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NANOSIZED POWDER PREPARATION WITH HIGH ENERGY CONVERSION
EFFICIENCY BY PULSED WIRE DISCHARGE

SUEMATSU H, MURAIK, TOKOI'Y, SUZUKIT, NAKAYAMAT, JIANG W, NIIHARA K
(Extreme Energy-Density Research Institute, Nagaoka University of Technology, 1603—1 Kamitomioka, Nagaoka 940-2188, Japan)

Abstract: A method for preparing nanosized powders by the pulsed wire discharge (PWD) method utilizing a pulsed electric current
going through a thin metal wire is described. Factors that affect the properties of the nanosized powders, in particular the grain sizes
of nanosized powders, are discussed to prevent submicrometer grain formation. Since the energy deposited on a wire up to the voltage
peak coincides with the energy for the evaporation of the wire, the wire was almost completely evaporated by the peak. With the in-
crease of the charged energy, and the decrease of the gas pressure or increase of the thermal diffusivity of the ambient gas, the grain
size decreases. The metal powder can be prepared by the cooling of metal vapor in the PWD process in inert gas. If the ambient gas is
changed to oxygen or ammonia, oxide or nitride nanoparticles can be synthesized. For the preparation of binary alloys, double oxides
or nitrides, it is necessary to use two different metals and different gases. By using the PWD method in the organic vapor/fume, pas-
sivated nanoparticles for electromagnetic shields, conductive pastes and other applications can be prepared. The example of pulling a
wire feeder for a large-scale production of nanosized powders by PWD shows the effectiveness of PWD for the preparation of pas-
sivated metal nanosized powders.

Key words: pulsed wire discharge; pulsed power; passivated metal nanosized powders; conducting paste

. . . . it to Leyden jars to form gold particles in the air."! These
1 History of wire eXPIOSIOH experiments particles were collected on glass, rocks or cardboard
placed near the wire. He confessed that the particles were
“too small to be recognized by the highest powers of the
microscope”. As far as the authors know, this was the
first reported experiment of particle formation by electric
current using metal wires.

In the 1850’s, Faraday, who introduced the law of
electromagnetic induction, was interested in the optical
properties of metal aerosols. He tried to fabricate gold
particles in air by various methods. In one of these
methods, he “deflagrated” a thin gold wire by connecting
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Fig.3 Bright field TEM micrograph of Cu nanosized powders
prepared by PWD

Again, the short duration of the large current is a
characteristic of the PWD method. The wire works as not
only a source of the powder, but also as a heater. The
heater is disconnected upon the evaporation, and the heat
dissipation to the electrodes did not take place after the
evaporation, except for the radiation and conduction in
the ambient gas. This is the reason for the high energy
conversion efficiency of PWD. In a previous experiment,
an efficiency of 360 g/(kW-h) was reported for the prepa-
ration of Cu nanosized powders.!'!}

Current and voltage waveforms have been col-
lected”! in many experiments and the PWD process has
been partly understood.!'"? Typical current and voltage
waveforms are shown in Fig.4. With a charged energy of
90 J in approximately the first five microseconds, the
voltage is low and the current is high. This indicates that
the wire is of solid metal. At 5.7 microseconds, a sharp
peak in voltage and an abrupt drop in current are ob-
served. Since the resistivity of most metals in a gaseous
state is higher than that found in a solid state, this voltage
peak was explained as the evaporation of a wire of
low-boiling-point metals.'*! From the power obtained
by multiplying the voltage and current, the deposited
energy to the wire can be calculated. Since the deposited
energy to the wire, up to the voltage peak, coincided with
the energy of evaporation of the wire (67 J), the above
explanation was verified. After the peak, the voltage rap-
idly decreased and the current began to oscillate.”®! This
was thought to be the resistivity decrease caused by the
ionization of the vapor. The residual energy in the ca-
pacitor can be released as the current to the ionized vapor.
The current waveform shows a dumped oscillation curve
resulting from the resonance of the capacitor and a para-
sitic inductance in the cables.

