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Abstract—The mechanisms of disintegration of a metal melt formed during electrical explosion
of aluminum foils are experimentally and theoretically investigated. The experiments were carried
out on an experimental setup consisting of two current generators, one of them provided microwire
explosion, while the other, an x-pinch radiograph, was used for diagnostics. In the experiments, the
upper time limit of disintegration of metastable state of exploding aluminum foil was determined.
For the metastable state of aluminum at internal energy of 3.5–4.5 kJ/g the calculated nucleation
velocity exceeds 1014 cm−3 · s−1 and the critical nucleation energy is 9 ± 0.3 eV.
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1. INTRODUCTION

Metastable state of a substance occurs when the material is rapidly heated to temperatures higher
than those of phase transition in conditions of suppression of nuclei of a new phase [1]. At a high level
of metastability, phase separation occurs as nucleus or spinodal disintegration [2, 3] whose properties
still remain insufficiently studied at high density of energy generated or accumulated in the material. The
phase separation mechanism is determined by kinetics of spontaneous structurization of material with a
wide spectrum of applications in physics, astronomy, biology, material science, and various technologies.
This effect occurs in a wide class of problems of high energy density physics, mechanics, and power
engineering, and is important for advance in technologies of nanopowder production by electrical metal
wire explosion, methods for suppression of steam explosion as a critical stage of severe accident at
nuclear power plants, critical and transient phenomena in multiphase flows, etc.

Disintegration of superheated metastable liquids is sufficiently studied for liquids with a temperature
of boiling under normal conditions comparable with room temperature [1]. Such data are very scant
for liquid metals whose boiling temperature is several thousand degrees. At the same time, they are
important for studying such processes as explosive emission [4], where metal can stretch during
explosion of explosion of micropoints under the action of electric forces [5], in production of nanopowders
[6] during electrical wire explosion (EWE), etc.

Investigation of the processes of electrical wire explosion is an important source of information on
extreme states of a material because values of thermodynamic parameters achieved at that cannot be
obtained in other laboratory experiments. Great attention to investigations of EWE is associated, in
particular, with successful experiments on compression of multiwire liners, which are carried out on Z-
setups (Sandia, USA) [7] and on ANGARA-5 (TRINITI, Russia) [8]. For electrical explosion of wires,
the presence of electric and magnetic fields that determine the mode of disintegration of a wire material
during its heating and transition to metastable state is essential. At high velocities of rise of current
density through the wire (to 1015 A/s · cm2, characteristic for wire explosion in multiwire cascades),
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about 30–100 ns later after onset of running current, one observes load voltage drop associated with
wire resistivity drop [9]. In this case, EWE is usually accompanied by appearance of a shunt discharge
along the surface of the wire even before complete solid-gas transition of the matter [10]. Experiments
[11–13] have shown that explosion of thin wires in vacuum results in a dense vapor-liquid core and a
low-density plasma corona, at that, the core represents a foam-like structure with a characteristic size
of inhomogeneities of several tens of microns.

In this work, the mechanisms of superheated metal disintegration was investigated by means of elec-
trical explosion of aluminum foils, i.e., for a wire with an essentially different configuration of magnetic
and electric fields than that for thin conductors. To find the regularities of the bubble disintegration of a
melt, we carried out experimental and theoretical investigations of phase transitions in exploding wires
at characteristic times of metastable-state transition of about 200 ns.

2. EXPERIMENTAL INVESTIGATION OF ALUMINUN FOIL EXPLOSION

The experiments on investigating the electrical explosion of aluminum foils were carried out on an
experimental setup consisting of two current generators, the scheme of the experiments is shown in
Fig. 1. In the experiments, one of the generators (WEG-1 [12]) provided explosion of foils, while the
other (XPG-1 radiograph [14]) was used for diagnostics. The spatial image of the exploding wire was
obtained using a point source of soft x-ray radiation (an x-pinch) formed in the load unit of the XPG-1
generator. Each generator was triggered from an exterior power supply by means of switches S1 and
S2 (Fig. 1). The delay between the operations of the generators was set using a GI-1 trigger pulse
generator; the operation jitter was 50 ns for the XPG-1 and WEG-1 generators.

