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Introduction

To satisfy the growing demand for nanoparticles in the world market, manufacturers are increasing
an extent of their production while researchers are developing modern methods of nanoparticles production
or updating the existing ones. Among a number of their production methods there are Catalytic Chemical
Vapor Deposition [1], Explosion [2], Electro-Explosion [3, 4], Laser Induced Chemical Vapor Deposition
[5], Mechanical Milling [6], Sol-Gel [7], Plasma Physical Vapor Deposition [8]; Wet Chemistry [9] and the
others.

Theoretical analysis

One of the primary nanoparticles production methods is electric explosion of wire (further — EEW)
which is known as a physical phenomenon since 1771. EEW is the nanoparticles production technology of
“electric explosion of conductive materials” when high-voltage (15-30 kV) and powerful (density
10*-10" A/m?) impulse (duration 10 -10" s) flows through a conductor (wire). In EEW low electric densi-
ties - E/Es 0,8-1,5 (where E — comparative explosion energy, Es — sublimation energy of exploded material)
are used [10].

Limitation of EEW as a method of nanoparticles production lies in a great dispersion of particle di-
ameters — a spectrum of nano- and micrometric diameters (10° and higher differences in diameters are like-
ly). When using the wire of a relatively wide diameter (0,43 mm) a likely particles diameter is 1-3 um [10].
Wire of 0,25-0,3 mm used for nanoparticles production restricts their productivity [11, 12]. In Argone
(10° Pa) exploding copper wires of 0,43 mm diameter when reaching energy density E/Es higher than 2,1 the
average particles diameter becomes less than 100 nm [11]. Due to great differences in nanoparticles diame-
ters formed by explosion (in aerosol conditioned by explosion), a continuous separation of nanoparticles
from aerosol flows is essential.

Dispersion of conductor explosion products is mostly affected by a diameter of wire, density of
comparative energy, duration of the energy input. The wire diameter being smaller, the greater energy den-
sity is introduced and the duration of energy separation is shorter, thus due to the higher internal pressures
and temperature of the material the diameters of nanoparticles are smaller [13]. The studies of the basic EEW
phenomena have been generalized by Russian scientists [14-16]. This process consists of (resistant) incan-
descence of hard metal up to its melting temperature, fusion, intensive heating of melted wire metal (under
surface and internal evaporation), surface and internal evaporation, formation of material layers of different
densities and the explosion which is accompanied by complicated hydrodynamic phenomena, such as a sud-
den material extension violating an electric conductivity mechanism, ionization — shunting output by wire
vapour, formation and spread of the drops flow, cooling (under inert gases) [14-16]. EEW is simulated by a
digital method, however the opinions differ as to the conductor explosion mechanism [17].

In contrast to formation of coatings by EEW, in production of nanoparticles the speed of particles is
of no importance. For this reason an assumption may be made that the lower rates of the current input may
be used (the current impulse penetration is deepened i.e.- the skin), while with an increase in the wire diame-
ter the wire temperature and pressure are increased during the explosion, thus increasing dispersion of the
products. The lower voltage (5 kV) ensures lower energy input rates (10-50 ps). Technical parameters of the
up-to-date impulsive current sources (output frequency and power) significantly exceed the potential of an
explosion technology device (explosions frequency is restricted by a spontaneous short-circuit risk), there-
fore the real potential for an increase in production efficiency is an increase in a wire diameter.

Objective of this research is to investigate the vista of producing nanoparticles by EEW at low vol-
tage and high energy surplus using the wire of an enlarged diameter.

Research tasks involve: the production of iron and copper nanoparticles at 5 kV voltage with a great
energy surplus using the wire of 0,3-0,5 mm diameter, the assessment of produced particles by SEM and
XRD methods and the assessment of a newly developed separation system.
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Research methodology

Copper and iron nanoparticles are produced by the EEW device whose characteristics are: voltage of
batteries — up to 5 kV, volume — 0,2 mF, energy — up to 2500 J, frequency of output — 0,25 Hz.

To separate nanoparticles a separation device is used which consists of a settler and a three stages
centrifugal cyclone and a fan (Fig. 1). The settler is intended for separating gravitational micrometric parti-
cles from aerosol.

Particles are produced in the air (pressure 10°Pa). Analyses have been made by exploding the iron
wire of 60 mm length, 0,31 and 0,45 mm diameter and the copper wire of 0,38 and 0,49 mm diameter. Purity
of the wire material is 99,5% of iron and 99,9% of copper.

