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Abstract

The development of the method of electric explosion of wires and research results concerning preparation of
nanopowders by this method has been reviewed. The method is highly productive (up to 200 g/h), provides powders
with an average particle size of 20–100 nm, and requires an energy consumption of about 25 kWh/kg. Several
characteristics of the nanopowders will be given and their applications will be exemplified too.

Introduction

The phenomenon of electric explosion of wires
(EEW) reduces to the following. When a high-density
(104–106 A/mm2) current pulse, which is usually pro-
duced by the discharge of a capacitor bank, passes
through a wire, the density of the energy in the wire
may considerably exceed the binding energy because
of a high rate of the energy injection and an expan-
sion lag of the heated material. As a result, the material
boils up in a burst, a bright light flashes, and a mix-
ture of superheated vapor and boiling droplets of the
exploding wire material and a shockwave scatter to the
ambient atmosphere.

The character of the circuit current may vary consid-
erably depending on parameters of the electric circuit
(Figure 1a), such as capacitance C of the capacitor
bank, inductance L of the discharge circuit, the charg-
ing voltage V0 of the capacitors, characteristics of the
exploding wire (material and geometrical dimensions),
and parameters of the ambient atmosphere (density,
electric strength, etc.). One may observe complete or
part-time interruption of the current (Figure 1b), release
of all the stored energy by the end of the explosion
(Figure 1c), transformation of the current, which passes
through the metal, to the plasma discharge current
(Figure 1d), etc.

Figure 1. EEW circuit diagram (a) and current (top) and volt-
age oscillograms: current-pause explosion (b); Vpc – voltage left
across the capacitor, t0–t1 – heating of metal, t1–t2 – explo-
sion, t2–t3 – current pause, t > t3 – arc discharge; matched
explosion (c); explosion with surface arc discharge (d).

Since EEW is simple to realize (a capacitor, a
commutator, and connecting buses are needed only,
Figure 1a), this phenomenon was first observed and
described by Nairne as early as in 1774 (Chace, 1959).
From that time on, it has been attracting attention of
researchers for a number of possible applications.

EEW has been used successfully in environmentally
insensitive fast exploding wire detonators (Leopold,
1964), since it provides the energy release density
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sufficient for initiation of detonation. Such exploding
wire detonators were used to cut bolts and control
cables of rocket stages, as well as for initiation of
charges used to loosen frozen soil or rocks before hous-
ing construction. Thanks to a good time reproducibility
of initiation, this principle could be used for creation of
preset-profile detonation waves, e.g. explosion current
interrupters (Kotov & Tsiplenko, 1984). Fast interrup-
tion of current was employed for creation of powerful
opening switches and development on their basis of
high-power compact generators and electron acceler-
ators with an intermediate inductive energy storage
(Kotov et al., 1976a,b). Complete interruption of cur-
rent by EEW was used in high-voltage devices as quick-
acting fuse (McFarlane, 1959). A bright flash was
used for illumination during shadow photography of
fast high-temperature processes (Vanyukov & Isaenko,
1962). EEW was used in many other applications too.

The EEW production of powders presents interest
since a considerable overheat of the metal and the non-
equilibrium process allow preparing powders with new
properties and those, which are expensive or difficult
to produce by other methods.

Apparently, the production of ultrafine powders by
the exploding wire technique was begun by Abrams1

(1946), who studied radioactive Al, U, and Pu aerosols.
The process was found to yield sintered spherical parti-
cles, mainly 0.2 µm in size, which were connected into
chains less than 1 µm long.

In Karioris and Fish (1962) it was found that
this method is used in the generation of aerosols of
15 metals, namely Au, Ag, Al, Cu, Fe, W, Mo, Ni, Th,
U, Pt, Mg, Pb, Sn, and Ta. The researchers showed the
aerosol yield to depend on many conditions (the capac-
itor bank voltage and capacitance, the wire mass, and
the character of the ambient gas). Particles 30–50 nm in
diameter were obtained for every metal. It was shown
that explosion of noble metals in air yielded metal
particles, while explosion of a base metal generated a
mixture of oxides and the metal. Explosion of a base
metal in argon yielded metal particles. Also, the particle
size distribution was constructed, but only for particles
suspended in a gas. The researchers found that the par-
ticle size distribution was close to normal logarithmic,
although bimodal distributions occurred too.

