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An electrical-pulse-heating technique has been used to heat iron and nickel to high temperatures
to measure thermophysical properties in the liquid state. A dynamic technique was used because
static techniques, which are capable of greater precision, fail at a relatively low temperature. Mea-
surements have been made, and results are shown for enthalpy, temperature, density, electrical
resistivity, and sound speed up to 3950 K in iron and 4250 K in nickel.

I. INTRODUCTION

The use of pulse-heating techniques for the measure-
ment of thermophysical data for several time regimes has
been described previously.! > These techniques are
necessary in order to reach temperatures above about
2000 K where conventional static techniques become
very difficult.

High-temperature data on the thermophysical proper-
ties of iron and nickel in the liquid phase are quite sparse.
Since iron and nickel melt at temperatures (1810 K and
1728 K, respectively) that are relatively low, there are
data close to the melting point because these tempera-
tures are accessible by static techniques. Iron is an in-
teresting metal to study because of its geological impor-
tance, and because it is ferromagnetic. The ferromagnet-
ic properties of iron and nickel make them relatively
difficult to study using our dynamic-pulse-heating tech-
nique. In particular, the ferromagnetism of iron and
nickel causes the current diffusion times for uniform
heating to be longer than for nonferromagnetic metals.
In this paper we will show that there is still sufficient time
for uniform heating of our iron and nickel samples. Our
experimental apparatus has previously been described,*
and results for several thermophysical properties have
been reported for many nonferromagnetic materials.>~’
In this paper we report our measurements of sound veloc-
ity, enthalpy, density, temperature, and electrical resis-
tivity up to 3950 K for iron and 4250 K for nickel. These
temperatures represent the stability limits for pulse heat-
ing these two metals.

II. EXPERIMENTAL DETAILS

Specimens were cut from 0.75-mm-diameter wire, and
were of 99.99% purity. Samples were highly polished
and approximately 25-mm long. Our experimental ap-
paratus consists of a gas high-pressure vessel, associated
pumping equipment, and a high-energy capacitor bank
(50 kJ at 20 kV) to provide heating current. Electrical di-
agnostics measure current through the sample and volt-
age along a sample length defined by two probes. Several
optical diagnostics are used to measure other properties.
An argon-ion laser backlights the sample, creating a sha-
dow of the sample diameter, which is imaged onto a slit.
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An image converter streaking camera is focussed onto
the slit plane, and a time-resolved record of the sample
diameter is obtained. From this streak the sample densi-
ty can be calculated during an experiment. By combining
the measured current, voltage, and density, we can calcu-
late enthalpy and electrical resistivity:

t
H(t)=fr01(t)V(t)dt ,
palt)=A(R(1)/1 .

Here H is enthalpy, I is current, V is voltage, p,, is electri-
cal resistivity, A is the cross-sectional area of the sample,
R =V /I is the sample resistance, and [ is the voltage
probe spacing.

Sound speeds are measured as described previously?® us-
ing a noncontacting technique. A pulsed ruby laser
(~0.1 J with 30-ns pulse length) is focused into a small
spot (~0.1-mm diameter), driving a low-amplitude,
spherically diverging stress wave into the sample. This
disturbance quickly attenuates into a sound wave and
propagates across the sample diameter, allowing the tran-
sit time to be measured. The sound speed is measured us-
ing the same line of sight as for the volume measurement,
with data recorded using the image converter streaking
camera. Our method for measuring sound velocities is
limited in accuracy to an estimated +5%. On a given ex-
periment the diameter of the sample is measured from the
streak image, and the transit time is measured as de-
scribed above, yielding an average sound speed. It is
essential that sample motion be kept to a minimum dur-
ing the heating phase of an experiment in order to main-
tain the ruby laser alignment, and so great care is taken
in the sample preparation.

Temperatures are measured using an optical pyrometer
of a design previously discussed.® For this work a single
channel has been used at A=700 nm. Since the melting
points of both iron and nickel are below our pyrometer
response, we have used a temperature-enthalpy tie point
to calculate temperatures. This tie point was found by
extrapolating the work of Vollmer et al.® to a tempera-
ture of 2300 K. Temperature uncertainties were estimat-
ed to be +5%.

