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Determination of Thermophysical Properties of Fluid
Metals by Wire-Explosion Experiments'

H. Hess,>? A. Kloss,? A. Rakhel,* and H. Schneidenbach?

Wire explosion experiments were used to obtain thermophysical properties of
tungsten. These properties are specific heat, thermal expansion coefficient, com-
pressibility, and electrical and thermal conductivities and their dependences on
temperature. There are strong indications that the emissivity in the liquid range
should be dependent on temperature. A proposal has been made for determining
the emissivity from comparison of experiments with model calculations. The
temperature range is extended up to 10,000 K, and first indications for the near-
critical-point behavior were obtained. Other properties such as diffusivity,
viscosity, and surface tension may possibly also be derived in this range.
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1. INTRODUCTION

Thermodynamic, optical, and transport properties at higher temperatures
are usually designated together as thermophysical properties. At higher
temperatures, the corresponding state of matter is often the liquid. The
highest temperature in the liquid range is the critical temperature which is
of the order of 10,000 K for higher melting metals, whereas the critical
pressure is about 10 kbar. To obtain such state parameters, steady-state
experiments are unsuitable; dynamic experiments have to be carried out
with the help of lasers or fast electrical discharges.
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Intense research on wire explosions started in the 1960s [1]. In the
1970s and continuing up to now, such research has been carried out with
a goal of studying thermophysical properties of liquid metals at higher tem-
peratures and pressures [ 2, 3].

The results obtained so far include thermodynamic properties
(enthalpy at the onset and at the end of melting (enthalpy of melting),
specific heat at constant pressure, thermal expansion coefficient, sound
speed, compressibility, and, in some cases, critical data for the liquid—gas
transition). Further, there are results for transport properties (electrical
and thermal conductivity, diffusivity, and viscosity). For the optical
properties, the spectral emissivity is the most important because it describes
the deviation of the emitted radiation from blackbody radiation and is,
therefore, crucial for the temperature determination. There are only few
measurements of the emissivity for higher melting metals at temperatures
slightly higher than the melting temperature. Thus, the emissivity of the
liquid at melting is often used to describe the complete liquid range.

The current study involves thermophysical measurements on tungsten,
the highest melting point metal. Compared with earlier results on this
material [4-7], which are given at temperatures up to 7500 K, the
experiments reported here extend to at least 10,000 K.

2. MEASUREMENTS

The tungsten samples used for measurements were wires (Goodfellow)
5 mm long with a diameter of 200 um with a polytetrafluoroethylene
(PTFE) coating of 50 yum. The wires were heated in a fast discharge circuit
(C=0.345 uF, L ~50 nH). Melting is finished after 100 to 200 ns; due to
the fast heating, the pressure reached some 10 kbar although the environ-
ment was at atmospheric pressure (air). The current through the probe and
the voltage across it were measured, and the voltage was carefully corrected
for the inductive part to obtain only the ohmic voltage. From the current
and voltage, the power and the energy dissipated in the material as well as
its resistance can be derived. The expansion of the wire under the influence
of heating was measured with a streak camera (see Ref. 8), whereas the
maintenance of the cylindrical shape and the homogeneity of the wire
material over its entire length were monitored by a framing camera.

The temperature was derived from the measured radiation intensity at
a wavelength of 650 nm. Usually, the radiation is calibrated at the melting
plateau which is assumed to correspond to the melting temperature at
atmospheric pressure (that means that a pressure dependence of the melt-
ing temperature has been neglected). There are, however, strong indications
that the melting temperature (and, consequently, also the pressure) for
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coated wires increases with the energy-input rate (see Ref. 9) what has to
be taken into account.

At temperatures above 8000 to 10,000 K (dependent on the energy
input rate), however, the calculated temperature plotted versus the energy
shows a sudden increase which would correspond to an unphysical
decrease in the specific heat. As has already been assumed in Ref. 10, this
temperature increase could be explained by an increase in the emissivity
due to the generation of small bubbles (boiling) in a thin layer near the
surface. Each of these bubbles acts as a cavity. A quite reasonable behavior
of the specific heat can be achieved when in this range (above 8000 K), the
emissivity is increased by about 50% compared with that in the liquid
at lower temperatures [11, 12]. A more detailed description of the
experiments can be found in Refs. 8 and 9.