The possibility of producing Al and Mg iodides, sul-
fides, and carbides (Joncich & Reu, 1964), as well as
Mg, Ti, Zr, Ta, Zn, and Al nitrides (Joncich et al., 1966)

1As these papers have not been available, I quote these
references from (Phalen, 1972).

was demonstrated. It was found, too, that exploding Fe,
Pt, Cu, Cd, and Re did not give nitrides. Explosions
were performed in the atmosphere of nitrogen, ammo-
nia and hydrogen with nitrogen, and also in liquid
nitrogen. The nitride yield was highest, up to 53%,
when titanium was exploded. The yields were up to
56.5% for MgI2, 60.6% for MgS, 22% for AlI2, and
18.2% for Al2O3. The carbide yield was very low.

Couchman1 (1965) investigated particles produced
by explosion of Al, Ni, Au, and Pt wires. Some explo-
sions yielded 0.01-µm dia. particles, which agglomer-
ated into spheres having the same density as that of the
exploding wire.

They were exploding Al, Zr, Ag, and Pt in SF6 and
found that the relatively inert SF6 in the EEW permit-
ted producing fluorides of all the metals tested (AlF3,
ZrF4, AgF, PtF2), as well as sulfur tetrafluoride SF4

(Cook & Siegel, 1967). The researchers showed also
that the product yield increased largely with growing
energy injected into the metal. They noted that the
yield for exothermic reactions of Al and Zr with F was
much higher (98% and 84%) than that for endothermic
reactions of Pt and Ag (36% and 27%).

Johnson and Siegel (1970) have been apparently the
first to make a setup where a fixed number of tungsten
wires (0.76 mm in diameter) were fed automatically.
Lengths of wire were inserted beforehand into pockets
of a special drum. After every explosion the drum was
rotated one step. The wire was fed through the hole of
a high-voltage electrode into the interelectrode gap and
thus served a switch. This principle of feeding can be
used only in production of small batches of powders
from hard wires more than 0.5 mm thick.

In Phalen (1972) it was briefly reviewed findings
on the use of EEW for production of aerosols and
results concerning particles produced for inhalation by
explosion of silver wires. From a comparison of pub-
lished results and his own findings he arrived at the
following conclusion. As the capacitor bank voltage
rises or the energy injected into the metal increases,
the average particle size decreases for all the metals
investigated. The particles were always spherical in
shape and the particle distribution approached the nor-
mal logarithmic one, although bimodal distributions
took place as well. Note that all of the aforementioned
researchers defined the specific energy w per unit mass
of the exploding wire as the capacitor bank energy
(W0 = 0.5CV 2

0 with C in µF and V0 in kV) divided by
the mass of the exploding wire. This definition of w is
highly erroneous, because it does not take into account
the loss in the circuit and the arc, when the explosion
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terminates in an arc discharge. Moreover, the afore-
mentioned researchers analyzed particles, which were
either aerosols or precipitates. In either case one did
not obtain complete information about the particle size
distribution.

Those and many others pioneering studies showed
that powders of nearly all metals and various chemical
metal compounds could be produced by EEW thanks
to the reaction between their vapor and the ambient
atmosphere. Moreover, the particle size distribution
was found to be similar to the normal logarithmic one
with a positive asymmetry, while the characteristic size
and the width of the distribution depended on partic-
ular parameters of the discharge circuit, the exploding
wire, and the environment.

Study of explosion results versus explosion
conditions

Part of EEW studies were concerned with the search
for a more rigorous relationship between the explo-
sion conditions and the energy injected into the wire
material.

Conditions were found (Oktay, 1965), when the
explosion takes place by the end of the first half-wave
of the circuit current (Figure 1c), while the energy
W0 stored in the capacitor bank by that moment is
zero. That is, in these conditions W0 is fully consumed,
except the circuit resistance loss, for heating of the
exploding wire and the energy is used most efficiently.
This EEW regime was called ‘matched’. It was found
also that the explosion remains to be matched in one and
the same circuit if the charging voltage of the capacitor
changes in proportion to the wire cross-sectional area.
The study of particles, which were produced by explo-
sion of Ag, Cd, and Zn wires in the matched regime
(Sherman, 1975), demonstrated that the characteristic
diameter d of metal particles was nearly inversely pro-
portional to the injected energy and the character of the
ambient gas (in the absence of a chemical reaction) had
little effect on d .

