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Abstract. The article gives a description of the history of the development of research
of electric explosion of metal conductors, the authors offer a modern view on the
physics of the process of electric explosion. The result of such an explosion can be,
in particular, the production of nanopowders, which today have found the widest
application in industry, agriculture, medicine, and so on.
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1. Introduction

An electric explosion of metal conductors is usually understood to mean the
explosive destruction of a conductor with a powerful current impulse passing
through it. When a metal conductor is rapidly heated to a temperature above
the boiling point, a metal-liquid-vapor phase transition is observed, a dense
metal plasma is formed and further formation of small particles, while the
explosion products expand and cool. The products of the explosion flying
away at high speed quickly cool down, a fine powder is formed. Having created
suitable initial conditions for this experiment, particularly, nanopowders are
possible to obtain.

Today, nanopowders are widely used as raw materials for the production
of ceramic, magnetic, and composite materials, as well as in the production
of superconductors solar cells, lubricant add1t1ves and so on. The use of
nanopowders in industry is also very extensive. These are diffusion welding
technologies, the creation of protective and anti-friction coatings and the
restoration of worn parts of mechanisms. Also, the intensity of the use
of nanopowders in agriculture and the environmental protection industry
increases annually in the extraction and processing of minerals, in water
treatment, in cosmetology and medicine.

This phenomenon is accompanied by current interruption and generation
of high-voltage pulses. In addition, the formation of high power shock waves,
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the flow of chemical reactions and the formation of bright flashes of light is
possible. Due to the fact that an electric explosion is realized under very
different conditions (by energy level, by type of metal, by environment, by
final result), the resulting effects are also very diverse. All this contributes
to a detailed study of the present phenomenon — here, the study of thermo-
physical properties of metals at high temperatures. An electric explosion of
high-temperature plasma can be used as a source in studies of controlled ther-
monuclear fusion [1, 2|, in studies generation of powerful soft X-ray pulses as
well as in works on the creation of light sources. In addition, the explosion of
wires is used in breakers, fuses in various electrophysical installations.

In connection with the above, more accurate knowledge of the mechanisms
of the electrical explosion of metallic conductors is extremely important
today. We want to consider the history of the development of this issue and
formulate our thoughts on the mechanism of the explosion of conductors to
better understand this process.

2. Background

The first theoretical publications on the explosion of conductors date back
to the second half of the 18th century. One of the founders of experiments
was Michael Faraday in the middle of the 19th century. When a Leyden jar
was discharged through a gold wire on the inner walls of the flask, he received
a thin metal film. But by the middle of the 20th century the number of
publications on the explosion of conductors exceeded 800. It becomes obvious
that the electrical explosion of conductors belongs to a poorly studied area of
the interaction of metals with electric and magnetic fields. For example, the
electrical conductivity of metals has been well studied only in the condensed
state and in the ideal state plasma at a temperature of the order of 10* K.
And such states as the vicinity of the critical point are still the subject of
research.

In connection with the foregoing, the study of the mechanism for the
realization of an electric explosion of metallic conductors seems to us extremely
important.

Nanopowders can be obtained by electrical explosion of a conductor by
passing through it a powerful current pulse with a duration of about 1 mi-
crosecond and a density from 10* to 10° A/mm?. Such impulse heating of
the metal can be carried out by discharging a charged capacitor through
a thin wire. A wire with a diameter of 0.1 to 1.0 mm is used for this pur-
pose. An electric explosion is accompanied by the generation of shock waves
and creates the possibility of rapid heating of metals at a rate of more than
10% + 10'° K/sec to high temperatures T > 102 K. At the initial stage of the
electric explosion, the heating of the conductor is accompanied by its linear
expansion at speed of about 2 m/sec. At the explosion stage, the metal over-
heats above the melting temperature as a result of the passage of a current
pulse, the substance expands at a rate of up to 5- 10% m/sec. The pressure