3. DATA ANALYSIS

For the data analysis, a homogeneous thermodynamic state through-
out the whole wire was assumed. A theoretical justification for this assump-
tion up to the onset of strong vaporization at the surface and the formation
of two-phase (liquid-gas) peripheral layers was given in Refs. 10 and 13.
There, a magnetohydrodynamic description combined with the so-called
soft-sphere model in a modified form [14] were successfully applied to
describe the thermodynamics of liquid tungsten. According to these
calculations carried out now for a coated tungsten wire, for temperatures
above 8000 K, the pressure at the sample axis is about 10 kbar and it falls
to several kilobars at the interface between the PTFE shell and the sample
material.

Thus, the PTFE coating keeps the pressure high at the edge and the
radial pressure profile more flat, and it prevents tungsten vaporization. The
coating is assumed to be transparent for the observation wavelength. The
remaining gradient of the pressure should not have a serious influence on
the determination of the thermodynamic properties because the pressure
dependence of these quantities is very weak and becomes essential only in
the neighborhood of the critical point. Only at higher temperatures
(7> 10,000 K) does the pressure at the edge become lower than the vapor
pressure of tungsten and boiling starts. A two-phase layer develops [13],
which keeps the pressure in the outer region high and the profile flat due
to its low velocity of sound and which should also be responsible for the
assumed increase in the emissivity [11].

In the present paper, the soft-sphere model has been used for the dis-
cussion of the reliability and the qualitative behavior of the thermodynamic
functions extracted from the measured quantities. The soft-sphere model is
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based on Monte Carlo calculations for particles interacting with pair
potentials of the form &(r) =e¢(a/r)". The resulting configurational energy
is multiplied by a factor Q > I; this takes into account the large electronic
contribution in the thermodynamic functions for some liquid transition
metals [ 147]. The density dependence of the van der Waals-like attractive
energy has the form p”*! (m=1 for a van der Waals gas). With the
chosen fit parameters, n=8, m=1.06, 0 =14, e=534¢V, and 0 =2.03 A,
the liquid density at melting (7,=3680K, p=1bar) becomes
pm=165g-cm™* (as in the experiment) and the critical point for the
liquid—-gas phase transition is characterized by 7.=12,500K and
p.=4.52g.cm™3 The latter values correspond to Likalter’s similarity rela-
tions for the critical point parameters [ 15-17]. The critical pressure from
the model, however, is p,~ 13 kbar in comparison with 16 kbar from
Likalter. For the enthalpy of vaporization 4H, as well as for the sound
velocity ¢ at the boiling point, reasonable values are given by the model
(4Hy ~ 880 kJ - mol~! and ¢~ 3400 m.s~!). Considering the uncertainty
of the corresponding experimental values as well as that of the critical
parameters, the agreement seems to be relatively good.

The thermal expansion coefficient and the specific heat at constant
pressure are calculated using the temperature derived assuming a constant
emissivity; otherwise (using the corrected temperature according to the
proposed emissivity), just the soft-sphere model values would result.
Further, the pressure is assumed to be constant. The isothermal com-
pressibility has been estimated with a constant specific heat ¢, =3R, (R,
the universal gas constant) according to the well-known thermodynamic
relation.

4. RESULTS

In Fig. 1, the density versus temperature is plotted from the measure-
ments. It is compared with measurements of other authors, who have, how-
ever, all used a constant value of emissivity in the liquid. In addition to the
experimental values, results from the soft-sphere model are given. The two-
phase region (liquid—-gas) can be seen, and furthermore, some isobars are
shown. As can be seen, the whole liquid range up to some 10 kbar is
located in a very small range along the boundary of the coexistence region.
Therefore, in this range due to the small value of the compressibility, small
changes in the density lead to very large changes in the pressure. This
means that the pressure in the liquid cannot be determined accurately by
only rough density-temperature measurements.