Numerous attempts (Oktay, 1965; Bennett, 1969;
Sherman, 1977; DiMarco & Burkhardt, 1970; etc.)
were made to establish the relationship between the
circuit parameters and characteristics of the exploding
metal in order to predict the EEW results. Practicable
relationships were obtained (Azarkevich, 1973;
Azarkevich et al., 1975; Sedoi, 1976) for matched and
current-break explosions (Figure 1b and c). Similarity
criteria describing main characteristics of explosions

over a wide interval of initial conditions with an error
not over 20% satisfying engineering calculation were
determined. The boundary between explosions with a
current break and arc discharges (Figure 1b and d),
conditions of matched explosions, the energy injected
to the wire material, the maximum circuit current,
the explosion duration, overvoltages arising during
explosions, and other characteristics were determined.

The energy W injected to the wire during the first
current pulse was found to be

W = (hbW0S
2Z)0.5, (1)

where W0 = CV 2
0 /2 is the stored energy, J; V0 is

the capacitor charging voltage, kV; Z = (L/C)0.5 is
the circuit characteristic impedance, Ohm; L is the
discharge circuit inductance, µH; C is the capacitance,
µF; S = πD2/4 is the wire cross-sectional area, mm2

(D being the wire diameter, mm); hb has the dimen-
sionality of A2s/mm4 and represents the pre-explosion
specific ‘action’ or thermal toughness of the material
heated with a current pulse (Anderson & Neilson, 1959;
Cnare & Neilson, 1959; Cnare, 1961). This notion was
used earlier (Rudenberg, 1950) for calculation of safety
fuses. The obtained hb values (Anderson & Neilson,
1959; Cnare & Neilson, 1959; Tucker & Neilson, 1959;
Cnare, 1961; Kotov et al., 1990) are given in Table 1. It
was shown (Chemezova et al., 1998) that hb varied with
the rate of the energy injection to the metal. However,
the change was small and hb values for engineering
calculation may be taken from Table 1.

One may see from Eq. (1) that W = W0 at W0 =
hbS

2Z if the discharge circuit loss is neglected (the loss
does nor exceed 5–10% if the design is good). In other
words, the relationship

W0 = hbS
2Z (2)

Table 1. Sublimation energy and ’specific action’
of some metals

Metal Ws hb, 10−5

(J/mm3) (A2s/mm4)

Cu 47.8 1.95–2.1
Al 33 0.9–1.09
Ag 27.7 1.04
Au 37.7 0.523
Ni 53.9 0.73–0.75
Fe 55.4 0.506
W 92.2 0.8
Pt 58.5 0.945



542

is a precondition for a ‘matched’ explosion. From
Eq. (2) it follows also that if the wire cross-sectional
area changes in proportion to the voltage, the explo-
sion remains to be ‘matched’ as was observed earlier
(Oktay, 1965; Sherman, 1977). Considering that the
particle size decreased in going from Zn to Cd and Ag
at an equal density of the injected energy (Sherman,
1977), we suggested that in the general case the parti-
cle size depends not on the injected energy, but on the
overheat K of the wire material, i.e. the ratio between
W and some characteristic energy. The specific energy
of sublimation ws (J/mm3) was taken as this charac-
teristic energy. The verification of our supposition by
the literature data and special experiments on Cu and
Al wires (Kotov & Yavorovski, 1978) showed that the
particle size decreased linearly with growing overheat
of the metal. Considering Eq. (2), the overheat may be
expressed as

K = W/(wsS�) = (hbW0Z)0.5/ws�, (3)

where � is the wire length, mm.
This equation gives the � = �m value (�m being the

wire length for a matched explosion) when K = 1. It is
seen also that if V0 changes in proportion to �, the over-
heat will be constant. Consequently, the K value will
decrease in proportion to the increase in the wire length,
but the explosion will be matched as was observed
(Oktay, 1965; Sherman, 1977) at � > �m.

Since the overheat is inversely proportional to �, one
may think that the wire material can be largely over-
heated if the wire length is decreased. However, quick
expansion of the metal leads to the loss of conduc-
tivity and cut off of the circuit current. The voltage
pulse V = L(di/dt), which arises at the inductance
of the discharging circuit, can cause the surface break-
down of the explosion products and the current will be
transformed uninterruptedly through the wire material
into the arc discharge current (Figure 1d). Therefore,
it would be good to know the critical length �c of the
exploding wire, when the current pause is zero and the
exploding metal is overheated mostly without the arc
discharge, which accompanies the explosion. It was
found (Azarkevich et al., 1975; Kotov et al., 1976a,b)
that �c is described by the expression

�c[mm] = B(W0DLZ)0.36, (4)

where B is the material-dependent dimensional value
equal to 27.7 for Al, 18.5 for Cu, and 21 for Ag in
terms of the dimensionalities adopted herein. When the

wire length � < �c, explosions are accompanied by a
surface discharge. When � > �c, explosions occur with
a current pause (Figure 1b).

