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The Current Density and the Specific
Energy Input in Fast Electrical Explosion

Valentin S. Sedoi, Gennady A. Mesyats, Vladimir I. Oreshkin, Vladimir V. Valevich, and Lyudmila I. Chemezova

Abstract—The electrical explosion of wires is considered as a
method for studying the behavior of materials under the condi-
tions of fast heating. A fast electrical explosion occurs subject
to the conditions that the heating time is shorter than the time
required for capillary and magnetohydrodynamic instabilities to
develop and that this time is longer than the time required for
the current to expand throughout the wire cross section.

Corresponding similarity criteria have been derived for each
of the processes disturbing the uniform heating of a wire. The
conditions for fast electrical explosion have been experimentally
realized. The current density was varied from 107–109 A/cm2

resulting in heating rates between 1010 and 1013 J/(g�s). Exploded
wires of copper, nickel, tungsten, and molybdenum were inves-
tigated. These experiments have shown that the energy density
introduced into the wire material depends on the heating rate
(i.e., the current density). Fourfold overheating of the materials
in the condensed state has been attained. It has been found that
the specific current action also increases with increasing current
density but to a lesser degree than the energy input.

Index Terms—Current density, electrical explosion, energy
input, magnetic pressure, specific current action.

I. INTRODUCTION

BY the classification of Chace and Levine [1], a fast
explosion of a wire is characterized by the following

conditions: the energy introduced into the wire is higher than
its evaporation energy; the energy input time is shorter than
the time required for instabilities to develop and longer than
the time required for the current to spread over the wire
radius When the electrical explosion of wires is used as a
tool in investigating the properties of materials, for instance, in
determining the coefficients of dissipative processes [2] and in
studying explosive electron emission [3] or the initial stage in
the formation of ectons [4], [5], the fast explosion conditions
are preferable.

Interest in the electrical explosion of metals has quickened
in recent years owing to the fact that an idea has been put
forward according to which the operation of a vacuum arc
cathode spot is due to the explosion of liquid metal jets in
their interaction with plasma [4], [5]. Previously it has also

Manuscript received October 26, 1998; revised March 5, 1999.
V. S. Sedoi is with the Institute of High Current Electronics, Russian

Academy of Science, 634055 Tomsk, Russia, and the Tomsk State University
of Control Systems and Radiolectronics, 634050 Tomsk, Russia (e-mail:
sedoi@hcei.tomsk.su).

G. A. Mesyats is with the Russian Academy of Science, 117906 Moscow,
Russia (e-mail: root@kos.ibc.ras.ru).

V. I. Oreshkin and L. I. Chemezova are with the Institute of High Current
Electronics, Russian Academy of Science, 634055 Tomsk, Russia.

V. V. Valevich is with the Tomsk State University, 634050 Tomsk, Russia.
Publisher Item Identifier S 0093-3813(99)06901-5.

been shown [3] that breakdown of a vacuum gap often starts
from the explosion of cathode micropoints under the action of
field emission current. The most important characteristic of an
electrical explosion and related processes is specific energy.

This work considers the specific energy and the integral of
specific current action as functions of the wire heating rate
under the conditions of fast electrical explosion.

II. PRELIMINARY ESTIMATES

The specific energy released in a wire due to Joule heating
is given by

(1)

where is the current density in the wire, is the material
resistivity, is the density, and is the time.

Based on the general notions about the state of the exploded
wire material, the process can be subdivided into two stages:
the heating stage and the stage of explosion as such. These
stages are different in the degree of changes in density
and resistivity. At a certain point in time corresponding to
the end of the heating stage and called “the initial point
of explosion,” the explosive-like expansion and an abrupt
increase in resistivity begin (the stage of explosion as such). At
the heating stage, the material resistance is mainly determined
by the introduced energy, and here we can use the notion of
“the integral of specific current action” [6], [7] defined as

Then, at the constant current density within the heating time

(2)

the energy

(3)

is introduced. There is no consensus of opinion among the
researchers regarding this energy. In some papers, the energy
introduced into a wire by the onset of explosion is considered
a constant for a given metal, being slightly different from the
energy at which evaporation begins [8]–[10]. The integral of
specific current action is considered a constant for a given
metal [6].

At the same time, other research teams [7], [11]–[13] have
shown that the value of depends on the heating rate or on
the current density

(4)
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TABLE I
SPECIFIC ACTIONS FOR VARIOUS METALS

As the heating rate is increased, the initial point of electrical
explosion shifts into the region of higher energies. The integral
of specific current action increases as well.

Values of the specific action for several metals measured at
a current density of 10and 10 A/cm are reported elsewhere
[7]. Here, they are listed in Table I.

At the stage of explosion as such, the material resistivity
depends mainly on its density, and the time of energy intro-
duction can be estimated as , where is the radius of
the wire and is the velocity of radial expansion. Assuming
for Cu wires cm/s, g/cm , and the medium-
integral value for the resistivity cm, we obtain

The data above suggesst that the current density and the wire
radius are significant factors in explosion. The uniformity of
the Joule heating over the wire length and radius realized under
the conditions of fast electrical explosion is also an important
factor.