and temperature of the shock wave front reaches 10% Pa [3]. As a result of
condensation with the rapid expansion of steam, small particles are formed.
Thus, by changing the explosion conditions, it is possible to obtain powders
with particle sizes from 100 pm to 50 nm [4]. And by means of an electric
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explosion in an inert atmosphere, it is possible to obtain powders of metals
and alloys (oxides, nitrides and metal carbides) and fine powders of oxides,
nitrides, carbides or mixtures thereof by introducing additional reagents into
the reactor (air, a mixture of oxygen and an inert gas, nitrogen, distilled
water, paraffin, technical oil). There are known cases of obtaining copper
powders by electric explosion in an inert gas at a pressure of 200 Pa with
a size of about 20 nm and aluminum powders with an average particle size of
about 50 nm. Anderson in his paper [5] photographed line spectra and es-
timated the temperature of such a plasma T = 2 - 10* K, which is close to
the temperature of stellar atmospheres. There are also known attempts to
use this plasma in experiments on the problem of controlled thermonuclear
fusion [6].

According to the experimentally obtained data, the powders obtained by
the explosion of an electric wire have a large excess energy. So, aluminum
powders with an average particle size of 500 to 800 nm have an excess energy
of up to 200 kJ/mole and silver powders with an average particle size of
about 120 nm have an excess energy of up to 80 kJ/mole, which is several
times more than the melting heat of a massive substance. We believe that
excess energy cannot be caused only by surface energy. It is believed that the
excess energy of fine powders obtained by electric explosion is stored in the
form of surface energy, internal defects and charge. The size distribution of
the powder particles lies in the range from 10 to 500 nm. The particles of
metal powders obtained by electroexplosion are spherical, while the particles
of nitride powders have a cut. It is worth mentioning that interest in this
described phenomenon is also due to the use of “exploding wires” to obtain
a dense high-temperature plasma. The first author to obtain synchronous
oscillograms of current and voltage during the discharge of a charged capacitor
through a copper conductor was Vrana [7], who discovered that the current
in the conductor stops during discharge at current density of more than
10 A/sm?® and after a while resumes, creating a secondary pulse lasting
almost until the capacitor is completely discharged (figure 1). The conductor
material was found lately to be in the plasma state during the period of the
secondary current pulse.

Purposeful studies of the thermophysical properties of metals by the method
of electric explosion of conductors were laid down by the work of Soviet
scientists. For example, in the works of Lebedev 8] molybdenum, tungsten,
nickel and platinum conductors with a diameter of 0.05-0.10 mm were blown
up by current pulses with a density of more than 10° A /sm?2. Characteristic
points t,, 4, t5, t, were fixed on the oscillograms of current and voltage on
the conductor (figure 1). To clarify the physical nature of the points ¢; and
t,, experiments were carried out with forced switching off of the current at
a given time. With the current turned off at time ¢, the conductor remained
in a solid state; with turned off at time ¢, is it falls apart into separate drops.
This proves that the moments ¢, and ¢, correspond to the beginning and
end of the melting of the sample. On the oscillograms for molybdenum and
platinum, the energy introduced into the metal is calculated over the time
(ty —t1). The metal goes into an anomalous state after the moment ¢5, when
the stress on the sample rises sharply. The resistance of liquid conductors
made of tungsten, platinum, molybdenum and nickel turned out to be weakly
dependent on the energy introduced into them in the range from ¢, to t5.



78 DCM&ACS. 2023, 31 (1) 75-86

TS G

Figure 1. The oscillogram of the current I and voltage U on the conductor in case
of an electrical explosion of a copper conductor

During the explosion of refractory metals in air in the range from ¢, to ts,
a violation of the oscillograms is observed. This is due to the development of
a gas discharge in air along the surface of the sample and leads to heating of
the metals. There are various mechanisms of destruction of the conductor:
breaks, disintegration into drops, destruction with the formation constrictions,
uniform expansion of the liquid conductor in the initial stage of its explosion
and subsequent formation of a transverse layered structure were found to be
possible by using the method of obtaining single photographs of a conductor
being heated by a current pulse.

In Kvartskhava’s experiments 9] the energy being introduced into a copper
conductor during the first current pulse was measured. This energy in the case
of microsecond pulses appeared to increase with increasing current density
and can exceed the heat of metal evaporation. The resistance of the conductor
after t5 for the energy given decreases with the current density increasing. In
the research of Kulgavchuk and Novoskoltseva X-ray images of an exploding
copper synchronized with current and voltage oscillograms conductor were
obtained.