It may be well to know the amplitude of the cir-
cuit current when one designs the EEW discharge
circuit. The relevant relationships for Cu, Al, and
Ag were obtained (Azarkevich, 1973) and analyzed
(Chemezova, 1987). It was found that the maximum
current in the EEW circuit is determined by the
relationship

IM = 0.75I0(hbS
2Z/W0)

0.25, (5)

where I0 = U0/Z is the amplitude of the short-circuit
current in the same LC circuit.

Thus, if the circuit parameters L, C, and hb are
known, it is possible to select the V0 value, the cross-
sectional area, and � of the wire providing the required
overheat K of the metal.

Engineering calculation of the wire and circuit
parameters should take into account several limitations:

1. The calculation error is small if the initial EEW
resistance is R0 ≤ 0.13Z. If R0 > 0.13Z, the
additional factor B = 0.6(R0/Z)−0.25 should be
introduced to calculate the EEW current.

2. The obtained relationships are valid when
W0/(S

2Z) ≤ hb, i.e. when the explosion ends
during the first half-period of the circuit current.

3. The electronic work function of some metals (Ti, V,
Zr, Mo, Ta, W, etc.) is less than their binding energy.
As a consequence, even before the binding energy is
injected to the metal, the arc discharge caused by an
intensive surface emission of electrons sparks over
the wire surface and the energy injection to the metal
is nearly stopped. Nanopowders of these metals are
difficult to produce by the EEW method.

Using these relationships, it is possible to select opti-
mal combinations of the circuit and wire parameters
and design a discharge circuit providing the required
overheat of the metal and acceptable energy loss.

Preparation of metal nanopowders

Studies into the dependence of the specific surface
of powders Ss on the metal overheat showed that
the Ss increases linearly with growing K (Kotov &
Yavorovski, 1978; Lerner, 1988; Kotov et al., 1997).
When the overheat is equal, this Ss is the smaller,
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Figure 2. Specific surface of Al2O3, Al, and Cu powders versus
overheating of the metal: (1,2) Cu powders produced by EEW
with diameter D = 0.43 and 0.2 mm respectively; (3,4,5) Al
powders produced by EEW withD = 0.76, 0.45, 0.16 mm respec-
tively, argon at 105 Pa; (6,7,8) Al2O3 powders produced by EEW
with D = 0.76, 0.45 and 0.16 mm in air, respectively.

the larger is the exploding wire diameter (Figure 2,
curves 1–5) and the larger is the ambient gas pressure
(Glazunov et al., 1978).

The effect of all the aforementioned factors is quite
clear. As K increases, the expansion rate accelerates
and the degree of ionization of explosion products
rises (Chace et al., 1959). Ions probably represent
primary condensation centers. Since the vapor super-
saturation is high, condensation starts at the very
beginning of expansion and progresses at a maximum
rate. Therefore, the increase in the expansion rate and
the number of condensation centers favors the decrease
in the size of particles. When the ambient gas pressure
is reduced, the expansion rate of explosion products
accelerates too. The initial concentration of vapors
diminishes with decreasing diameter of the wire.

The synthesized metal particles have a spherical
shape. Their surface is usually smooth, but some-
times there are particles with incomplete coalescence
(Figure 3). The particle size distribution approaches
the normal logarithmic one with the average geomet-
ric deviation σg = 1.4–2.2 depending on explosion
conditions. However, since the explosion is not uni-
form, even at K > 1 the powder includes particles,
which are formed from the liquid phase. Consequently,
the distribution curve has a positive asymmetry to the
region of micrometer dimensions (Figure 4) and pow-
ders require special separation during their production.
When the overheat is reduced to K < 1, the num-
ber of coarse particles increases and the second mode
appears in the distribution in the region of micrometer

Figure 3. TEM picture of Al particles.

Figure 4. Particle size distribution for Al-powder. Mean geomet-
ric diameter is 50 nm, standard geometric deviation 1.8. Total
number of particles 1611.

dimensions. The powders are weakly agglomerated
and are easily dispersed in liquid during ultrasonic
treatment.

