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The exploding wire technique is suitable for the determination of the electrical resistivity of 
metals in a wide temperature range provided that the heating of the wire material in the liquid 
phase occurs fast enough to avoid changes in the wire geometry due to surface tension. It is also an 
appropriate method for measuring latent heats of fusion especially for refractory metals.

The electrical resistivity g and the enthalpy H are derived from time-resolved measurements of cur­
rent and voltage of exploding wires, which are part of a fast RCL-discharge circuit. The time interval 
for heating the wire from room temperature to the normal boiling point is typically 1 psec. Because 
of the short times involved interactions with the surrounding medium are negligible. The time 
resolution of the system is better than 8 nsec and the estimated error of measured resistivity and 
enthalpy above temperatures of 1000 K is less than 4%.

For Fe, Co, and Ni the Q (H) -dependence up to the normal boiling point and the therefrom 
derived (T) -dependence are reported and compared with steady-state experiments.

1. Introduction

The measurement of specific heat, electrical re­
sistivity and many other thermophysical properties 
at very high temperatures (above 2000 K) involves 
some severe problems. The usually applied steady- 
state or quasi steady-state methods result in a rela­
tively long exposure of the specimen to high tem­
peratures and with that to thermal and chemical 
reactions with the surrounding medium.

A very promising approach to avoid these prob­
lems was attempted by Cezairliyan and co-workers 
who developed a subsecond pulse heating technique 
for the dynamic measurement of heat capacity, elec­
trical resistivity, hemispherical total emittance, and 
normal spectral emittance of electrical conductors 
at high temperatures. Because the geometry of the 
specimen — a tube with a wall thickness of about 
0.5 mm — is destroyed during melting, this method 
is restricted to temperatures up to the beginning of 
melting.

The destruction of the geometry of the specimen 
in the liquid phase can be avoided by still faster 
heating using the exploding wire technique 2-6. Of 
course, with very fast resistive heating new prob­
lems arise as for example the possibility of non­
uniform current distribution due to transient effects, 
which would lead to an inhomogeneous temperature 
distribution over the cross section of the cylindrical
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sample. In addition, the fast heating may possibly 
prevent the sample from uniform expansion to a 
stable equilibrium volume. Furthermore, magneto- 
hydrodynamic instabilities — the so-called stria- 
tions — may be generated and cause longitudial in- 
homogeneities. The experimental or theoretical con­
sideration of these effects for the determination of 
high -temperature thermophysical properties of met­
als will be discussed below.

2. Experimental Set-up

The rapid pulse heating of the samples is achieved 
by a RCL-discharge. The experimental system con­
sists of a fast RCL-pulsing circuit, fast measuring 
circuits for the time-resolved measurement of cur­
rent and voltage, and of optical control systems for 
the checking of the macroscopic state of the speci­
men.

A diagram of the discharge circuit including the 
measuring systems is presented in Figure 1. The 
complete system is similar to that described earlier 7 
but is complemented by a fast current viewing re­
sistor (shunt). The mainly coaxial RCL-discharge 
circuit is emphasized by broader lines. It consists of 
a capacitor-bank with a capacitance of 5.1 juY, which 
can be charged up to 35 kV. From the short-circuit 
ringing period of 6.4 ju sec a total inductivity of 
200 nH is deduced. The circuit resistance comes out 
to 20 m ö.

For the measurement of the dynamic electrical 
quantities three measuring heads are installed: a 
coaxial ohmic voltage divider, a coaxial current 
viewing resistor (CVR), and an induction-coil,
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Fig. 1. Schematic diagram of the RCL-discharge circuit. 
Rh, Rl: voltage divider; E.W.: sample (exploding wire); 
CVR: current viewing resistor.

which is placed in an i3-shaped part of the current 
transmission line. In connection with 150 MHz- 
oscilloscopes (Tektronix type 7704) all measuring 
systems have rise-times less than 8 nsec.

A thorough grounding and multiplex screening of 
the entire measuring system guarantee low hum and 
noise.

The optical control system includes a high-speed 
rotating-mirror camera with a time resolution better 
than 8 nsec 7 and an image-converter camera, used 
at exposure times of 10 nsec. Both systems operate 
time correlated with the electrical measurements. 
The application of these optical systems allows 
checking the complete suppression of peripheral arcs 
and the expansion of the wire material with rising 
temperature as well.

3. Experimental Performance and Evaluation

The CVR and the induction-coil offer two inde­
pendent methods for measuring the current:

1. The voltage drop across the CVR is exactly 
proportional to the current and can therefore be

converted into current units if the resistance of the 
CVR is known.

