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Measurement of Thermophysical Properties of
Lead by a Submicrosecond Pulse-Heating Method in
the Range 2000-5000 K

G. Pottlacher? and H. Jiiger?

A submicrosecond ohmic pulse-heating technique with heating rates of more
than 10° K -s~! allows the determination of such thermophysical properties as
heat capacity and the mutual dependences among enthalpy, electrical resistivity,
temperature, and volume up to superheated liquid states for lead. Also, an
estimation of the critical point data is given from investigations at elevated
static pressures.
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1. INTRODUCTION

About 80% of the elements are metals. Their thermophysical and electrical
behavior is reasonably well known in the solid state. The liquid state of
metals is more difficult to investigate. It covers the temperature range from
the melting point up to the critical temperature, which, for some metals, is
more than 10,000 K. Dynamic measurements have been developed for the
investigation of thermophysical properties at these temperatures. A general
survey of pulse techniques with resistive heating of the specimen is given by
Cezairliyan [1].

For the investigation of critical point data of metals, additionally high
pressures have to be applied if one excludes the alkali metals and mercury
(for a summary of alkali critical-point data see Ohse et al. [2]; for mercury
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see Hensel et al. [3]). Gathers [4] reviews dynamic high-temperature
and high-pressure techniques and gives a summary of theoretical and
experimentally obtained critical data of metals.

Gathers’ summary shows that a lot of theoretical estimations of critical
data for metals exist, but because of the great experimental difficulties in
these temperature regions at elevated pressures only a few experimental
investigations have been performed.

From estimations based on experiments of Hixson et al. [5] and of
Hodgson [6] about the location of the critical point of Pb, we were
encouraged to study fluid Pb in the critical region, as our capacitor dis-
charge circuit can achieve heating rates of 10° K -s ! and the containment
vessel used has a maximum pressure capability of 0.5 GPa.

2. EXPERIMENTAL

The experiments reported here were performed with a coaxially built
fast (submicrosecond) RCL discharge circuit (energy storage capacitive;
short circuit ringing period, 6.2 us; R=263mQ; C=54 uF; L =180 nH).
The details of the experimental setup and of the measuring technique are
reported in earlier publications [7, 8].

The lead wires used in this work had typically dimensions of 40 mm
in length and 0.25mm or 0.5 mm in diameter. Goodfellow (Cambridge,
UK) reports for the purity 99.99 + %. The wire sample is resistively heated.
Water was used as the surrounding medium to avoid peripheral gas
discharges. We investigated under variation of the water pressure from
0.1 MPa up to 0.5 GPa.

Figure 1 shows the way we determined the different thermophysical
properties. Time-dependent quantities at different static pressures of the
surrounding medium were measured during the heating process: the cur-
rent I(¢) with an induction coil and subsequent RC integration, the voltage
drop U(t) across the wire with a coaxially ohmic voltage divider, the
surface radiance temperature J(¢) of the wire with the photodiode of a fast
pyrometer (operating at 800 nm), and the expansion of the wire at any
desired point of the investigated time interval with the help of a Kerrcell
camera (exposure time, 30 ns) which gives the wire radius r(r) and thus the
volume expansion V/V,.

By subtraction of the inductive voltage components one obtains the
“corrected” voltage U,(f). This voltage and the current allow the deter-
mination of the time-dependent enthalpy H(¢) and the electrical resistivity
po(t). The index zero means that in calculating this value, thermal expan-
sion did not need to be taken into account. Using this value, it was found
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Fig. 1. Measured and determined quantities. J,
surface radiance; U, voltage; I, current; r, wire
radius; ¢, time; 7, temperature; H, enthalpy; p,,
electrical resistivity without volume correction;
VIV, volume expansion; ¢,, specific heat.

that the wire expansion at the end of the pure liquid phase appears more
characteristic in the corresponding graphs (see, e.g., Figs. 3 and 4).

Calculation of the temperature 7(¢) from the radiation intensity could
not be done without some restricting assumptions. Qur pyrometer is
not sensitive for temperatures below 2000 K. To perform temperature
measurements at least one calibration point is needed. If the surface
radiance of the melting metal can be detected by the pyrometer, the known
melting temperature of the specimen can serve as a calibration point.
Temperature calculations [8] according to Kirchhoff-Planck law are then
usually made under the assumption that the emissivity at the melting point
stays constant throughout the liquid phase. This means that using this
method, we will be able to investigate metals with melting temperatures
higher than 2000 K.