Purity of the synthesized powders is determined
mainly by purity of the exploding wire if the explosion
chamber electrodes are made of the same material as
the wire.

Considering the spherical shape and a weakly devel-
oped surface of the particles, the particle diameter
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dBET = 6/(Ssγ ) (γ being the density of the parti-
cles and Ss the specific surface of the powder) may be
appropriately taken as the most objective characteristic
dimension.

Inert gases (most frequently argon) are used as the
working gas for production of metal nanopowders.
However, the synthesized powders are pyrophorous
and catch fire when they are taken out to air. For this rea-
son, the powders must be preserved with the working
gas or liquids, which do not contain oxygen, for exam-
ple, hexane. For convenience, in the analysis of some
characteristics and in certain applications, one may use
passivation of the powder surface by a slow (usually
for 12 h or longer) inleakage of air to the installa-
tion. In this case, a dense oxide film ∼2 nm thick is
formed on Al particles and they are oxidized slowly
when kept in air. Copper powders with Ss ≥ 10 m2/g
(dBET ≤ 65 nm) contain ∼1 wt % oxide after passiva-
tion. However, when the powders are kept in air, they
are oxidized rather vigorously. Spherical particles are
broken and form CuO agglomerates whose specific sur-
face is 3 times as large as the initial surface (Figure 5)
(Kotov et al., 2003c). Powders containing almost 100%
CuO may be obtained in this way. Explosions of alloy
wires provide nanoparticles of the corresponding alloy.
When wires made of different metals are exploded
simultaneously, mixtures of particles of the initial met-
als and their compounds are produced. The mass ratio
of these components can be varied over broad lim-
its (Azarkevich et al., 1997; Kotov et al., 2003a) by
changing explosion conditions. When Al and Fe wires
were exploded simultaneously, the concentration of
metastable γ -Fe could account for up to 60 wt % of the
total amount of iron in the powder.

Studies showed that in non-equilibrium EEW con-
ditions the structure of metal particles may be imper-
fect (Figure 5a) and include various microdistortions
(dislocations, twins, and inhomogeneities). Moreover,
a considerable quantity of metastable phases is fixed
in particles at normal temperature. For example, γ -Fe
and β-W were produced during explosion of Fe and W
(Yavorovski, 1981).

The production of metal powders <50 nm in size
with productivity f ≥ 50 g/h is hampered by the need
to use wires with D < 0.3 mm. This starting material is
relatively expensive and the continuous feed of the wire
to the explosion chamber is difficult to realize because
of its low mechanical strength.

For particles with dBET = 50–100 nm, the output of
different metals is 50–200 g/h at the power consump-
tion of 50–25 kWh/kg. However, as the output increases
and, especially, exceeds 100 g/h, problems arise in con-
nection with a strong agglomeration and coalescence
of particles because of their high concentration in the
working gas flow and a decrease in the quenching rate.

Thus, the EEW method allows making nanopow-
ders of various metals, alloys and chemical com-
pounds of metals at a sufficiently high productivity.
The characteristic size of particles may be adjusted
between ∼20 nm and tens of micrometers by changing
explosion conditions.

Production of metal oxide powders

As was mentioned above, the pioneering papers noted
that explosion of reactive metals in air leads to forma-
tion of oxide nanoparticles. Later studies established

(a) (b)

Figure 5. TEM picture Cu powders after preparation (a) and 1.5-year storage in air (b).
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dependences of the specific surface of Al2O3 powders
and the degree of the metal oxidation on the concen-
tration of oxygen in its argon mixture (Lerner, 1988),
the overheat of the metal exploded in air (Kotov et al.,
1997), the pressure and the concentration of oxygen in
its nitrogen mixture (Kotov et al., 1999).

It was found that at the overheat K ≥ 1 in air and the
concentration of O2 ≥ 20 vol. % in its mixture with an
inert gas the degree of oxidation reaches 100% and the
specific surface of the powder is 2–2.5 times larger than
the specific surface of metal powders synthesized under
similar conditions (Figure 2, K > 1). It was assumed
(Kotov & Samatov, 1994) that particles of oxides of
reactive metals, such as Al, Ti, Zr, Fe, etc. (Table 2),
whose oxidation energy is higher or approaches the
sublimation energy, are formed partially at the expense
of the oxidation energy during evaporation of metal
particles, which appeared earlier. Since explosion prod-
ucts expand as a cylinder, whose density is much larger
than the density of the working gas, oxidation can take
place only on the surface of this cylinder, while metal
particles are condensed and formed inside the cylin-
der. The last processes cause a decrease in the vapor
concentration. Oxygen penetrates inside the cylinder
of explosion products and brings about the process of
burning and evaporation of the formed metal particles
and subsequent condensation of the vapors to form
oxide particles. Since the vapor concentration is lower
and the melting point of oxides is much higher than
the corresponding values of metals, the size of oxide
particles proves to be much smaller (Figure 2, K > 1).