Figure 1 also shows two types of x-ray diagnostics: a vacuum x-ray diode (XRD) to detect x-pinch
radiation (left) and x-ray photography of the exploded foil image (right). Electrophysical characteristics
of the exploded foil were determined using an active high-resistance divider that measured voltage across
a circuit section with the foil and the inductive B-dot probe to measure the current derivative. The active
high-resistance divider measured voltage only across the circuit section with the foil. The inductance
of this section is 270 nH. For calculating the energy contribution to the exploded wire, the inductive
component was subtracted from the voltage waveforms. The inductive B-dot probe was placed near the
grounded electrode. The B-dot probe was calibrated by means of a calibrated shunt. Parameters of the
entire circuit of the WEG-1 current generator were determined by current and voltage waveforms taken
in the short-circuit mode. The circuit inductance estimated by the oscillation period is L1 = 1163 nH,
and the circuit resistance determined by the rate of current amplitude damping is 0.36 Ohm. The tested
foil was fastened in a special holder with its contacts to the electrodes being soldered. The chamber was
depressurized by a turbomolecular pump to a pressure under 6 · 10−5 Torr.

Fig. 1. A circuit of simultaneous usage of the WEG-1 current generator and the XPG-1 radiograph.
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Fig. 2. Waveforms of XPG-1 generator current in the mode of loading in the form of an x-pinch and a signal of vacuum
x-ray diode.

The XPG-1 x-ray radiograph is based on a current generator consisting of four capacitor-switch
assemblies with a capacity of 0.25 μF each. The charge voltage was 43 kV. The generator current to the
x-pinch load (four tungsten wires 13 μm in diameter) was about 200 kA (see Fig. 2). The distinctive
feature of the x-pinch is that as the current flows, at the intersection of tungsten wires an x-ray source
is formed, it has micrometer dimensions and its flash time is about 1–2 ns. The use of such a point x-ray
source makes it possible to spatially resolve a fine structure of small objects rapidly varying in time.

The image of an exploding wire was recorded on a Mikrat-500 film. To determine the radiation range,
in some experiments the image was recorded with two sequential layers of a Mikrat-500 film. The first
layer of the film can transmit radiation with energy above 1.7 keV. The experiment has shown that
practically no image was seen on the second film. Since a filter of 0.4 μm aluminum and 4 μm Kimfoil
was placed in front of the photofilm, then the radiation energy could not be lower than 0.7 keV. Based on
these facts we can conclude that all images were obtained using radiation in the range of 0.7–1.7 keV.
For determining the spatial dimensions of the exploding wire, the test object with known dimensions
was placed nearby the foil.

Aluminum foils used in the experiment had an equal length of 20 ± 0.5 mm, thickness of 7.8 μm,
and width of 1 mm. The maximum voltage across the foil was 6–8 kV, it was reached 240–300 ns later
after the beginning of current pulse. By that moment, an energy of 3.5–4.5 kJ/g was input to the foil,
which corresponds to 40–50% of aluminum sublimation energy, at that, the temperature of the metal
was 0.3–0.4 eV. During this time, a low-density “coat” is formed around the wire, it consists of gas
desorbed from the metal surface and of vapor of the metal, whose conductivity rapidly grows. As a result
of growing conductivity of the low-density coat the generator current is switched to it and the voltage
drop across the circuit section with the foil rapidly decreases (see Fig. 3). After current switching to
low-density layers, the coat begins to spread with a velocity of (0.2–1)·107 cm/s [15] and the energy
contribution to the core material (to metal) stops. The current flowing through the foil at the moment
close to onset of shunt breakdown ranges within ∼ 4 kA. After switching the current from the foil to
the low-density coat the magnetic pressure on its surface abruptly decreases, and the foil substance is
expanded and falls in the region of metastable state—“superheated liquid” (Fig. 4).

Figure 5 represents a typical image of the exploding foil. The figure shows that during the explosion,
there occurs development of screw magnetohydrodynamic instability, (MHD instability) at the foil
boundary. It grows under the action of pressure of magnetic field proportional to its squared inductance,
which, in this geometry, at the edge of the foil is approximately twice as much as that in the center. The
size of the boundary regions in which the MHD instability is developed is equal to the characteristic size
of magnetic field inhomogeneity. Moreover, the magnetic field topology is such that in the center of the
foil, moving away from its surface, the magnetic field remains constant, whereas at the edge it decreases
inversely with the distance from the foil. This also leads to predominant growth of MHD instability
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Fig. 3. Waveforms of current through the exploded wire, voltage across the circuit section with the exploded foil, and
specific number of bubbles versus time.

Fig. 4. Phase trajectory of metal during explosion.

exactly at the foil edge. In the center of the foil, instabilities do not appear and the incipience of boiling is
caused by disintegration of the superheated metastable metal.