The conductor was found to expand after the point t; in the case of
microsecond current pulses remaining intact. Its stratification into transverse
layers begins in the vicinity of the point t,, after the density of copper in
a solid conductor becomes equal to p = 4.1 g/sm?, i.e. in similar works by
foreign authors [10-13] the main attention is paid study of the process of
electric explosion and shock waves. The shock wave begins to develop after
the moment ¢4 (figure 1), so the point ¢ can be considered the starting point
of the electrical explosion. Peregud [14] studied the development process of
magnetohydrodynamic and electrothermal instabilities of the shape of a metal
conductor being heated by a current pulse. They also detected luminescent
radiation of metals (figure 1) emitted by a liquid conductor being destroyed
at the end of the first current pulse.
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3. Mechanism of electrical explosion of conductors

To heat the conductor to the starting point of the electric explosion of the
conductor (point ¢5 on figure 1) without destroying the subsequent explosive
boiling of the metal it is necessary to satisfy three basic conditions.

1. The heating of the conductor must be continuous, which requires the
aperiodicity of the discharge of the capacitor. This means that the
average resistance of the conductor during the heating process must
satisfy the condition:

where L, C' are inductance and capacitance of the capacitor. If we assume
that the resistance R of a liquid conductor at melting temperature
R, = pyl/s, then it follows from condition (1) that the ratio of the
conductor length [ to its cross section s :

I 2 (L\:
->= (=), 2
s P2<C) )

where p, is the resistivity of the liquid metal at the melting point.

2. The second condition is such that when heated, the conductor should not
be destroyed under the influence of MHD perturbations of its shape and
evaporation from its surface. To do this, it must be heated, observing
the conditions:

™ DC, 4p ’

€= €

where p, D,C,, are the average values of the resistivity, density and
specific heat capacity of a liquid metal in the temperature range from 75,
to T5. This velocity is related to the time ¢; of heating the conductor to
the point T3, for which the condition must be met:

T3 _ TO

t3 S lgm = c

(4)

m

where €, is the greater of the values ¢,,, T, = 300 K is the initial
temperature of the conductor.

Let the point T be reached at time ¢,,, of maximum current in the circuit.
If the discharge occurs in a way close to critical, then t; = ¢, = 2L/R.
Substituting in this expression instead of R the resistance of the conductor
at the melting point, from (3) the second condition is obtained:

b2 Le, (5)
s pp T3—Ty

3. The third condition is the sufficiency of energy charged capacitor. If this
energy is sufficient not only to heat the conductor to a temperature
of T, but also to overheat it to a temperature of 7, then its intense
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explosive boiling will occur. But will arise in constrictions in which the
electrothermal instability develops after the point 7;. Assuming that at
the point T, the specific energy of the metal is w,, then

0,5-C-UZ > w,m, (6)

where U, is the initial voltage on the capacitor; m is the mass of the
conductor.

Thus, the conditions (2), (5), (6) are well satisfied for conductors whose
[/s ratio is large enough, provided that the discharge circuits have a low
inductance and a high initial voltage across capacitor. Such conditions are
easier to fulfill for metals with bigger resistivity.

The table 1 presents the results of calculating the minimum current density
and the heating rate of the conductor according to the formula (3), as well as
the maximum heating time ¢4, of a liquid conductor from the point 7}, to
the point T for different metals, when calculating T = 0.80 - T, is accepted.

Table 1
Boundary conditions for the parameters of pulsed heating of metals taking into account
evaporation from the surface of the conductors

W | Mo | Pt | Cu | Pb | Cs | Hg
iy - 1070 A/sm? | 2.30 | 3.12 | 3.39 | 7.47 | 1.68 | 1.63 | 3.74
Em - 1078 [ K/sec | 4.10 | 5.22 | 3.53 | 5.93 | 2.80 | 8.67 | 10.2

tosm, 1Sec 20.7 | 11.9 | 12.5 | 5.52 | 11.0 | 1.53 | 1.09

4. Out-spinodal electrical explosion and spinodal decay
unstable liquid metal phase

In figure 2 a diagram of the states of titanium in the liquid-vapor phase
transition region is presented. On it, C is the critical point calculated by the
equation (1); for this point, according to [15], T.. = 9040 K, p. = 156 MPa,
V, = 71.1 sm?/mole. The binodal bC' is determined by extrapolating the
temperature dependence of the saturated vapor pressure from the normal
boiling point T,, p, to the critical point T, p.; it is calculated by the formula

m2_p_4 (7)
P2 T

in which the constants A and B are equal:

— In (pc/p2> B = é
1T, —1/T,’ T,

For titanium A = 4.34-10* K, B = 12.14.