6485 ©1990 The American Physical Society



6486

III. EXPERIMENTAL RESULTS

A. Iron results

Two kinds of experiments were performed on iron
specimens. In the first series of experiments samples were
pulse heated in an argon gas atmosphere at a pressure of
2 kbar and volume, current, voltage, and temperature
were measured. From these quantities enthalpy, density,
electrical resistivity, and specific heat, Cp, were calculat-
ed. In the second kind of experiment sound speed was
measured. Our results for iron are summarized in Table
I

Shown in Fig. 1 is plot of enthalpy against tempera-
ture. The least-squares fit to these data is given by

H=8.1537X10"*T—0.22846 (1)

for 2125 <T <3950 K, where H is in MJ/kg. From this
fit a value of 815.4 J/kgK is found for C,, the specific
heat at constant pressure. This is in reasonable agree-
ment with the value of Pottlacher et al.!® of 929.3
J/kgK, that of Trevorton and Margrave'' of 763.0
J/kgK, and that of Vollmer et al.’ of 824.1 J/kgK.
Enthalpy is the most accurate of all properties measured
with estimated uncertainties of +2%.

Our values for volume, converted to density and plot-
ted against temperature are shown in Fig. 2. Also shown
are the static measurements of Drotning et al.'> The
agreement is quite good. The best fit to our data is given
by

p=—0.64985T+8.171 X 10} )

for 2125<+T7T<3950 K. Densities may also be fit
against enthalpy, and the result is

p=—797.353H +7.9903 X 103 3)
for 1.5<H <3.0 MJ/kg. Using the fits above it is possi-

TABLE I. Thermophysical properties of liquid iron.

p Pel
H MJ/kg) T(K) (10° kg/m?) V/V, (1 cm)
1.5 2125 6.85 1.148 150.5
1.6 2250 6.75 1.164 153.3
1.7 2340 6.64 1.184 156.0
1.8 2490 6.54 1.202 158.0
1.9 2600 6.40 1.229 161.3
2.0 2735 6.34 1.240 163.7
2.1 2860 6.29 1.250 165.1
2.2 2990 6.22 1.263 167.2
2.3 3100 6.15 1.278 170.3
2.4 3230 6.07 1.295 172.4
2.5 3360 6.02 1.305 174.1
2.6 3475 5.98 1.315 175.1
2.7 3585 5.90 1.333 178.2
2.8 3710 5.80 1.355 181.0
2.9 3835 5.65 1.393 183.4
3.0 3950 5.54 1.420 186.0

Po=7.86X10° kg/m>.
P_=2 kbar.
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FIG. 1. Measured enthalpies for liquid iron plotted against
temperature.
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the thermal expansion coefficient, and this is shown for
our data in Fig. 3. Also shown are values of a calculated
from the data of Drotning et al., which are in good
agreement with our data. The error bars on the calculat-
ed values of a are estimated to be £10% or more.

Electrical resistivities may be calculated from our data,
with the results shown in Fig. 4, plotted against enthalpy.
The least-squares fit to this data is

Pa=22.87941H —117.0463 , (4)

where 1.5<H =3.0 MJ/kgK, and p,, is in uQ cm. The
agreement with the data of Pottlacher et al.!° is not
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FIG. 2. Densities for liquid iron plotted against temperature
(@) shown with the best fit ( ). Also shown is the fit given
by Drotning (Ref. 12) for his data (— — —).
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FIG. 3. Calculated values for thermal expansion coefficient a
for iron ( ) shown with values calculated from the data of
Drotning (Ref. 12) (— — —).

good, and part of this may be due to the volume correc-
tions used by Pottlacher.!® The estimated accuracy of p,
is +4%.

Our measured values for sound speed in liquid iron are
shown in Fig. 5, plotted against density. It can be seen
that sound speed is linear with density, and the least-
squares fit is

¢ =0.7326p—983.4, (3)

where c is in m/s.