Using the obtained images, we calculated the number of bubbles (typical sizes of the bubbles are in
the range from 5 to 15 μm in diameter), which are formed on the foil at the moment of its explosion,
depending on the time of recording. For this purpose, in the center of the foil we chose a square, whose
sizes are two times smaller as a minimum than the foil width, on which the bubbles are most clearly seen.
Then the number of counted bubbles was normalized to 1 mm2. Figure 3 shows the number of bubbles
versus recording time, counted from the onset of current flow through the foil. As the figure shows, the
time of boiling incipience (disintegration) of metastable liquid does not coincide with that of development
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Fig. 5. Typical images of exploding aluminum foil.

of shunt breakdown (the time of voltage collapse). There is a delay of about 100 ns between these times.
This delay can be interpreted as an upper time limit of metastable state disintegration.

Thus, in the experiments on foil explosion, at energy densities of 3.5–4.5 kJ/cm, a mode of volume
boiling caused by disintegration of superheated metastable metal melt is realized. For aluminum, for
internal energy values of 3.5–4.5 kJ/g (energy input to the foil) the calculated upper time limit of
metastable state disintegration is under 100 ns.

3. MAGNETOHYDRODYNAMIC CALCULATION OF SUPERHEATED
MELT DISINTEGRATION

We will consider disintegration of a superheated melt where nuclei appear at the first stage and grow
to visible sizes at the second stage. The time of bubble incipience during electrical explosion of foil can
be described by the following expression [1]:

τb ≈ τ ′ + τp, (1)

where τ ′ = (JV )−1 is the characteristic viable nucleus waiting time, J is the fluctuation nucleation
velocity, V is the liquid volume, τp ≈ d

2vs
is the time of saturation removal from superheated liquid

(nucleus growth time), d is the foil thickness, and vs is the nuclei growth rate.
In the model of homogeneous nucleation, the nucleation velocity is determined by the Gibbs number

specified by the critical nucleation work Wcr [1]:

J = NB exp(−G), (2)

where G = Wcr/kT is the Gibbs number, N and T are the molecule concentration and the liquid
temperature, and B is the preexponential factor defined by the following expression [1]:

B =

√
2σ
πm

exp
(
− l

kT

)
, (3)

where σ is the surface tension coefficient, m is mass of a liquid molecule, and l is evaporation heat per
molecule (for aluminum l = 3 eV).

The critical nucleation work can be expressed via the vapor pressure in the nucleus, pv, which in
equilibrium state is equal to the saturated vapor pressure pS, and the pressure in the melt pL:

Wcr =
16πσ3

3Δp2
, (4)

where Δp = pv − pL ≈ pS − pL. In the equilibrium case, Wcr can also be expressed via the critical
nucleus radius rcr:

Wcr =
4π
3

σr2
cr. (5)
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Nuclei with their radius smaller than the critical one r < rcr collapse, whereas those with their radius
r > rcr grow.

Expression (4) involves the pressure in the melt, which considerably governs the properties of bubble
collapse at high velocities of substance transition to metastable state. For estimating it in the scope of
the one-temperature MHD approach, using the one dimensional EXWIRE program [16, electrical foil
explosion was modeled. In the case of planar geometry, in which the substance parameters vary along
the x axis, the current is directed along the z axis, while the magnetic field is directed along the y axis,
the MHD equations have the following form:

dρ

dt
+ ρ

∂v

∂x
= 0; (6)

ρ
dv

dt
= −∂p

∂x
− 1

c
jzBϕ; (7)

ρ
dε

dt
= −p

∂v

∂x
+

j2
z

δ
+

∂

∂x
(κ

∂T

∂x
); (8)

1
c

∂By

∂t
=

∂Ez

∂x
; jz =

c

4π
∂Bz

∂x
; (9)

jz = δEz ; (10)

ε = f(ρ, T ); p = f(ρ, T ), (11)

where d
dt = ∂

∂t + v ∂
∂x is the substantial derivative; ρ and T are density and temperature of the substance,

respectively; v is the radial velocity component; p and ε are pressure and internal energy, respectively;
By is the y-component of magnetic field intensity; Ez is the axial component of electric field intensity;
jz is the axial component of current density; and κ and δ are the thermal conductivity coefficient and the
conductance, respectively.