N.Y. Kravchenko, S.S. Kovtunov, Studying the mechanism of electric ... 81

P, MPa

50

0 i 1 1 s ll ...' 1 i 1
7000 7500 I8O 0, 8500 9000
I / T.K

T, J2 I,

Figure 2. The diagram of the states of titanium in the liquid-vapor phase transition area

Spinodal sC of the liquid phase in figure 2 is crosses the temperature axis at
the point T ,_, = 8330 K, then it enters the field of negative pressures [16].

The area of the metastable liquid (superheated or stretched liquid) lies
between the binodal and the spinodal. In the area of positive pressures, the
spinodal determines the boundary of the thermodynamic stability of the
liquid. In the area of negative pressures [17|, the spinodal determines the
tensile strength of the liquid.

The appearance of an overheated liquid metal near the spinodal was ex-
perimentally proved when metal conductors are heated by a microsecond
current pulse. In this case, the metal evaporates both through the surface
of the conductor and through the surface of the vapor nuclei that appear on
the finished centers. However, such evaporation is insignificant and therefore
the conductor remains in the liquid state until the spinodal is reached. The
calculation shows [18] that the minimum heating rate of various metals to
near-spinodal states is equal to (3+10) - 108 K/sec, which corresponds to the
density of the heating current (2 +8)-10° A/sm?® and the heating time of the
liquid 1+10 usec. With pulsed heating of the conductor at atmospheric pres-
sure the heating line is located below the binodal line bc¢ in figure 2, since the
reactive pressure of the scattering vapor acts on the surface of the conductor
p = 0.55p, [18]. Overheating of a thermodynamically stable liquid above the
spinodal point is impossible, since when approaching this point, an explosive
boiling mechanism is activated, caused by a high frequency of homogeneous
nucleation of vapor nuclei.

Figure 2 shows lines for three different frequencies of homogeneous nucle-
ation of vapor nuclei in superheated liquid titanium [19]:

Jy=1sm 3 .sec’t, J,=102"sm 3 sec”!, J3=10%sm 3 sec!.

The values required for calculations p;, p,, o are determined by empirical
formulas for the thermodynamic properties of liquid metals near the critical
point [20]. The frequency of homogeneous nucleation is shown by calculations
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to increase by 28 orders of magnitude when approaching the spinodal along the
heating line at p = 0.55p, in the temperature range AT = 230 K = 0.025T.,.
This ensures explosive effervescence of superheated liquid metal without
reaching a spinodal phase explosion. Thus, explosive boiling up is the main
factor determining the electrical explosion of conductors when heated by
a microsecond current pulse.

Thus, if during pulsed heating of a liquid, its heating time satisfies the
condition At, < €, then it becomes possible to enter the region of an unstable
phase (behind the spinodal), while the thermodynamic stability coefficients
are negative. The elasticity and heat capacity of such a phase will also be
negative. The surface tension of the unstable liquid phase is zero 21|, which
limits the formation of vapor nuclei. These features determine the nature
of the decay of the unstable phase, known as spinodal decay [22]. With the
subsequent development of the described process, a continuous formation of an
heterogeneous structure occurs, consisting of small contracting and expanding
regions without phase boundaries between them. It is believed that the speed
of a spinodal decay is determined by heat exchange between the described
areas. Since the heat capacity of the unstable phase is negative, its thermal
conductivity is a = \/p - C, also negative (A is the thermal conductivity

coefficient). The temperature differences arising in the locally unstable phase
increase exponentially until the system leaves the zone of instability. The
process of spinodal decomposition is replaced by the formation and growth of
nuclei of a new phase.