III. CONDITIONS FOR FAST ELECTRICAL EXPLOSION

For each of the processes that disturb the uniformity of the
energy input at the stage of heating, there exists a characteristic
time, namely, the time of the action of capillary forces [14]

(5)

the time required for MHD sausage-type instabilities [15] to
develop

(6)

and the current skinning time

(7)

where is the density of the liquid wire at the melting
temperature, is the coefficient of surface tension, and is
the magnetic field at the wire surface; A/cm.

For the conditions where the characteristic time for a given
process is of the order of the heating time (2), it should
be expected that the Joule heating will be nonuniform. To
compare these times, let us write the corresponding similarity

TABLE II
THERMAL PROPERTIES OFSOME METALS

Fig. 1. Conditions for uniform Joule heating for various metals. The region
for Al wires is cross hatched.

criteria

(8)

(9)

(10)

Here, is the integral of specific current action corresponding
to the material heating from the melting point to the onset of
the explosion as such. The thermal properties of some metals
required for calculations are given in Table II. The values of

are given for the current density A/cm
In Fig. 1, the regions of nonuniform heating are presented

in the current density versus radius coordinates. These curves
have been plotted for the criterion(8)–(10), equal to unity.
Below the and curves are the regions corresponding
to the development of capillary and MHD instabilities, respec-
tively, and above the curves, are the regions of current
skinning.

Thus, the conditions for uniform Joule heating are between
the lines and Note that in [16] for Cu is
reported to be equal to 2.5 10 A/cm and our estimates give

A/cm The conditions for uniform heating
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Fig. 2. The resistivity of copper wires as a function of the introduced energy
density for current density: 1)j = 5� 10

6, 2) 107, 3) 2� 107, 4) and 5)
1.4 � 108, and 6) 5� 108 A/cm2.

(fast explosion) impose restrictions on the wire radius and on
the current density being in this case significant factors as well
and depending on the thermal properties of the material.

IV. EXPERIMENTAL PROCEDURE AND TECHNIQUE

Experiments were carried out on setups based on oscillatory
circuits which differed by the time constant
– s and provided different heating rates and current

densities. The current density was varied from 10–10 A/cm
and the heating rate was 10–10 J/(gs).

To investigate the electrical explosion in the “fastest” mode,
a nanosecond Marx generator was used.

The energy was determined from current oscillograms, using
the method offered by Kvartzkhavaet al. [17], as

where , is the circuit resistance circuit
resistance minus the wire resistance,is the initial charge
voltage, and is the current.

The wire resistance at a given point in time was determined
from the current and the energy derivative

and then, using the relation , the energy correspond-
ing to the onset of the explosion as such, was determined.

V. EXPERIMENTAL RESULTS

Experiments were performed with copper, nickel, tungsten,
molybdenum, and other wires.

Fig. 2 presents measurements of the resistivity of exploded
copper wires. The wires were exploded at various current den-
sities from A/cm at which magnetohydrodynamic
sausage-type instabilities had time to develop (curve one) to

A/cm (curve six) above which current skinning
was possible at cm.

An analysis of the data obtained and the data available in
the literature (e.g., in [7], [18], and [19]) shows that the initial

Fig. 3. The experimental dependence of “the overheating” on the heating rate
at the initial point of the explosion. The circles denote the data for copper
and the crosses for nickel.

point of an electrical explosion depends on the wire heating
rate and is independent of the shape of the conductor cross
section (foil, several thin wires connected in parallel, or a
single wire) if the conditions for fast electrical explosion are
satisfied.

Thus, curves four and five in Fig. 2 have been obtained at
the same current density A/cm and the same
heating rate, but for different radii of the wires: 3.6 and 4.5
10 cm, respectively. Under the given conditions, the initial
point of explosion corresponded to kJ/g, and only at

a fan-shaped divergence of the dependence was
detected.

The density of the surrounding medium has a substantial
effect at the stage of the explosion as such as well [18], [19].

In Fig. 3, the specific energy (in relative units, i.e.,
related to the sublimation energy is presented as a function
of the heating rate for Cu and Ni wires.

As can be seen from Fig. 3, this dependence is rather weak.
To have a noticeable increase in energy density, it is required
to increase substantially the heating rate

In conventional electrical explosion modes, the current density
and the heating rate are of the order of 10A/cm and 10
J/(gs), respectively, and the values achievable under these
conditions are not over the sublimation energy for the
metal.

The integral of specific action
also depends, but not as strongly as the energy, on the heating
rate or on the current density. An increase in heating rate by



848 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 27, NO. 4, AUGUST 1999

four orders of magnitude leads to an increase in the energy
density corresponding to the initial point of explosion by only
one order of magnitude, and the action integral increases with
that about threefold.