The system of MHD equations (6)–(10) is closed by equations of state of the substance (11). The
calculations were performed using the wide-range semiempirical equation of state [17], which takes into
account the high-temperature melting effects and the metastable states in liquid and gas parts of the
phase diagram. The aluminum electrical conductivity was determined by tables [18] composed by M.
Desjarlais (National Laboratory, Sandia, USA) using the model [19], which was modified with regard to
the experimental data.

While modeling, simultaneously with the system of Eqs. (6)–(11) we solved differential equations
for the LC-circuit. The circuit parameters corresponded to those of the WEG-1 circuit: L = 1163 nH,
C = 70 nF, R = 0.36 Ohm, and charging voltage U0 = 25 kV. In order to simulate the onset of a
shunt discharge, a resistor was connected in the electric circuit, in parallel to the exploded foil. Upon
reaching a 4-kV voltage across the foil (time t0), the time dependence of this resistance had the form
R(t) = R0 exp{−(t − t0)/τ0}, where R0 = 1 kOhm and τ0 = 10 ns. This description of the process is
most exactly approached to the experimentally observed drop of foil resistance at the stage of shunt
breakdown.

The results of modeling are represented in Figs. 6–8. Figure 6 shows the calculated current and
voltage waveforms. Figures 7 and 8 represent time dependences of the thermodynamic parameters in the
center of the foil: density and temperature (Fig. 7); pressure (Fig. 8). The figures show that after melting,
powerful transverse pressure oscillations appear in the foil, their period is about T ≈ csd, where cs is the
sound velocity in the melt and d is the foil thickness. The calculated pressure oscillations are typical
for electrical foil explosion and were earlier described in [20]. For a thin layer of aluminum melt with a
thickness of 7.8 microns the oscillation period is about 5 ns. During these fluctuations of parameters, the
substance sequentially goes into the region of metastable states with a negative pressure and leaves it.
In the calculations, the oscillation amplitude of gas-kinetic pressure is much greater than the value
of magnetic pressure, which does not exceed 40 atm in a maximum. After appearance of the shunt
breakdown, the oscillations remain and the melt is in a superheated state in the vicinity of the binodal
determined for an average liquid pressure.
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Fig. 6. Calculated waveforms of current and voltage. Curve 1—voltage drop across the circuit section with the exploded
foil, 2—generator current, 3—current through the foil.

Fig. 7. Time dependences of temperature (curve 1) and density (curve 2) in the center of the foil.

The spatial distribution of the thermodynamic parameters during oscillations, when the energy
contribution to the substance has practically finished, is shown in Fig. 9. In the figure, the origin of
coordinates (x = 0) corresponds to the center of the foil. Figure 9a shows a distribution of thermody-
namic parameters of the metal at a time of 227 ns, when the pressure is negative and the substance was
in the metastable region. Figure 9b shows a distribution of the parameters at a time of 285 ns, when the
pressure is positive and the substance leaves the region of metastable states.

The density and temperature in Fig. 9 are sufficiently uniform in thickness of the foil, whereas
the absolute pressure value is maximum in the center and decreases to zero at the periphery. The
thermodynamic parameters of the metal, obtained in the calculations are the following: input energy—
4 kJ/g, density of about 1.86g/cm3 temperature—3000 to 3050 K◦, and saturated vapor pressure
pS ≈ 4 atm.
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Fig. 8. Time dependence of pressure in the center of the foil.

Fig. 9. Spatial dependences of thermodynamic parameters of metal: of temperature (curve 1), density (curve 2), and
pressure (curve 3).

For estimating the critical nucleation work, with the known value of nucleation velocity, it is neces-
sary to know the surface tension coefficient, which, in the general case, is a function of thermodynamic
metal parameters and surface curvature. For a plane surface, the surface tension coefficient can be
calculated by the Guggenheim formula [21]:

σ = σ0

(
1 − T

Tcr

)n

,

where Tcr is temperature at the critical point (for Al, it is 7770 K◦ [17]), n = 1.21, and σ0 = 990 erg/cm2

[22]. The estimates by the Guggenheim formula show that for a plane surface at 3000 K◦ the surface
tension coefficient is σ ≈ 610 erg/cm2. The measured nucleation velocity J ≈ 2

τbV ≈ 2 · 1014 cm−3 · s−1

yields the following estimate for the critical nucleation work Wcr ≈ 9.5 eV. The factor 2 was taken due
to the fact that the liquid is in the metastable state only half the time.