Obviously, all the experimental values give a density too low at a cer-
tain temperature compared with the soft-sphere model and other relevant
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Fig.1. Mass density versus temperature for tungsten. Experimental values: x [24];
+ [25]; A& [4]: < [26] with error bars; O [6]; @, this work. The boundary of the liquid—
gas coexistence region is given by a solid line. The labeled lines are isobars from the soft-
sphere model (CP is the critical point [ 15, 16]), T, melting; T, boiling temperature.

results for the liquid boundary of the coexistence region [ 18] when it is
assumed that the expansion is completely in the liquid. There can be more
than one reason for this deviation, but the most convincing argument
seems to be that the emissivity, unknown over most of the liquid range, is
responsible. A lower value of the emissivity in the liquid will lead to higher
temperatures at a certain density and will push the expansion curve out of
the coexistence region. An upper limit of the emissivity results for a density-
temperature curve coincident with the liquid boundary of the two-phase
region. The resulting emissivity is shown in Fig. 2, which can be interpreted
as an emissivity in liquid tungsten determined by a combination of mea-
surements (density, radiation) and a model calculation (soft-sphere model).
The behavior of the emissivity at high temperature is quite similar to those
assumed in Section 2 from specific-heat considerations.

The data obtained so far have been used to derive some thermo-
dynamic data. As already mentioned, the temperature used here is
calculated under the assumption of a constant emissivity. In Fig. 3, the
thermal expansion coefficient «, is compared with results from other
experiments and from model calculations using the soft-sphere model as a
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Fig. 2. Emissivity of tungsten versus temperature. A [10]; @, this work (procedure see text).
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Fig. 3. Thermal expansion coefficient of tungsten versus temperature. Experimental
values: A [4); © [26]; O [6]; @, this work. The labeled lines are isobars from the
soft-sphere model. T, critical temperature.
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guide. In the low-temperature range where the pressure dependence should
be weak, the results differ by a factor of two and even the slope is different;
this is also a hint for correcting the temperature as to the emissivities. In
the high-temperature range, only the present values are available. They are
higher than the model values (as can be seen in Fig. 1), but there is a
qualitative agreement. At the critical point, the theoretical thermal expan-
sion coefficient «, shows—similar to other properties (compressibility y,
specific heat ¢,)—a divergence [19].

In Fig. 4 the isothermal compressibility x as derived here is compared
with experimental results and with model calculations. Our results can only
be a rough estimate because of the assumed constant specific heat ¢,. There
is, however, a relationship between the compressibility and the surface
tension [27], which remarkably shows the best agreement with the model
calculations.

In Fig. 5 the specific heat at constant pressure ¢, is plotted versus tem-
perature. The experimental values are compared with those of other
authors and, again, with the results of the soft-sphere model. In the low-
temperature range, there is good agreement with measured values, espe-
cially from Arpaci and Frohberg [20], which are thought to be the most
reliable due to the method used. The deviation from the other results is less
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Fig. 4. Compressibility versus temperature. Experimental values: A [4]; O [6];
¥V from surface tension [27]; @, this work, with ¢, =3R,. The labeled lines again are
isobars from the soft-sphere model.
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Fig. 5. Specific heat of tungsten versus temperature. V [28]; C [6]; ¢ [71];
+ [20]; @, this work. The labeled lines are isobars from the soft-sphere model.
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Electrical and thermal conductivity of tungsten versus temperature. O [6]; + [23];
A [7}; V [24]; @, this work; --- [21].
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than 10%, and most important, the expected independence of specific heat
with temperature is confirmed up to 5700 K. Above this temperature an
increase is observed, that is expected due to the divergence of ¢, at the
critical point [19]. In this higher temperature range, a strong pressure
dependence is also expected due to the neighborhood of the critical point.

In Fig. 6 the electrical and thermal conductivities are plotted as func-
tions of temperature. According to Fig. I, an increase in temperature is
always connected with a decrease in density in the supercritical range. The
electrical conductivity ¢ compares well with other measurements. After
melting, there is a change in the conduction mechanism; the liquid part can
be approximately described by the Ziman formula [21]. The general
behavior of the electrical conductivity when a substance enters the two-
phase region (liquid—gas) or expanding to supercritical pressures can be
seen from alkali measurements [22].