With the help of the melting transition of tantalum as the calibration
point, we were able to measure temperature dependences of enthalpy and
resistivity of nickel and iron (melting transition below 2000 K), which
showed a good agreement with values given in the literature [9]. This
method requires two emissivity values: one from the melting point of the
metal which serves as the radiation reference and one from the melting
point of the metal to be investigated. Again, the assumption is made that
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the emissivity of the investigated metal remains constant during the liquid
phase. For the temperature measurements on liquid lead, tantalum was
used again as the calibration point.

Eliminating the time dependence of the values from the second row in
Fig. 1, one arrives at the third row with the interdependence of enthalpy,
resistivity, temperature, and volume expansion. Measuring these quantities
under varying static pressure on the wire sample, estimations of the critical
point data of lead should be possible. '

3. PREVIOUS CONSIDERATIONS

Figure 2 shows a schematic phase diagram in the p — V plane. Three
main areas are the region of solid state (s), of liquid state (1), and of
gaseous state (g). Mixtures where two states at the same time can exist are
the solid-liquid region (between the s and the 1 region), the liquid-vapor
region (1-+v), and the solid—vapor region (s + v). The line A—K is known
as the normal boiling line, A~K-D is the binodal. The line B-K-C
represents the spinodal line; K is the critical point.

The binodal line is the equilibrium curve for liquid and vapor; in the
region A-K-B a mixture of liquid and vapor as well as a superheated

Fig. 2. Schematic Van der Waals phase diagram in
the p—V plane. Isotherms T, <T,<T3<T <
Ts< Tg; T,, critical isotherm; A-K-D, binodal line;
B-K-C, spinodal line; K, critical point; s, solid; 1,
liquid; v, vapor; g, gas. Broken line, path of our
experiment,
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liquid state can exist. The spinodal line B-K is the boundary of thermo-
dynamic stability of the superheated metastabile liquid. Using high heating
rates we can superheat liquid metals up to the spinodal line [ 10]. Near the
spinodal volume fluctuations begin (sudden growth of homogeneous vapor
nuclei in the superheated liquid; see, e.g., Refs. 4 and 11). The area within
B-K-C is unstable and therefore a “jump” into the region K-C-D (the so-
called phase explosion [11]) with a large increase in volume will occur. At
this moment the resistivity of the sample starts to increase steeply.

Possible changes of the state variables during our pulse heating experi-
ment, at two different static pressures, are drawn as broken lines in Fig. 2.
The sample is heated from the solid state to the melting transition and
through the liquid region into the region of metastabile superheated liquid.
The normal boiling point of lead is about 2000 K. We reach temperatures
up to 5000 K. In that metastabile region, a slight increase in pressure will
occur because of the volume expansion and the interaction with the
surrounding water. Calculations of Fucke and Seydel [127] show that, at
elevated pressures of 0.4 GPa, these dynamic components do not exceed
0.02 GPa for an experiment similar to ours.

Crossing the spinodal line causes a sharp increase in the electrical
resistivity, as the conducting cross section of the sample is reduced. The
rapid creation of vapor nuclei connected with a powerful expansion, the so-
called phase explosion, produces a shock wave in the surrounding medium.
At that moment the surface temperature starts to decrease due to the
cooling of the liquid phase as it looses the more energetic atoms to the
vapor phase, which expands adiabatically [12].

For the experimental determination of critical point data, we
proceeded the way Seydel and Fucke [11] suggested for fast pulse
experiments: if the static pressure p, is increased, the sharp rise in the
electrical resistivity will occur at higher enthalpy values and the shock wave
would become weaker. At static pressures higher than the critical pressure
the shock wave and the sharp rise of the electrical resistivity should vanish.
This might be a direct method to determine p.. When reaching the
spinodal line, the critical temperature 7, can be calculated from the corre-
sponding enthalpy values. The volume expansion versus enthalpy curve
gives the critical volume v,.