To obtain the ultimate dispersion of particles and uniformity of diameters a high energy surplus is
selected notwithstanding the fact that it increases the area of particles surfaces and their temperature i.e. their
interaction with the environment. The comparative exploding energy (Cu wires of 0,06 and 0,1 g mass) has
been analytically determined to be from 4 to 8 times greater than that of copper sublimation energy
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Fig. 1. Schematic diagram of nanoparticles production device: 1 — source of high voltage current pulses;
2 — bus of current input (+); 3 — injection chamber; 4 — bus of current input (-); 5 — supply mechanism of
wire segments and a gear; 6 — exploded wire segment; 7 — settler; 8 — fan; 9 - cyclone of large particles;
10 — cyclone of medium particles; 11 — cyclone of small particles

Structural X-ray analysis of nanoparticles has been made according to the Breg-Brentan scheme by
difractometer DRON 3.0 (Cu Ka radiation), Ni-filter, 30 kV voltage, 30 mA current, turning the angle 20
from 25 to 100°. X-ray photographs have been processed by XRLL Edit program.

Sizes and shapes of the particles have been analyzed by SEM JEOL-5600 enlarging them up to
500.000 times.

Effectiveness of nanoparticles production has been assessed by a material utilization coefficient (ra-
tio of nanoparticles to the wire masses utilized for their production) with analytical scales KERN ABJ
120-4 m (accuracy — 0,1 mg).

Research results

EEW nanoparticles produced of iron and copper wire make heterogeneous, spongy and dark mass in
which agglomerates are evident. The largest ones (of 2-10 um diameter) are formed when exploding iron,
Fig. 2. Agglomeration of copper particles is also perceptible whose size may be 1-7 um (the smallest parti-
cles were collected in a smallest cyclone are of 1-3 um, the largest ones — 5—7 um were collected in a largest
cyclone).

SEM analysis indicates that iron nanoparticles are of a regular sphere shape, whereas the shape of
copper nanoparticles is not that of a sphere (Fig. 3) and their medium size is smaller than 100 nm. The sizes
of separate large particles are 200-350 nm.

At different stages of a separation system the contamination of collected nanoparticles (20-80 nm)
by individual large particles (250-400 nm) is conditioned by the unsteady air flow. Vapour formed during
the conductor explosion (Fe > 2735, Cu > 2590 °C) is heating the air in the injection chamber, its pressure
grows, so does the rate in settler and cyclones. With the variation in the air rate the separation parameters are
also varying.
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Fig. 2. SEM npicture of iron nanoparticles Fig. 3. SEM picture of copper nanoparticles
(20,31 mm wire) collected in a cyclone of large (20,38 mm wire) collected in a settler (x150.000)
particles (x5.000)

Iron (20,31 mm wire) particles of 50-80 nm collected in settler happen to be of 250-400 nm diame-
ter, while micrometric particles are detected rather seldom. Among the particles of 30—-60 nm (up to 100 nm)
collected in the large particles cyclone the micrometric ones are detected, whereas in the medium particles
cyclone they are 20-50 nm (up to 80 nm). SEM photos are presented in Figs 2—4.

A classical constructional solution of nanoparticles production device is a vertical aerosol flow
movement (down) [11, 12]. Forming a horizontal aerosol flow (aerosol output gap being in the center of the
chamber) the separation of nanoparticles begins even in the explosion chamber (micrometric particles remain
there).

Histograms of diameters of Fe nanoparticles produced of 0,31 and 0,45 mm diameter wire collected
in medium and large particles cyclones are presented in Fig. 5.
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Fig. 4. SEM photos (x150.000 and x500.000) of iron nanoparticles (0,31 mm wire) collected in the parti-
cles settler (a) and in the medium particles cyclone (b)

The particles whose average diameter is 46 nm are collected in the large particles cyclone of the ex-
ploded iron separation system, while those of 42 nm are collected in the medium particle cyclone.

As it has been expected when using the iron wire of larger diameter (0,45 mm) the produced nano-
particles are of larger than medium diameter — 69 nm. This size satisfies the requirements of many technolo-
gies. When nanoparticles are produced of @0,49 mm copper wire their average diameter is larger — 97 nm
due to lower resistance and higher density of this metal.