2. The d//dj-signal from the induction-coil is 
transformed into a signal proportional to the current 
by means of a RC-integrator with a proper time- 
constant. The absolute calibration is obtained from 
the ringing period and the logarithmic decrement of 
a short-circuit oscillation.

This calibration procedure was applied to two 
current oscillograms obtained from the same dis­
charge by the two different methods and the dis­
crepancy for the first current maximum was only 
8°/oo. The calibration of the CVR lay with 6°/oo 
deviation within the tolerance of l°/o for the resis­
tance given by the producer. Thus both current 
measuring methods are likewise reliable, at least 
for the time intervals of interest. The determination 
of the voltage across the specimen is somewhat more 
difficult. Because of the unavoidable self-inductance 
of the discharge gap the signal from the voltage 
divider includes an ohmic part R l  as well as an in­
ductive part d/df (L I). For the determination of the 
time dependence of the electrical resistivity or the 
energy only the ohmic term is to be considered. 
Assuming that no change in the inductivity of the 
discharge gap occurs during the time interval to be 
investigated, i. e. the expansion of the wire material 
can be neglected, the inductive term is proportional 
to dl/dt. The elimination of this term can therefore 
be performed by subtracting from the voltage di­
vider signal a suitably amplified d//df-signal ob­
tained from the induction-coil. The amplification 
factor follows from the condition that at t = 0 no 
voltage step should occur. This compensation pro­
cedure has to be repeated each time wires with dif­
ferent geometries are used.

From the current and voltage oscillograms the 
current density i(t)= I{ t)/A , the electrical resis­
tivity Q(t) =U (t)A /I(t)l, and the enthalpy H =

H(T) - tf(2 9 8 K ) = f[U (t)  I{t)/AID] dt are com-
to

puted, where A, /, D stand for the cross section, the 
length, and the density of the wire, respectively, all 
taken at room temperature.

The enthalpy is defined at constant pressure. Be­
cause of the RCL-characteristic of the discharge, 
however, we have to consider a strongly varying 
current in the initial stage of the heating process 
and therefore a pinch-pressure varying with time 
and increasing towards the wire center.



996 U. Seydel and W. Fucke • High Temperature Electrical Resistivity of Fe, Co, and Ni

This pressure is generated by the magnetic field 
and therefore the work performed by it has not to 
be considered in the total energy balance because the 
inductive component of the enthalpy is ruled out by 
the compensation method applied.

The maximum current and with that the maxi­
mum pressure occurs before melting as can be seen 
from Figures 3 a — c. This pressure amounts to p = 
3800 atm in the wire center or, averaged over the 
radius, to p = 1900 atm for a maximum current of 
approximately 13.8 kA (Co). In the solid state the 
error resulting from the application of the enthalpy 
using constants given at normal pressure is negli­
gible.

The error from the pressure-dependence of the 
resistivity can also be neglected 8.

A transformation of H into temperature is per­
formed on the basis of values tabulated by Kelley 9.

For the computation of the resistivity from volt­
age and current the geometry of the specimen at 
room temperature is taken as a basis. Therefore, the 
change in volume with rising temperature has to be 
taken into account in a correction. Figure 2 shows 
photographs of Ni-wires taken with an image-con­
verter camera at a twelvefold magnification. The 
upper picture is a zero-photograph and the middle 
one is taken at the instant marked in the voltage os­
cillogram. Assuming that the expansion in the solid 
state occurs in both the radial and the axial direc­
tion and during melting and in the liquid state only 
in the radial direction3-5 the correction factor for 
the resistivity can be deduced from these pictures. 
Within the margin of error these values agree with 
data for the change in density — dD/dT in the liquid 
state given by Steinberg 10.

The shock waves in Fig. 2 are generated at the 
melting transition when the wire expands in a very 
short time (20 —80 nsec) for about 2 — 6% of its 
volume depending on the material. The energy dis­
sipated in these shock waves, however, has only to 
be taken into account for those experiments per­
formed at high current densities (above 2 • 10' Acm~2 
at the melting transition).

The change in wire cross-section causes a change 
in the inductivity of the coaxial discharge gap. But 
at the same time transient skin effect causes a change 
of current distribution and with that of the inner 
inductivity in the outer conductor. We think that 
these two effects will nearly cancel out each other 
and no additional voltage drop will occur. Calcula-
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Fig. 2. Image-converter photograph of the sample before 
(top) and during the heating process (middle) at the instant 
marked in the voltage oscillogram.

tions for the confirmation of this presumption are 
in preparation. The influence of transient skin ef­
fect in the inner conductor (the wire) on the elec­
trical measurements should be negligible because of 
the relatively high resistivity of the investigated 
elements Fe, Co, and Ni at room temperature A 
more detailed discussion of this effect is given in an 
earlier publication 12.