We verified this supposition for Al2O3 (Kotov et al.,
1997; 1999), TiO2 and ZrO2 (Kotov et al., 1996),
MgAl2Ox (Kotov et al., 1999), and Fe2O3 + Fe3O4

(Azarkevich et al., 2001) nanopowders, which were
produced when the energy injected to the metal was a

Table 2. Sublimation and oxidation energies for
some metals

Metal ws wox of metal
(J/g) (J/g)

Cu 5353 2551 (CuO)
1364 (Cu2O)

Al 11550 30700
Ti 8755 19700
Zr 9215 12000
Fe 7480 7390 (Fe2O3)

6680 (Fe3O4)
Ni 6056 4000

little higher than the energy corresponding to the boil-
ing start point. It was found that in these conditions
the wires disintegrated to micrometer-sized particles
burning during their scatter in the oxidizing gas and
leaving behind a vapor tail where the oxide nanoparti-
cles were formed. Thanks to the decrease in the vapor
concentration of the explosion chamber, it was pos-
sible to increase the specific surface of powders to
80–100 m2/g, i.e. decrease the particle size dBET to
15–20 nm at no sacrifice of the production rate or the
rise of the energy consumption (Figure 2, curves 6–8 at
K < 1). When the burning process is delayed, the spe-
cific surface of the oxide powders may be adjusted over
broad limits thanks to the decrease in the oxygen con-
centration and, hence, the increase in the scatter speed
of particles (Kotov et al., 1999).

Of course, in this case the powder represents a
mixture of residual micrometer-sized particles and a
nanoparticles (Figure 6). However, special separating
systems allow extracting up to 30 wt % nanoparticles.
Since the exploding wire has a larger mass (K < 1),
the production rate is 100–200 g/h of the nanofraction
at the same energy consumption. Coarse particles may
be used, for example, as the starting material for the
target in production of nanopowders having a compli-
cated composition by the method of laser evaporation
(Kotov et al., 2002).

On the other hand, explosion of copper in air or a
nitrogen–oxygen mixture provides particles whose size
is a little smaller than the size of particles in powders
of metal copper prepared under similar conditions in
an inert gas (Lerner, 1988; Azarkevich et al., 2003).

From Table 2 it is seen that the oxidation energy
of Cu accounts for less than 0.5 of the sublimation
energy. Consequently, the aforementioned process of
secondary evaporation is nearly absent. An insignifi-
cant decrease in the particle size in this case is probably
due to the delay of full condensation, because the tem-
perature of explosion products is maintained for a long
time by the released oxidation energy. The particle
size may be decreased only by increasing the overheat,
decreasing the wire diameter, and reducing the ambient
gas pressure as for metal powders.

A situation, which is intermediate between those
described above, is observed for oxide powders of
Ni (Kotov et al., 2003b) having the oxidation energy
0.66ws (Table 2). In this case, burning takes place, but,
probably, stops quickly, because the working gas cools
the scattered particles. As a result, at K < 1 the yield
of the NiO nanopowder does not exceed 15 wt % (Ss
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(a) (b)

(c) (d)

Figure 6. Large particles of TiO2 (a), ZrO2 (b), and Al2O3 (c) are separated from fine particles, when K = 0.4. Fine particles of Al2O3 (d)
are separated from large particles when K = 0.4.

up to 60 m2/g). At K > 1 the yield rises to 30 wt %,
but Ss diminishes to ∼15 m2/g.

Thus, EEW made of reactive metals (the oxidation
energy exceeds the sublimation energy) provides pow-
ders of corresponding oxides whose specific surface is
several times larger than the specific surface of metal
powders prepared using the same overheat, wire diam-
eter, and working gas pressure. The Ss value may be
increased additionally thanks to burning of scattered
boiling droplets of the metal.

