser is focussed to a spot or\ the opposite side of the sample. 
The rapid energy deposition results in surface blowoff and an acoustic pulse 
launched into the sample. The arrival of the disturbance at the opposite side 
of the sample results in a fringe shift in the interferometer giving the first 
arrival time. A portion of the NdG laser light is added to the interferometer 
detector, providing a fiducial. The interval between the laser pulse and the 
first arrival signal at the detector gives the transit time of the acoustic 
pulse after corrections are made for different optical path lengths for the 
two signals. We can determine the distance traversed throiKjh the sample by 
streak photography measurements in the second line of sight, or by measuring 
the enthalpy and using the previously determined equation of state data to 
give the thermal expansion. If the laser spots on opposite sides of the 
sample are displaced along the sample axis by as much as one third of the 
sample diameter, the resulting error in the assumed transit distance is about 
5%. Further displacement results in weak response in the interfercmeter. 

The collimating aperture located on the interferometer side of the sample 
prevents plasma light created by ionization of the blowoff material in the NdG 
laser beam from getting into the interferometer. Figure 6 shows an example of 
this light produced on a sample mounted in the open air. The picture is a 
multiple exposure showing the helium neon laser beam used to align the NdG 
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laser on the target, the plasna light produced by the 1060 ran output of the 
NdG laser striking the target and the argcn laser beam fran the interferometer, 

Figure 1 shows preliminary results obtained for lead at atmospheric 
pressure and a temperature of 1100 + 100 K. A precursor of undetermined 
oriqin is seen in both of the records. It appears in most shots but with 
varying shape. The acoustic velocity measured was 1.80 +_ 0.1 km/sec, with a 
scatter less than the estimated uncertainty. This is higher than the value of 
1.68 km/sec obtained by more conventional techniques (Gitis 1966). Since we 
have a weak shock wave over at least a part of the path, we expect a slightly 
high value of the acoustic wave velocity. If we use the scaling law proposed 
by Kidder (1971) to predict the pressure generated by our 60 GW/cm laser 
pulse, the result is 9 GPa. This peak stress would be rapidly attenuated by 
release waves after the laser pulse, which has a duration about 5% of the 
transit time, ends. Even a 1 GPa average stress could increase the apparent 
acoustic velocity by 5%. This technique will never be capable of high 
precision, but even a + 10% measurement will be useful since the velocity may 
change by a factor of 3-4 over the experimental ly accessible temperature range. 
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IV. CONCUJSIONS 

The isobaric expansion measurements on platinum greatly extend the 
temperature range of the data available. The compressibility is small enough 
even at the highest temperatures measured however, that different isobars were 
not resolved. Results are generally in good agreement with other work where 
there is overlap. The principal discrepancy is in the bulk thermal expansion 
coefficient. Ke believe our results are more reliable since the range of our 
temperature measurement is considerably larger. The high specific heat C 
for the liquid is consistent with our measurements for other transition metals 
and is considered to be related to the high bulk thermal expansion coefficient 
observed both by us and others. The electrical resistivity results continue 
the trend we have observed for transition metals. The temperature dependence 
in the liquid is much smaller than that for the solid. Sound velocity 
measurements will provide further results including specific heat c , 
isothermal compressibility i^,, and the Gruneisen parameter yG. 
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FIGURE CAPTIONS 

Fig. 1 Schematic representation of the principal diagnostics used with the 
isobaric expansion experiment. Back lighting with lasers in each 
line of sight casts shadows of the sample. In one line of sight the 
entire shadow is recorded for symmetry information. In the other a 
slit is used to define a particular sample diameter and a streak 
record made to determine dynamics. An optical pyrometer views the 
sample in the shadow region. 

Fig. 2 Enthalpy volume data for platinum. Data were taken at three 
pressures but the isobars were not resolved. 

Fig. 3 Enthalpy-temperature data for platinum. Data for the different 
pressures were not resolved. The central wavelength of the pyrometer 
channels used are indicated. These are brightness temperatures. 

Fig. 4 Electrical resistivity-enthalpy data for platinum. Data taken at 
three different pressures were not resolved. The heat of fusion, 
entropy change on melt, melting temperature slope with pressure and 
assumed melting point are indicated. 

Fig. 5 Schematic of pressure cell internal arrangements 
(1) Collimating aperature, (2) Sapphire pressure windows, 
(3) Focusing lens, (4) Sample, (5) Focusing lens in inter
ferometer, (6) Collimating aperature. 
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Fig. 6 Plasma light generated at the sample by the Neodymiuni glass laser 
when material blown off the sample is heated by the tail of the laser 
pulse. The beam from the left is from the helium neon laser used to 
aim the NdS glass on target. The beam from the right is the argon 
ion laser beam from the interferometer. 

Fig. 7 Interferometer traces from the lead shots at atmospheric pressure and 
1100 + 100 K. A precursor of undetermined origin appears in each 
shot. It is seen in most shots with varying shape. The negative 
pulse at the beginning of each trace is the fiducial fran the 
Neodymium glass laser. 
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