Also shown in Fig. 5 is the static data of Kurtz and
Lux,'* which is in close agreement with our data. Sound
speeds that are linear with density have been found for
many other metals, and this behavior has been discussed
previously by Birch.!®

By combining the above results we may now calculate
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FIG. 4. Measured values of electrical resistivity for liquid
iron.
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FIG. 5. Our measured values of sound speed for liquid iron

(@) shown with the best fit. Also shown are values measured by
Kurtz and Lux (Ref. 14) (W).

the thermodynamic properties of molten iron. We define
B,=pc?,

the adiabatic bulk modulus, and then calculate K, =1/B,
the adiabatic compressibility.
The value of Griineisen gamma may be found from

=aC2

G

Ye

and the results are plotted in Fig. 6. The error bars on
Y ¢ are £20% or more.

The specific heat at constant volume C,=(3E /3T),
may be found, with relatively large error bars ( ~+20%),
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FIG. 6. Values of Griineisen parameter, ¥ ¢, calculated from
our data for liquid iron.
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FIG. 7. Calculated values for specific heat at constant
volume Cy and ¥y =C, /Cy, for liquid iron.

in terms of other measured and calculated properties
from

CZ
c, ="
' C,+a'T,
The results of this calculation and the values for the

thermodynamic ¥ =C,/C, are shown in Fig. 7. Now
that we have ¥ we can calculate

BT:Bs/y ’

the isothermal bulk modulus. The calculated values for
B; and K;=1/Bp, the isothermal compressibility are
shown in Fig. 8.

B. Nickel results

The measurements for nickel were done the same way
as those for iron, and the results are summarized in Table

1000 300
900 |
250
800 -
o
— 700 5
kS £
£ k200
1
a3 600 { 2
I 2
500
H150
400
300 100

55 57 59 6.1 6.3 65 67 6.9 71

p (10° kg/m?)

FIG. 8. Calculated values of isothermal bulk modulus B, and
compressibility K, for liquid iron.
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TABLE II. Thermophysical properties of liquid nickel.

P Pel
H (MJ/kg) T(K) (10° kg/m?) V/V, (uQ cm)
1.2 1906 7.71 1.154 97.31
1.3 2045 7.57 1.176 97.29
1.4 2183 7.48 1.190 98.17
1.5 2321 7.48 1.190 99.96
1.6 2460 7.45 1.195 101.70
1.7 2598 7.38 1.206 102.50
1.8 2736 7.30 1.220 105.99
1.9 2875 7.24 1.230 106.52
2.0 3013 7.12 1.250 109.11
2.1 3151 7.00 1.270 111.41
2.2 3290 6.87 1.295 113.40
2.3 3428 6.73 1.323 114.00
2.4 3566 6.64 1.340 115.52
2.5 3704 6.57 1.354 116.71
2.6 3843 6.44 1.382
2.7 3981 6.36 1.400
2.8 4119 6.36 1.400
2.9 4258 6.24 1.427

po=8.9X10° kg/m’.
P,=2 kbar.

II for the 2-kbar isobar.
Our results for enthalpy and temperature are plotted in
Fig. 9, with the least-square fit

H=17.2299X10"*T —0.178 324 (6)

for 1.2=H =<2.9 MJ/kg. This leads to a specific-heat
value C,=723 J/kg K. Other measured values of C, for
liquid nickel are those of 761 J/kgK by Pottlacher
et al.'® of 741 J/kg K by Margrave,'® and of 743 J/kg K
by Vollmer et al.’

Our measured values for density are shown in Fig. 10
plotted against temperature, with the results of Drotning
et al.'? shown for comparison. The best fit to this data is
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FIG. 9. Measured values of enthalpy for liquid nickel shown
plotted against temperature.
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FIG. 10. Measured densities for liquid nickel (®) shown with

the best fit ( ). Also shown is the fit given by Drotning
(Ref. 12) for their data (— — —).
given by

p=—0.64406T +8.9817X% 10° (7)

for 1906 < T <4258 K. The best fit to densities in terms
of enthalpy are given by

p=—890.8151H +8.8228 X 10° ®)
for 1.2 <H <2.9. For both of these fits p is in kg/m? and
H is in MJ/kg.

Electrical resistivities have been calculated as described
above for iron, and the best fit to this data is given by

pa=16.4251H +76.0652 , 9)

where p,is in uQ cm and 1.2 <H =2.5 MJ/kg. Data for
liquid nickel have also been measured by Pottlacher
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FIG. 11. Measured values of sound speed in liquid nickel (®)

shown with the best fit ( ). Also shown (H) is a data point
at melt taken from Keita et al. (Ref. 17).
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et al.,'® and their measured values are in poor agreement
with our results.