Information about the thermal conductivity of liquid metals is very
sparse [ 9]. Using the Wiedemann—-Franz equation, the thermal conductivity
A can be calculated: /. = LTo with the constant Lx~245x 1078 W.Q.K 2
[23]. The question is whether the Wiedemann—Franz relation is also valid
near the critical point. From the thermal conductivity, the self-diffusivity D
and the dynamic viscosity # may be determined [23].

REFERENCES

1. W. G. Chace and H. K. Moore (eds.), Exploding Wires, Vols. I-1V (Plenum, New York,
1959, 1961, 1964, 1967).

2. G. R. Gathers, Rep. Prog. Phys. 49:341 (1986).

3. G. Pottlacher, in Advances in Material Science and Engineering, 3rd Suppl., R. W. Kahn,
ed. (Pergamon, Oxford, 1992), p. 525.

4. U. Seydel, W. Fucke, and H. Wadle, Die Bestimmung thermophysikalischer Daten fliissiger
hochschmelzender Metalle mit  schnellen  Pulsaufheizexperimenten (Verlag Dr. Peter
Mannhold, Disseldorf, 1980).

. A. Berthault, L. Arles, and J. Matricon, Int. J. Thermophys. 7:167 (1986)

R. S. Hixson and M. A. Winkler, Int. J. Thermophys. 11:709 (1990).

. E. Kaschnitz, Doctoral thesis (Technical University of Graz, Graz, Austria, 1992).

. A. Kloss, T. Motzke, R. GroBjohann, and H. Hess, Phys. Rev. E 54:5851 (1996).

. A. Kloss, H. Hess, H. Schneidenbach, and R. GroBjohann, In:. J. Thermophys. 20:1201
(1999).

10. A. Kloss, A. D. Rakhel, and H. Hess, Int. J. Thermophys. 19:983 (1998).

1. J.-P. Hiernaut, R. Beukers, M. Hoch, T. Matsui, and R. W. Ohse, High Temp.-High Press.

18:627 (1986).
12. R. W. Ohse (ed.), Handbook of Thermodynamic and Transport Properties of Alkali Metals
(Blackwell Scientific, Oxford, 1985), p. 432.

13. A. D. Rakhel, Int. J. Thermophys. 17:1011 (1996).

14. D. A. Young, Report UCRL-52352 (Lawrence Livermore Laboratory, 1977).

15. A. Likalter, Phys. Rev. B 53:4386 (1996); Teplofiz. vys. temp. 23:465 (1985).

OOO\I.OM



1288 Hess, Kloss, Rakhel, and Schneidenbach

16
17
18

19.

20.
21.
22,

23
24,

25.
26.
27.

28.

. H. Hess, Phys. Chem. Lig. 30:251 (1995).

. H. Hess, Z. Metallkd. 89:388 (1998).

. F. Hensel, S. Jingst, F. Noll, and R. Winter, in Localization and Metal-Insulator Tran-
sitions, H. Fritzsche and D. Adler, eds. (Plenum, New York, 1985), p. 109.

J. M. H. Levelt Sengers, in Experimental Thermodynamics, Vol. 11, B. LeNeindre and
B. Vodar, eds. {Butterworths, London, 1972}, p. 658 fi.

E. Arpaci and M. G. Frohberg, Z. Metullkd. 75:614 (1984).

J. M. Ziman, Models of Disorder (Cambridge University Press, Cambridge, 1979).

F. Hensel, 6th General Conference of the European Physical Society, “Trends in Physics,”
Prague (1984).

P. A. Egelstaft, An Introduction to the Liquid State (Clarendon, Oxford, 1994).

D. R. Lide (ed.), Handbk. Chem. Phys., 73rd ed. (CRC Press, Boca Raton, FL, 1992—
1993), p. 10-305.

C. Zwikker, Akad. Amsterdam Versl. 34:469 (1925).

E. Kaschnitz, G. Pottlacher, and L. Windholz, High Press. Res. 4:558 (1990).

T. lida and R. I. L. Guthrie, The Physical Properties of Liquid Metals {Clarendon, Oxford,
1993), p. 122.

R. Hultgren, P. D. Desai, D. T. Hawkins, M. Gleiser, K. K. Kelley, and D. D. Wagman,
Selected Values of the Thermodynamic Properties of the Elements (American Society for
Metals, Metals Park, OH, 1973).