4. Measurements and Results
Measurements of the temperature dependence of 

the electrical resistivity at very high temperatures 
have been carried out for the 3d-transition elements 
Fe, Co, and Ni.

The experimental parameters have been the same 
for all three elements: voltage U0 = 8 kV, wire 
length / = 4.75 cm, wire diameter d = 0.025 cm. The 
surrounding medium has been water.
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The chemical purity has been 99.99% for all three 
elements. The impurities as taken from chemical 
analysis by the manufacturer are listed below in 
Table 1.

Impurity Composition ppm
Fe Co Ni

Ag 1 2 1
Al 2 1 1
Bi - <1 -
Ca 3 1 1
Cr 1 <1 <1
Cu 2 3 3
Fe 7 15
Mg 2 1 <1
Mn 1 <1 <1
Ni 1 2
Si 3 5 2
Sn - 1 <1

Table 1.
Chemical impurities in Fe, 
Co, and Ni specimens.

In the Figs. 3 a — c current and voltage oscillo­
grams for Fe, Co, and Ni up to the normal boiling 
point and beyond are presented. The small negative 
dips are time marks for the time correlation of cur­
rent and voltage.

Figures 4 a —c show the o (H) -dependence for the 
three elements under investigation as computed from 
I(t) and U(f) considering (full line) and not con­
sidering (dashed line) the change in density. The 
curves are averages over six single experiments in 
each case.

For all three elements the position of the Curie- 
point and the beginning and the completion of 
melting can be deduced from the o(H) -plots and are 
marked with a, b, and c, respectively. These fixed 
points are very well suited for comparisons with 
steady-state measurements.

In Figs. 5 a — c the Q {T) -dependence is plotted 
up to the temperature of normal boiling. In all cases 
the own measurements are compared with steady- 
state values as far as these are available.

In Table 2 the measured latent heats of fusion 
for Fe, Co, and Ni as derived from own measure­
ments are listed and compared with values given by 
Kelley 9.

Table 2. Heat of fusion.

Element Heat of fusion A/Jrj-1c-
own measurement Kelley 9

Fe 275.0 ±12.2 275.0
Co 300.7 ±18.2 291.1
Ni 322.0 ±18.0 300.1

Table 3 gives the values for the resistance tem­
perature coefficient in the liquid phase between the 
melting temperature Tm and the normal boiling tem­
perature Tjs. The values for and Tb are bor­
rowed from 13.
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Fig. 3. Current and voltage oscillograms of a) Fe-, b) Co-, and c) Ni-wires exploded in water.



Fig. 4. £ (H) -diagrams for a) Fe, b) Co, and c) Ni considering (full line) and 
not considering (dashed line) the change in density.
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Table 3. Resistance temperature coefficient 
Element qt  = £>7m [1 + 2(7-7m)1 Tu T £  Tb in the liquid phase (£ in /xQcm).

Fe or = 131.5 [1 + 7.07-lO"5 (7-1809)] 1809 <; 7 <; 3148
Co QT = 114.7 [1 + 9.89-10-5 (7-1768)] 1768 <; 7 < 3174
Ni ot = 83.5 [1 + 7.87 -lO"5 (7-1725)] 1725 <  7 <; 3160

7m = melting temperature, 7b = boiling temperature.

5. Estimate of Errors

The systematic errors in the directly measured 
quantities current and voltage are hardly to be 
specified. They base on the calibration of the mea­
suring heads, which is better than 1% in any case. 
The error in voltage measurement is enhanced by a 
time dependent part, which results mainly from a 
defective compensation of the inductive component. 
It decreases in the course of the heating process 
because of a decreasing dl/dt.

The statistical error for all three elements came 
out to less than \% in the derived quantities Q and H.

Additional systematic errors may result from the 
data used for the computation of the changing wire 
geometry with rising temperature and for the trans­
formation of the enthalpy into temperature.

A total error cannot be stated but from the very 
satisfying agreement between our results and those 
from steady-state methods can be estimated not to 
exceed a few percent in the liquid phase.

The relatively large statistical errors in the heats 
of fusion (Table 2) arise from the fact that each of 
them is a difference of two high enthalpy values 
with large absolute statistical errors.

6. Discussion and Conclusions

As can be inferred from Fig. 5 a — c for all three 
elements the Q (T) -behavior of the own measure­
ments in the liquid phase shows a slower rise with 
temperature than that of the comparable steady- 
state measurements made by Güntherodt et al.14 and 
by Regel and Mokrovsky 1S. It should be noted that
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the Regel and Mokrovsky measurements lie bade 
more than twenty years. At least in the case of Fe 
they seem to be incorrect in the neighborhood of the 
melting transition.