The oxide particles have a nearly spherical shape
and a relatively smooth surface. However, both spheri-
cal and cubic particles were observed for nickel oxides.
The oxide powders have diverse phase compositions.
The Al oxide always contains γ and δ-Al2O3. Their
ratio changes with explosion conditions. ZrO2 powders
include up to 70% of the tetragonal phase in addi-
tion to the monoclinic phase. Note that the metastable
tetragonal ZrO2 phase is rather stable. When the pow-
der is heated to 1000◦C and is allowed to stand for 1 h,
about 15 wt % tetragonal phase remains in the pow-
der. TiO2 powders contain both rutile and anatase. The
concentration of the latter grows with decreasing size

of particles. Oxide powders are weakly agglomerated,
have a low bulk weight, are poorly compactable, and
contain up to 7 wt % of sorbed gases and moisture,
most of which are removed by heating to ∼300◦C. The
powders preserve their composition and characteristics
during storage under standard laboratory conditions.

MgAl2O3 was produced from the AlMg alloy
(∼1.3 wt % Mg). The content of the low-temperature
γ -phase in the MgAl2Ox powder was much higher than
in Al2O3. It is noteworthy that although Al2O3 and
MgAl2O3 powders were produced under similar condi-
tions, addition of 1.3 wt % Mg did not lead to appear-
ance of MgAl2O4 or MgO compounds. Probably, Mg
atoms were located in the Al2O3 lattice. The MgAl2O4

structure appeared only in the ceramics sintered from
this powder (Ivanov et al., 1999).

It should be noted that systematic studies concerned
with production of nanopowders of other chemical
compounds by the EEW method have not been per-
formed in Russia so far. An exception is the study
(Lerner, 1988), in which Al wires were exploded in
nitrogen at a pressure up to 1.5 MPa to prepare Al+AlN
powders containing up to 90 wt % AlN. The specific
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surface of the particles was ∼20 m2/g. The AlN con-
centration decreased to 80 wt % as the pressure was
reduced to 105 Pa. The last result was confirmed by
Kotov and Samatov (1999). In addition, those studies
showed that the use of ammonia (NH3) mixed with
80 vol. % N2 at 105 Pa allows increasing the AlN con-
centration probably to 100% with particles ∼30 nm in
size (Ss = 50 m2/g). However, these studies have not
been extended owing to the lack of interest for AlN
powders.

Equipment and production technology of
powders

After a long-term work on development and tests of
installations for preparation of nanopowders by the
EEW method, we have come to the conclusion that
metal and oxide powders can be expediently pro-
duced in similar installations, in which some units are
replaced when we move from metals to oxides. It is
necessary to note the following. When one needs to
prepare metal or alloy nanopowders, the working gas is
inert. However, if the metal/alloy does not form com-
pounds with nitrogen, nitrogen is preferable since it has
a higher electrical strength. When oxide nanopowders
are prepared, it is possible to use a mixture of nitrogen
or argon with oxygen.

The functional block diagram of the facility is shown
in Figure 7. Its operating principle is as follows.
The high-voltage charging device 1 continuously
charges capacitors of the pulsed current generator 2.
The wire 15 is continuously fed by the wire feed-
ing mechanism 4 to the explosion chamber 3. When
the wire riches the high-voltage electrode 20, the wire
length sensor of the wire feeding mechanism generates

Figure 7. Functional block diagram of the installation for
producing nanopowders by EEW method.

a signal to the switch triggering unit 16. A high-voltage
pulse from the unit 16 is applied to the intermedi-
ate electrode of the three-electrode gas switch 14 and
initiates a discharge between the main electrodes of
the switch 14. The capacitors 2 discharge through the
wire 15. A strong current pulse passing through the
wire causes its heating and explosion. The fan 9 cir-
culates the working gas, which carries the produced
powder sequentially through the trap 5, the cyclone 6,
the electric and mechanical cloth filters 7. The powder
settles down in hoppers 8 of the aforementioned units.
Coarsest powder particles are collected in the trap 5 and
finest powder particles are caught in the filters. Upon
passing the cloth filter, the working gas is returned to the
explosion chamber. When oxides are prepared, oxygen
is taken from the working gas during each explosion.
The oxygen sensor 18 is installed in the facility. The
sensor checks the oxygen concentration in the working
gas and controls the electric motor driving the oxygen
flow governor 17. In this way the oxygen concentra-
tion in the facility volume is maintained at a desired
level. Before the work, the facility volume is evacu-
ated to a pressure of 50 Pa using the vacuum pump 12.
Nitrogen and oxygen are poured into the facility in the
required ratio to a preset pressure. Nitrogen is fed from
the bottle 11 and oxygen is supplied from the bottle 19
with the help of the flow governor 17.