Sound velocity measurements have been made in liquid
nickel, and our results are shown in Fig. 11 compared
with a point at the melting temperature measured by Kie-
ta et al.'” The least-squares fit to our data is given by

¢=0.7915p—2.1265 (10)
for 7.0X10°<p <7.6 X 10° kg/m".

IV. DISCUSSION

The pulse-heating technique that we use to measure
thermophysical properties of metals has been used on
many nonferromagnetic metals, and is proven to be able
to heat a wire-shaped sample very uniformly. Hodgson'®
has shown for a lead sample the skin depth is roughly 0.5
mm, so a sample diameter of 1 mm is ideal. We need to
address the problem of applying the pulse-heating
method to a strongly ferromagnetic material such as iron,
and see how a uniform heating can take place.

From the diffusion equation governing the current den-
sity in a homogeneous, isotropic slab of material of con-
stant permeability 1 and constant resistivity p,

2, Pel 9] _
v ot o,
we note that the diffusivity, p,/u, varies inversely with
permeability. Although in ferromagnetic materials p is
not constant, the values of p in nonsaturated ferromag-
netic materials usually exceed that of the free space per-
meability p, This suggests that the current will take
longer to reach the center of a wire of iron or nickel than
a wire of a nonmagnetic material.

In order to determine the diffusion times in our experi-
ments, we computed the time history of the current den-
sity in a 0.75-mm wire of iron using the finite-element
code FLUX2D.!® With FLUX2D we are able to take into ac-
count the cylindrical geometry, the temperature depen-
dence of the resistivity, the magnetic hysteresis, and the
transient local heating.

In FLUX2D, the current density is calculated from the
magnetic vector potential A4 as

J(x,t)=VXVX Alx,1), (11)
where A satisfies the equation
(1)
vx | Lyxa |+ L 3A D (12)
1 Pel ot 27r

Here, I(2) is the input current at time ¢, r is the radius of
the wire, u is the local permeability, and p,, is the resis-
tivity which varies with temperature as

Pa=8.574+9.136 X102 T (13)
for T <1200 K,?® and p, is in uQ cm.

The temperature 7T is computed from the thermal
diffusion equation,

—VkVT)+e, S0 =%, (14)
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FIG. 12. Calculated current densities as a function of sample
radius for a ferromagnetic conductor at several times during the
heating cycle. It can be seen that a uniform current distribution
takes longer in the ferromagnetic case than in the nonferromag-
netic case, shown in Fig. 13.

where the heat source j’p is given in Egs. (11)-(13), the
thermal conductivity k in W/m K is given by?

k=98.99—8.72X10"2T+2.18+107°T?, (15)
and the specific heat in J /cm® K is?!
¢, =2929+0.495T —8.975X107* T2
+5.62X1077T3—3.23%107! T* . (16)

We considered two forms for p. In the first, the value
of u is set to that of the free space permeability. In the
second, u is the derivative of the dc initial magnetization
curve. Since hysteresis is rate dependent, it would be ap-
propriate to use a magnetization curve measured under
the time conditions of the experiment. In general, such
high-rate hysteresis curves show similar saturation be-
havior but a much more gradual approach to saturation
and, hence, a much lower peak permeability than the dc
curve. Thus, the use of the dc permeabilities provides a
worst case calculation.

The set of Egs. (11)-(16) were solved in FLUX2D at time
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FIG. 13. Calculated current densities as a function of sample
radius within a nonferromagnetic conductor under the same
conditions as the calculation of Fig. 13.

intervals of about 0.2 us from the time ¢t =0 to t =10 us
during which the current increases linearly from 0 to 10*
amps. From ¢t =10 us until t =15 us, the current was
held at this maximum value and the calculations were
made at intervals of approximately 0.5 us. From the re-
sults shown in Fig. 12, we find that the current density is
fairly uniform over the ferromagnetic wire by about 11
ps. This is a considerably longer diffusion time than for
the case in Fig. 13 of the nonmagnetic wire, but it is still
within the time interval of interest for the experiment.
These results are highly dependent on the sample size,
and on the magnitude of the current, which here is
sufficient to saturate the material and cause the permea-
bility to decrease eventually to u,,.
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