This is the typical current and voltage waveforms of
the PWD process. In Fig.4, the deposited energy to the
wire and the evaporation energy of the wire were close,
but did not match exactly. This is more prominent in the
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Fig4 Current, voltage and deposited energy to wire waveforms of
PWD of Cu wires with different charged energy crosses
indicate the deposited energy to the voltage peaks

PWD method with a lower charged energy than that of
the evaporation energy. The difference was thought to be
the incomplete vaporization of the wire,'">"*! which was
caused by the unevenness of the wire. In high-speed
photographs, some bright spots were seen prior to the
whole evaporation.'¥ Furthermore, in PWDs using a
kinked wire, the kinked area emitted light earlier than
the rest of the wire.!"”] These results imply that an un-
even dislocation density or diameter caused by the wir-
ing is the reason for the incomplete evaporation of the
wire.

The unevaporated portion of wire must still be solid
or liquid at the voltage peak. The solid or liquid portion
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should have different shapes than that in the evaporated
wire!'®!. Cu nanosized powders prepared with the incom-
plete evaporation condition are shown in Fig.5. Submi-
crometer particles are seen along with nanosized powders.
These submicrometer particles must be a result of the
unevaporated portion of the wire.l'>'"1 Since these par-
ticle are spherical, it is likely that the particles are formed
by condensation from a liquid.

Fig.5 Scanning electron micrograph of Cu nanosized powder
and a submicrometer particle prepared with incomplete
evaporation condition

Since the submicrometer particles were formed from
the nonuniformity of the wire, it is likely that the volume
of the unevaporated portion must be statistically in-
creased with the size of the wire. The volume fraction of
the submicrometer particles, which is the difference be-
tween the specific surface area, as measured by the
Brunauer-Emett—Teller (BET) method, and the grain size
distribution, as measured by scanning electron micros-
copy (SEM), with different wire lengths, is shown in Fig.6.
It is clear that the amount of submicrometer particles in-
creases with the increase in the wire length and diameter.
This result confirms the above hypothesis.
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Fig.6 Grain size of Cu nanosized powders prepared from

different wire length

2.2 Dependence of grain size on input energy

In the previous section, the liquid droplets formed
from the unevaporated wire and the submicrometer parti-
cles are described. It is natural to think that the quick
heating of the wire can prevent the incomplete evapora-
tion of the wire. Since the pulse width was defined by the
capacity and the inductance of the cable, the increase in
current and charged energy can be a solution for the
above-mentioned problem. The dependence of the grain
size on the charged energy in the Cu nanosized powders
is shown in Fig.7. With the charged energy increase, the
grain size decreases to 9nm. An example of Cu nanopar-
ticles with a median diameter of 13 nm is shown in Fig.8.
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Fig.7 The dependence of on grain size charging energy in Cu
powders prepared by PWD
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Fig.8 Bright field TEM micrograph for Cu nanoparticles prepared
at a charged energy 33 times that of the evaporation en-
ergy of the wire

There is a report showing that the grain size in-
creases with the increase of charging energy.'® Further
research must be conducted.

2.3 Dependence of grain size on ambient gas
pressure

In the nanosized powder prepared by evaporation in
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a gaseous media, it is well known that the grain size de-
creases with a decrease in the gas pressure.>™® This is
explained by the decrease in the probability of atoms
coagulating under a low vapor pressure. In the PWD
process, a similar phenomenon was observed.'” The
pressure dependence of particle size in Cu powder, as
prepared by the PWD method, is shown in Fig.9. With a
decrease in the pressure, the Cu particle size decreases to
16 nm.
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Fig.9 The pressure dependence of grain size on ambient gas
of Cu nanosized powders

A report which is contrary to the above results ex-
ists.?Y However, their results are also different from the
dependence of pressure in other methods of evaporation
in gas."® The authors think that these results were ob-
tained in exceptional experimental conditions.