The deviating q(T) -behavior of our measure­
ments in the liquid phase may — at least in part — 
be explained by the not fully cleared expansion 
behavior of the liquid metal subjected to a very fast 
ohmic heating process. The q(H) -diagrams (Fig.
4 a —c), not corrected for changing density (dashed 
lines), do show only a more or less weak depen­
dency of resistivity on rising enthalpy in the liquid 
phase. This behavior is most obvious for Fe and Ni. 
Here the value of the resistivity is mainly affected 
by the thermal expansion factor in the liquid phase. 
A similar observation has also been reported by 
Martynyuk et al.5 over a wide temperature range for 
Zr, Hf, Mo, and Nb. These authors give two pos­
sible explanations for this effect: (1) The scattering 
cross-section for conduction electrons does not 
change as a function of T in the liquid phase, and 
Q is governed solely by the number of atoms per 
unit volume; (2) the scattering cross-section varies 
as a function of T, so that there should be a change 
in Q, but some other process, e. g., a change in the 
concentration of conduction electrons occurs simul­
taneously and acts to offset this change in the scat­
tering cross-section.

Because the q{T) -behavior of many d-transition 
metals depends critically on the volume changes in 
the liquid phase it is very important not only to get 
reliable data on the expansion behavior of the liquid 
metal but also to prevent the specimen from changes 
in geometry due to MHD-instabilities or surface ten­
sion. Savvatimskii6 pointed out the possibility that 
deviations in data obtained from differently rapid 
processes may result from changes in shape in the 
slower ones. On the other hand Siebke16 could 
establish that MHD-instabilities can be avoided 
most successfully by very fast heating. Further­
more, the image-converter photograph (Fig. 2) taken 
at a time beyond the investigated interval does not 
give any evidence for the existence of striations.

The capability of the described method may be 
demonstrated best at the q(T) -diagram of Fe (Fig.
5 a), where the ß-y- and the -̂(5-phase transitions 
are clearly to be located. The g-value at the y-S- 
transition agrees very well with values given by 
Kierspe et al.17 and recently by Cezairliyan and 
McClure 18. The decrease in resistivity between the

y-<3-transition and the melting point as well as dur­
ing melting reported by Regel and Mokrovsky does 
not seem to fit the true conditions. The agreement, 
however, between our results and those of Kierspe 
et al. in the solid state is very satisfying. The rela­
tively small ratio of the resistivities in the liquid 
state Q\ and in the solid state Qs at the melting point 
of (ft/ft) Fe-1 .0 5  ±0.02 found by us is not fully 
understood, yet we think it may in part be explained 
by oxidation of the samples and in part by incorrect 
values for the volume change.

A comparison of the Ni-data reported earlier12 
with the latest values confirms the assumption that 
the too high f)s- and gi-values at the melting transi­
tion in 12 may be explained by the relatively high 
impurity of the wire material (1%). The ratio 
{Q\Iq&)~k\ is found to be 1.31 + 0.02 for pure Ni 
(99.99%).

Our q(T)-data obtained for Co are also in good 
agreement with the comparable steady-state val­
ues 14' 15 close to the melting transition except with 
the values for q in the liquid phase given by Regel 
and Mokrovsky. The ratio of the resistivities q\ and 
£>s is found to be (Q\/Q8) Co = 1.13 ± 0.02. For all 
three elements the experimentally determined ratio 
({?i/<?s) is considerably lower than the value calcu­
lated on the basis of the Mott-formula (Q\/qs) 
= exp {80^1/7^} (A. in kj mole-1).

Basing on the very satisfying agreement between 
the reported measurements of the electrical resistivity 
in the liquid phase and values obtained from steady- 
state methods, we think that the exploding wire 
technique is most capable for the determination of 
various high temperature properties of metals. The 
quantitative agreement between the dynamic and the 
steady-state data is also a convincing indication that 
the sample is at least close to thermodynamic equi­
librium at all times during the heating process. The 
application of a fast 2-wavelength spectrometer 
(risetime 8 nsec) for the measurement of the 
radiation temperature of the heated samples will 
enable us to determine high-temperature heat ca­
pacity. First results of radiation temperature mea­
surements will be reported soon. A better knowledge 
of the expansion behavior of the liquid metal will 
improve the method; therefore, we have started a 
series of experiments which should produce data 
for the radial and longitudinal expansion of the 
samples and with that for the correction of the 
measured resistivities.
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