To ensure safety of the attending personnel and
preclude contamination of the ready powder, it is
unloaded, preserved, and packed in the sealed box 10.

A wire 0.3–0.8 mm in diameter and 30–250 mm long
is used usually. The explosion repetition frequency is
up to 1 Hz. The charging voltage of the capacitors is up
to 40 kV, while the capacitor bank is rated at 2–4 µF.
The production rate is 50–100 g/h of metal nanopow-
ders and 100–200 g/h of oxide nanopowders at the
power consumption of 5 kW or smaller.

The use of nanopowders

Synthesized powders were used in the following
applications.

Chemically and wear resistant ceramics were devel-
oped (Ivanov et al., 1995; 1999; 2001). Ceramics based
on MgAl2Ox had the microhardness up to 24 GPa and
the density accounting for 0.98 of the theoretical value
with grains 110–300 nm in size.

Samples of a metal–matrix material were prepared
on the basis of Al and Cu nanopowders and SiC pow-
ders. It was shown that electromagnetic pulsed pressing
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(Kotov et al., 2000a; Popov et al., 2002) ensured good
wettability of SiC particles with aluminum or copper
without additional thermal treatment. The density of
the material approached the theoretical value.

The bending strength under 4-point loading of com-
posite ceramics based on Al2O3 and ZrO2 was 500 MPa.
The ceramic had nearly theoretical density with grains
140 and 70 nm in size for Al2O3 and ZrO2, respectively
(Ivanov et al., 2000).

Dynamic compaction of passivated Al nanopowders
(Rhee et al., 2003) provided samples of a metal–matrix
material, in which fragments of the broken oxide film
served as reinforcement elements of the aluminum
matrix. The material had a high strength at temperatures
up to 300◦C.

The Al2O3 powder as the matrix and micrometer-
sized particles of a stainless steel were used for creation
of a composite material for plasma cathodes used
in nanosecond frequency electron accelerators (Kotov
et al., 2000b). The cathode characteristics did not
change after over 108 pulses having the repetition
frequency up to 200 Hz.

In all these examples, the dynamic electromag-
netic compaction provided compacts whose density
accounted for 0.7–0.85 of the theoretical value, which
ensured a relatively small growth of grains during stan-
dard synthesis of ceramic materials at much lower
temperatures.

Conclusion

Thus, the reviewed studies, which have been performed
by different researchers and teams, allowed develop-
ing a method for production of nanopowders, which
employs the phenomenon of EEW. From the available
data it is possible to calculate a wide range of explosion
conditions for production of nanopowders of metals,
alloys and their chemical compounds. Although syn-
thesized powders have a wide particle size distribution,
they successfully solve some problems in production
of materials with improved characteristics. The EEW
method is ecologically safe, provides a sufficiently
high production rate, requires a relatively small energy,
and allows making powders with a small degree of
contamination.
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Rüdenberg R., 1950. Transient Performance of Electric Power
Systems. New York-Toronto-London, 678 pp.

Sedoi V.S., 1976. Some regularities of EEW. Zh. Sov. Tech. Fiz.
46, 1707–1710 (in Russ.).

Sherman P.M., 1975. Generation of submicron metal particles.
J. Colloid Interface Sci. 51, 87–93.

Sherman P.M., 1977. Prediction of conditions for a single pulse
discharge. J. Appl. Phys. 48, 143–144.

Tucker T.J. & F.W. Neilson, 1959. The electrical behavior of
fine wires exploded by a coaxial cable discharge system. In:
Chace W.G. and More H.K. eds. Exploding wires, Vol. 1.
Proc. of 1st Conf. on the Exploding Wire Phenomenon,
Boston, USA, 24–27 March, 1959, Plenum Press, New York,
pp. 73–81.

Vanyukov M.P. & V.I. Isaenko, 1962. Investigation of light pro-
duced by exploding wires. Zh. Sov. Tech. Fiz. 32, 197–201
(in Russ.).

Yavorovski N.A., 1981. Electrical explosion of wires as method
for preparation of ultrafine metal powders. Ph.D., Inst. of High
Voltages, Tomsk, Russia (in Russ.).