The possibility of realizing unstable states of liquid metals is evidenced by
experiments with an “anomalous” electric explosion of conductors at a heating
rate more than 5 - 10! K /sec and heating time to the peak voltage point
ty < 0.1 psec.

Under these conditions, the heating time of the liquid metal Atg in the
vicinity of the spinodal will be less than the time development of the process
of homogeneous nucleation of vapor nuclei, which determines the possibility
of reaching spinodal |23]. The energy was shown to be W, introduced into
the metal with this heating mode by the time t, is several times higher than
the heat of its evaporation A,, at the normal boiling point. For example,
with an abnormal explosion of gold conductors at a current density of i =
3.3-10% A/sm? the ratio of W, /A,, = 10. At the same time the volume of
metal is shown by method of high-speed photography to exceed the initial
volume by no more than 4 times in the vicinity of the point t,. A large
energy density was shown by these experiments that are carried out in an
unstable liquid phase for a short time (several nanoseconds). This ensures
high attenuation intensity and high local temperatures at individual points.

The existence of such local “hot spots” during the electrical explosion of
conductors is confirmed by the release of multiply charged ions from the
explosion zone; for example, charge states of atoms were found: Cut?”", A¢g*37,
Au*™l. In [24] during an out-spinodal explosion of aluminum, the release
of X-ray quantum with the energy 1-20 keV was detected. The output of
short-wave X-ray quantum with a wavelength 0.15-+0.28 nm during an electric
explosion of titanium and iron was also detected in the work [25]. The rate
of expansion of a substance during an out-spinodal electric explosion can be

estimated using the formula [26]:
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1/2
v=2- < 1 > 3 (8)
v—1

where v is adiabatic index; w, is excess specific energy introduced into the
metal during its overheating from the normal boiling point to the point ¢,
(figure 1). With v = 1.2 [26] and the values of w, obtained in experiments
with an “anomalous” electric explosion of conductors made of copper, silver,
gold and tin [18], v = (15 — 20) km/sec. The so-called “anomalous” electric
explosion is of great interest. At a sufficiently high heating rate, energy,
being several times higher than the heat metals sublimation, enters the metal.
In the process of such an “anomalous” electrical explosion, an emission of
X-rays and multiply charged ions was detected. X-ray radiation ejected from
an exploding conductor during its expansion in 10 nsec was showed by the
photographs and observed with a high-speed video camera. This is explained
as follows. In the process of spinodal decomposition of the liquid metal phase,
regions with local elevation points appear. This leads to thermal excitation
of atoms and electronic transitions generating X-ray quantum.

5. Conclusions

To summarize, we analyzed the literature on the history of the formation
and development of studies of the explosion of metal conductors and offered
an understanding of the mechanism of this process.
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I/I3yquI/Ie MeXaHnu3Ma 3JIEKTPHNUYI€CKOI'0O B3pPbIBa
MeTaJIJINYeCKUX IIPOBOJHMUKOB

H. FO. KpaBuenko, C. C. KoBTyHOB

Poccutickuti ynusepcumem dpyorcov, Hapodos,
ya. Muxayxo-Maxaasn, 0. 6, Mockea, 117198, Poccus

AnnoTranusa. B craTrhbe mpecTaBiieHO ONMCAHNE UCTOPUN PA3BUTHUS UCCJIEIOBAHUI
9JICKTPOB3PbIBA METAJJIMNYCCKUX IIPOBOAHUKOB, IIPEJIO?KEH COBPEMEHHBII B3IJIA,
Ha (PU3KWKY IMIPOIEcca JIEKTPOB3PbIBa. Pe3y/ibraroM TaKoro B3pbIBA MOYKET CTaTh,
B 9aCTHOCTH, IIPOU3BOCTBO HAHOIIOPOUIKOB, KOTOPbIE CErO/Hs HAllJIX CaMOe [IUPOKOe
IIPUMEHEHUEe B IPOMBIIIJIEHHOCTH, CEJIbCKOM X034MCTBe, MeJIMIIMHE U TaK JaJiee.

KiroueBbie ciioBa: 3JICKTPUYECKUN B3PBIB ITPOBOHUKOB, (PU3WKA B3PhIBa, B3PbIBa-
IOIIKeCs IIPOBO/IA, HAHOIIOPOIIKU