VI. THE INITIAL POINT OF AN EXPLOSION

The dynamics of the process is such that as the heating
rate is increased, the stage of explosion as such shifts into
the region of high energy densities being several times higher
than the sublimation energy

The shift of the initial point of electrical explosion is
accounted for by various physical reasons. For instance, Pet-
rosyan and Dagman [20] believe that the gas kinetic pressure
is balanced by the magnetic pressure and, as
observed by Bakulin and his co-workers [21], at the instant
the hydrodynamic pressure becomes equal to the magnetic
pressure the surface layers of the material begin to rapidly
evaporate and expand. Kolgatinet al. [16] make an explicit
account of the Lorentz force in the dynamic equations and
argue that the results of their calculations suggest that the
onset of an abrupt expansion of a conductor is determined by
the excess of the gas kinetic pressure over the magnetic one.
From the above it can be concluded that the magnetic pressure
should play an important part in an electrical explosion of a
wire.

A. The Effect of the Magnetic Pressure: Experiments

If a perceptible part of the released Joule energy is remained
as the kinetic energy, the gas kinetic pressure Since
the magnetic pressure is proportional to the squared product of
the current density by the radius and the gas kinetic pressure
is determined by the current density only, the effect of the
magnetic pressure can be isolated experimentally. To do this
it is necessary to explode wires of different radius at the same
current density. This type of experiment was performed by
Kotov with co-workers [7].

Fig. 2 presents an experimental result for copper wires of the
same cross-sectional area and different radii. For both cases,
the initial point of explosion corresponded to 9 kJ/g.

From these data as well as from the data obtained for
exploded wires of the same cross-sectional area [22] and the
data on the effect of the environment density [18], [19], it can
be inferred that the initial point of electrical explosion is not
determined by the action of the magnetic pressure. This can
also be demonstrated analytically.

B. The Effect of the Magnetic Pressure: Calculations

Let us consider the forces acting on a wire

(11)

Here, is the gas kinetic pressure andis the magnetic field
strength.

Assume that the current density is the same throughout the
conductor. The gas kinetic pressure is then invariable in radius,
i.e.,

(12)

where is a stepwise function such that

for
for

where is the radius at the external boundary.
For a uniformly distributed current, the magnetic field inside

the wire varies by the law

for (13)

Substitution of (12) and (13) into (11) yields

(14)

where is the delta function given by

for
for

Expression (14) shows that the resulting force at the boundary
of a wire is always positive. In this case, an expansion of the
external boundary of the material takes place.

Thus, the magnetic pressure fails to hinder fast expansion
of a wire, and one should put attention to the processes whose
development is not associated with the coordinate

C. Relaxation Processes

A substantial part can be played by the processes indepen-
dent of the shape of the conductor cross section.

In view of this, a dynamic model of a thermoelastic con-
tinuum with relaxation of the pressure suggested by Iskoldsky
and Romensky [23] deserves consideration. The nonequilib-
rium pressure produced at a high heating rate can shift the
initial point of electrical explosion along the energy axis
because of the relaxation processes occurring in the bulk of the
conductor. The authors of [23] have derived an experimentally
verifiable expression which relates the temperature at the initial
point of explosion with the heating rate

(15)

Here, we have (for copper) K and
kbar, is the coefficient of volume expansion, is the
relaxation time (lifetime of the density defect), and is the
modulus of viscosity. If we assume that and
relationship (15) will take the form This is
observed in experiment and supported by the dependence
plotted in Fig. 3.

Thus, at the stage of heating the shift of the initial point
of electrical explosion is dominated by spatial relaxation pro-
cesses. Starting from the current density A/cm these
may be processes related to the relaxation of density defects,
the formation of a new phase in nonequilibrium conditions for
evaporation, and the formation of a dense metallic plasma. In
these conditions, the decrease in electrical conductivity and
its minimum fall in the region of higher energy densities.
Correspondingly, the initial point of explosion, determined by
an abrupt increase in resistance, shifts into the region of higher
energy densities.
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VII. CONCLUSIONS

Thus, the current density and the wire diameter are signif-
icant factors in the electrical explosion of wires. Their values
determine, on the one hand, the Joule heating uniformity
and rate, and, on the other hand, the limiting values of the
overheating and of the integral of specific current action.

Experiments have shown that the energy density at the initial
point of explosion depends on the heating rate and, under the
condition of uniform and fast Joule heating, it can considerably
exceed the sublimation energy for the metal. The integral of
specific action depends on the heating rate to a less degree
than the energy density.

High overheating values for a material in the condensed
state have been obtained, These results call for an
explanation and further theoretical and experimental studies.

It is clear, however, that the magnetic pressure increas-
ing with the squared current density is not the reason for
overheating.

On the other hand, when considering a specific process
where the current density varies within narrow limits, the
integral of specific current action can be used in rough
calculations of the electrical explosion as a quasi-constant
value.
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