Substituting the obtained value of Wcr into (4) yields the pressure value Δp = 13 kbar that corre-
sponds to the measured nucleation velocity. This value exceeds a maximum possible calculation pressure
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value of 2.2 kbar nearly by one order of magnitude (see Fig. 8). Let us discuss a possible reason of
this discrepancy. It is known that for small curvature radii r the value of the surface tension coefficient
decreases and at r → 0, there is a linear relation: σ ∼ const · r [1]. Having known values of J and Δp,
from simultaneous solution of Eqs. (3) and (4) it is possible to obtain values of Wcr and σ. However, in
our case, Δp is a variable and we know only boundaries of its variation. Choosing Δpup = 1 kbar as the
upper boundary and Δpun = 4 bar as the lower boundary, which corresponds to the pressure of saturated
vapor of the melt, we obtain the following values: in the first case, W up

cr = 9.2 eV and σup = 95 erg/cm2;
in the second case, W un

cr = 8.7 eV and σun = 2.5 erg/cm2. It is seen that the critical nucleation work in
these two limiting cases differs insignificantly, approximately by 5%. The difference in the surface tension
coefficient is more substantial, but in any case its value is much smaller than for the plane surface.

Expression (5) makes it possible to estimate the critical nucleus radius. In the two limiting cases, it
is rup

cr = 1.9 · 10−7 cm and run
cr = 1.2 · 10−6 cm, respectively. Note, the estimates of the critical nucleus

radius by (5) are valid only if the surface tension coefficient does not depend on the surface curvature
radius. If the surface tension coefficient decreases with the curvature radius, then the critical nucleus
radius is larger than the value determined by (5).

Let us discuss how the obtained results of the work agree with the homogeneous nucleation theory.
In this theory, the most important information on the metastable phase stability and the spontaneous
nucleation velocity is contained in the Gibbs number G = Wcr

kT . The Gibbs number is a ratio of activation
barrier height to average energy of thermal motion, and kT is the natural measure of perturbation. It has
been shown in the homogeneous nucleation theory [1] that for different liquids, regardless of pressure,
equal Gibbs numbers correspond to nearly equal nucleation velocities J , i.e., the following approximate
equality is fulfilled: ln J ≈ A − G, where A is a constant. In [1], the value of this constant is A ≈ 71, it
was determined in a wide range of nucleation velocities from 10−5 to 1013 cm−3 · s−1. In our case, at
J ≈ 2 · 1014 cm−3 · s−1, Wcr = 9 ± 0.3 eV, and T = 3000 K, the value of the constant is A ≈ 68 ± 1.
The discrepancy in the value of the constant is probably a result of large values of the evaporation
heat and the surface tension, which are characteristic for melts of metals compared to liquids whose
boiling temperature under normal conditions is comparable with room temperature [1], or, which is more
probable, the overestimated temperature value obtained in the MHD calculation.

The size of a critical nucleus in a liquid metal is comparable with that of a critical nucleus, rcr, in
liquids whose boiling temperature under normal conditions is comparable with room temperature [1], its
magnitude is several nanometers. In such liquids, the value of a surface tension coefficient for a critical
nucleus differs from that for a plane surface by no more than 2% [1]. Concerning liquid metals, this
difference will probably be more significant.

It is known [23] that the nucleus growth rate at the initial stage is defined by the Rayleigh equation
and depends on the ratio of the difference of the pressure of the saturated vapor and the surrounding
liquid to liquid density. Calculation of the bubble growth rate by the Rayleigh equation for the aluminum
melt yields a value of 205 m/s. Using this value of the bubble growth rate, we obtain that the time from
bubble incipience to the moment when its sizes become of the order of foil thickness is 38 ns, which is
smaller than the observed time delay of boiling incipience relative to the onset of development of shunt
breakdown. This evidences importance of the consideration of thermal processes and melt viscosity in
calculation of the bubble growth rate.

4. CONCLUSIONS
In the course of the experiments on electrical explosion of aluminum foils and the MHD calculation,

we have obtained that the cause of bubble disintegration of a metal is appearance of powerful pressure
oscillations in the center of the melt, which lead to outgo of the melt, at negative pressure, into the
region of maximum permissible superheat. The upper time limit of superheated metal disintegration has
been found. For aluminum, when the values of energy imparted to the wire are 3.5–4.5 kJ/g, the time
of metastable state disintegration is under 100 ns. For these conditions the calculated nucleation rate
exceeds 1014 cm−3 · s−1 and the critical nucleation energy is 9 ± 0.3 eV.
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