4. RESULTS

As can be seen from Fig. 1, time-resolved measurements of voltage and
current allow the determination of the time dependence of enthalpy and
electrical resistivity as well as the electrical resistivity as a function of
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Fig. 3. Electrical resistivity without volume correc-
tion p, as a function of time 7 at different static
pressures.

enthalpy. The pressure dependence of the electrical resistivity versus time
for this experiment is given in Fig. 3.

The melting transition is reached after about 0.5 us; during the liquid
phase up to about 1 us no essential pressure dependence can be observed.
The steep rise of electrical resistivity starts for 0.1 MPa at about 1.5 us.
With increasing pressure the resistivity rise becomes weaker and is shifted
back on the time scale. For static pressures of 0.3 and 0.4 GPa no steep
electrical resistivity rise occurs.
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Fig. 4. Electrical resistivity without volume correc-
tion p, versus enthalpy H at different static
pressures. Data points from Hodgson [6] for
0.1 GPa.
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Figure 4 gives the dependence of electrical resistivity on enthalpy at
different static pressures. The data points are that from Hodgson [6] for
0.1 GPa and match our curves for 0.2 GPa fairly well. The behavior for
0.1 MPa and 0.05GPa is quite similar; at enthalpy values of about
0.85 MJ - kg ! a strong increase in the electrical resistivity can be found.
For 0.1 and 0.2 GPa a strong increase can still be detected. The values
measured at 0.3 and 0.4 GPa do not show this resistivity increase.

The change of the slopes in Fig. 4 can be better demonstrated by
drawing the derivative (dp/dH) as a function of enthalpy, shown in Fig. 5.
As can be seen the strongest change occurs for enthalpy values of about
0.8 MJ -kg ', at higher static pressures the peak gets weaker, and above
0.25 GPa no changes occur.

In comparison with other metals investigated so far, the facts that
the emissivity of liquid lead is not known and that our pyrometer was
not sensitive below 2000 K strongly increase the uncertainty of these
temperature dependences.

Figure 6 presents the enthalpy as a function of temperature. For
curve 1, we took the emissivity values for lead, gp, = 0.18, from Hodgson
[6] and for tantalum, e, =0.34, from Cezairliyan et al. [13]. Hodgson’s
[6] H(T) data are given in curve 2. They lie lower than our values but
within our experimental uncertainty. Curve 3 was evaluated under the
arbitrary assumption of the ratio epy/ey, to be 0.8 (emissivities at melting
point), in order to see the influence of the emissivity data on the calculated
temperature values. It was found that up to static pressures of 0.4 GPa, a
pressure dependence is within our experimental uncertainty.

30

dp fQ.mAng‘

dH" 01 MPa

0.05 GPa
20 - 4

0.1GPa |

0.2 GPa

0.3 GPa

{0.25 GPa |
0.4 GPa

0 0.4 0.8 1
H.MJ.kg

Fig. 5. Change of slope (dpo/dH) from Fig. 4 versus
enthalpy H at different static pressures.
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Fig. 6. Enthalpy H versus temperature T. 1, ratio
epp/Eta = 0.53; 2, Hodgson [6]; 3, ratio gpy/er, = 0.8.

A least-squares fit in the range 2000 < 7'< 5000 K can be represented
by

H= —0024+0.156x10°T (1)

where H is in MJ-kg™'. The derivative of this polynomial gives c,=
156 J -kg™!-K ! for the specific heat of liquid lead. Hodgson’s [6] value
for ¢,, used by Hixson et al. [5], is 157 kg 'K ~! and is, in spite of all
these uncertainties, in good agreement for the slopes of curve 1 and 2.
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Fig. 7. Electrical resistivity without volume correc-
tion p, versus temperature T at different static
pressures. Data points from Hodgson [6] for
0.1 GPa.
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For some experiments, the electric resistivity as a function of tem-
perature for different static pressures is given in Fig. 7. The data points
represent the values of Hodgson [6] for 0.1 GPa. Although a large error
bar should be considered in this figure, a rise in the electrical resistivity at
the highest temperatures can be seen. During all these experiments we
could not reach temperatures of more than 5400 K.