To assess effectiveness of the cyclonic separation system the wires of iron (@0,31 mm) and copper
(20,38 mm) metal of masses 6 g and 11 g, respectively, have been exploded. Fig. 6 presents the collected
particles masses in different separation stages (a) and their percentage distribution (b).
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Fig. 5. Histograms of diameters of iron particles produced of 0,31 mm (a) and 0,45 mm (b) diameter wire.
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Fig. 6. Distribution of masses (a) and their percentage (b) of Cu and Fe nanoparticles collected at different
separation device settler and cyclones. 1 — iron nanoparticle; 2 — copper nanoparticle
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The material utilization coefficient in production of nanoparticles is determined 48% for iron and
35% for copper. According to the works by Suchara and other researchers during the EEW process about a
half of exploded material evaporates [18]. The real material utilization coefficient is greater because it is im-
possible to collect nanoparticles from the surfaces of cyclones and settler fully.

XRD spectra of iron and copper nanoparticles collected in all stages of a separation device are given
in Fig. 7. 1t should be noted that the spectra peaks indicate a negligible amount of pure iron and copper quan-
tities. XRD spectra peaks of Cu nanoparticles in the interval of radiation incidence angle of 25-100 (20) de-
grees are quite identical. Here copper oxide (CuO) is prevailing. In the radiogram (Fig. 7,b) in the spectrum
of pure copper there are two slight peaks (111 and 200). The analogous results are observable in the Fe ra-
diogram (110 and 211) (Fig. 7,a). It is the result of the interaction of the air with nanoparticles during the

production process.
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Fig. 7. XRD spectra of Fe (a) and Cu (b) nanoparticles collected in all separation stages (1 — in small parti-
cles cyclone, 2 — in medium particles cyclone, 3 — in large particles cyclone, 4 — in particles settler)

Discussion on results

In a settler the particles are separated on the principle of gravitation. Here about 10% of all particles
are collected which have to be additionally sorted by airing them with a gas flow and repeatedly supplying
them to the cyclones. According to the percentage amounts of iron and copper nanoparticles at the separation
device stages the following conclusion can be drawn:

— iron particles are more effectively collected;
— collection of nanoparticles in a large particles cyclone is equivalent (23-25% of the utilized wire

mass for production); Fe nanoparticles are on average collected twice more than Cu in a settler and small

particles cyclones.
When comparing the diameter differences of the produced nanoparticles to those obtained by the

other researchers [4, 29, 20], it should emphasized that the diameters of particles are more uniform.
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Conclusions

1. An increase in efficiency of nanoparticles production can be achieved by applying low voltages,
high energy densities and wires of enlarged diameters — 0,31-0,45 mm of iron (average nanoparticles diame-
ter being 42-74 nm), and diameter 0,38-0,49 mm of copper (average nanoparticles diameter being
69-97 nm).

2. When producing nanoparticles the wire material utilization coefficients are high: Fe — 48%,
Cu - 35%.

3. Electric explosion of a conductor in the air is relevant to production of oxides/metals — oxide na-
noparticles (Fe and Cu oxides of different crystollagraphic axes are formed (FesO4, Fe;O3, CuO, Cu,0) with
a moderate quantity of pure Fe and Cu metals (Fe(110), Fe(211), Cu(111), Cu(200)).
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Summary

One of the primary nanoparticles production methods is electric explosion of wire (further — EEW)
which is known as a physical phenomenon since 1771. Limitation of EEW as a method of nanoparticles pro-
duction lies in a great dispersion of particle diameters — a spectrum of nano- and micrometric diameters
(10° and higher differences in diameters are likely). Due to great differences in nanoparticles diameters
formed by explosion (in aerosol conditioned by explosion), a continuous separation of nanoparticles from
aerosol flows is essential. Dispersion of conductor explosion products is mostly affected by a diameter of
wire, density of comparative energy, duration of the energy input. Objective of this research is to investigate
the vista of producing nanoparticles by EEW at low voltage and high energy surplus using the wire of an en-
larged diameter. Analyses have been made by exploding the iron wire of 60 mm length and 0,31 and
0,45 mm diameter and the copper wire of 0,375 and 0,49 mm diameter. Purity of the wire material was
99,5% of iron and 99,9% of copper. To separate nanoparticles from aerosol a separation device was used
which consists of a precipitator and three stages centrifugal cyclone. SEM analysis of Fe nanoparticles using
SEM showed the mean diameter of particles about 69 nm (for wire @0,45 mm). Cu nanoparticles was 97 nm
in diameter (for wire 30,49 mm). XRD spectra of iron and copper nanoparticles indicated a high oxidation
level of Fe and Cu (oxides of different crystollagraphic axes are formed such as Fe;0,, Fe,O3, CuO, Cu,0).
A moderate quantity of pure Fe and Cu metals (Fe(110), Fe(211), C(111), Cu(200)).
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