To handle thin wires (40-mm length, 0.25-mm diameter) of lead is not
easy. Nonuniformities in the diameter will cause instability at this point
when pulse heated. Therefore it was necessary to monitor the sample
geometry during rapid heating. For this purpose, snapshots of the
expanding wire with the help of a Kerrcell camera were taken.

At a static pressure of 0.1 MPa the sample showed a uniform geometry
up to 1 us. But it was not always possible to keep the diameter of the wire
constant over its entire length. Higher local heating rates occurred at places
with smaller diameters. On such points the spinodal line is reached earlier,
thus leading to a local phase explosion, which becomes the center of a
spherical shock wave. Increasing the static pressure kept the lead sample
stable up to more than 3 us along the full sample length. Above 0.25 MPa
those spherical shock waves vanished, although the shock wave from the
melting transition was still visible. Electrical measurements were evaluated
only if it could be assumed that such instabilities did not occur during the
interval of interest.

The relative volume change versus enthalpy for lead at two different
static pressures is given in Fig. 8. At a static pressure of 0.1 MPa, a strong
increase in volume expansion at enthalpy values of about 0.85 MJ -kg ™' is

0.25 GPa

0 05 1.0 , 15
H.MJ-kg

Fig. 8. Volume expansion V/V, versus enthalpy H
at different static pressures.
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found. Such strong volume increases cannot be detected for a static
pressure of 0.25 GPa. This behavior of sample geometry is in agreement
with that of electrical resistivity in Fig. 3 for these two pressures.

The slow increase in resistivity above static pressures of about
0.25 GPa can be seen in Figs. 3 and 4. This and the fact that Kerrcell
photographs for this pressure do not show shock waves from local phase
explosions indicate a critical pressure of about 0.25 GPa for lead. The
strong increase in resistivity occurs for enthalpy values greater than
0.85MJ -kg~'. Under these conditions, apparently the spinodal line is
reached. The uncertainty of measurements of the electrical quantities for
these experiments is much smaller than that of temperature measurements.
From Fig. 4, a critical temperature can be estimated: with a “critical
enthalpy” of about 0.85MJ-kg ! and Eq. (1) for liquid lead, a critical
temperature of about 5400 K is calculated. Figure 7 shows that tem-
peratures above 5400 K cannot be reached in the present experiments. This
would indicate a critical temperature in the range of 5000-5500 K. From
Fig. 8 we obtain a value of about 3.6 for V/V, corresponding to enthalpy
values of about 0.85 MJ -kg .

In Table I, a summary of experimentally determined and theoretically
estimated critical point data for lead is given.

Table I. Summary of Experimentally Determined (*) or Theoretically Estimated (#)
Critical-Point Data of Lead

T Py Vi ViV
Reference (K) (GPa) (cm®.mol~Y)
This work 5400 £ 400 0.250 £ 0.030 65+5 36404 =
Gates and Thodos [14] 3584 0.042 206 11.3 #
Carlsonet al. [15] 6266 0.253 68 37 #
Zadumkin [ 16] 4200 #
Grosse and Kirshenbaum [17] 5400 0.085 96 5.1 #
Morris [18] 5400 0.140 101 5.5 #
Kopp [19] 4760 #
Bohdansky [20] 5500 #
Young and Alder [21] 4668 0.208 67 3.6 #
Fortov et al. [22], Kolgatin 4980 0.184 62 34 #
and Khachatur’yants 28]
Martinyuk and 3970 0.016 *
Karimkhodzhaev [23]
Hornung [24] 5500 0.101 82 4.5 #
Young [25] 5158 0.226 67 37 #
Fortov [26] 5300 0.170 89 49 #
Lang [27] 5150 #
Hodgson [6] 5300-6000 0.200-0.300 65 3.6-3.7 *
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5. ESTIMATE OF ERRORS

A detailed analysis of errors for these measurements has been reported
earlier [7, 8] and gives an uncertainty of 5% for the enthalpy and the elec-
trical resistivity. The uncertainty of these quantities increases to about 10%
when the spinodal line is reached. The indirect temperature measurements
are estimated to be uncertain by as much as 25%. The static pressure in
the surrounding water can be measured to within 2 %. The estimated errors
of the obtained critical point data are given in Table 1.
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