By changing the ambient gas species, the grain size
can be changed, which is also shown in Fig.9. Please note
that the grain size decreases with an increase in the ther-
mal diffusivity of the ambient gas. This phenomenon can
be explained in that the quick cooling of the metallic va-
por by an ambient gas reduces the chance of metal atoms
coagulating and growing nanoparticles.

If we decrease the pressure to below 1.33 kPa in this
apparatus, the dielectric discharge takes place between
the electrodes in the gas. From Paschen’s law, above a
certain pressure, the dielectric breakdown of the electric
field is proportional to the pressure, and this depends on
the gas species. Below this pressure, a current goes
through not the wire, but the gas, and it does not contrib-
ute to the evaporation of the wire.

Thus, in order to obtain small nanoparticles, it is
ideal to increase the gas pressure during heating, and to
decrease gas pressure after evaporation. A gas puff appa-
ratus can be used in the PWD system.?'?2 The sche-
matic of the gas puff apparatus is shown in Fig.10. An
external current source produces a pulsed magnetic field

around a coil, which is also used to produce an Eddie
current in a disk. From the magnetic field and the Eddie
current, the Lorentz force pushes the rod to open the
valve to generate a gas puff in the PWD chamber. The
grain sizes and specific surface areas of the Cu nanosized
powders as prepared by the PWD method, with and
without the gas puff apparatus, are shown in Fig.11.2
Using the gas puff apparatus, a dielectric breakdown was
effectively suppressed at 130 Pa, which is more than one
order of magnitude lower than the lowest ambient gas
pressure for PWD without the gas puff apparatus, and
thus Cu nanoparticles with a grain size of 9nm were ob-
tained.[*"
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Fig.10 Schematic of gas puff apparatus®'~!
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Fig.11 Grain size of Cu nanosized powders prepared with and

without the gas puff apparatust®'!

3 Synthesis of alloys and compounds
nanosized powders by PWD

In the former section, it is described that the metal
vapor formed in the PWD process was cooled in inert gas.
If the ambient gas was changed to oxygen or ammonia,
oxide!” or nitride!® nanoparticles can be synthesized.
Powder X-ray diffraction (XRD) patterns of nanoparti-
cles synthesized by the evaporation of Al wire in ammo-
nia gas are shown in Fig.12. From this pattern, it is obvious
that AIN nanoparticles were obtained. The volume frac-
tion of AIN can increase to 99% by increasing ammonia
partial pressure and optimizing the electrodes.[*)

For preparation of binary alloys, double oxides or
nitrides, it is required to evaporate two different metals.
If alloy wires were not obtained, we can use wound wires
consisting of two or more metals for PWD apparatus.
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Fig.12 Powder XRD patterns of AIN nanosized powders
synthesized by PWD!®]

PWD using a Ni-Fe wound wire in oxygen gas was car-
ried out and the XRD pattern of the synthesized nanosized
powders are shown in Fig.13.*! All peaks correspond to
those of NiFe,O, phase. This result indicates that Ni
and Fe wires with different resistivity were evaporated at
the same time and the Ni and Fe vapors were mixed in
oxygen gas to synthesize NiFe,O, nanoparticles.*’! By
sintering this NiFe,O, nanosized powders, porous
Ni~Fe-O bulks were formed. These bulks exhibit a sharp
resistivity change above 200 ‘C by absorption and de-
sorption of organic molecules.'*”! These bulks are candi-
dates for high temperature organic molecule sensors.!*!
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Fig.13  XRD patterns of NiFe,O, nanosized powders using a
Fe-Ni wound wire!?*]

4 Preparation of metal nanosized pow-
ders by PWD and their passivation
coatings

In the former section, it is described that the some

examples of metal vapors cooled in the ambient gas to
condense and form nanosized powders. It is expected that
addition of overcooled organic molecules vapors in the
ambient gas to condense the organic molecules on the
metal nanosized powders. An example of PWD of Cu
wire in mineral oil vapor/fume is shown in Fig.14. At the
center of the bright field image, there is a particle with
diameter of 50nm. This particle is surrounded by a layer
with thickness of 10 nm. Characteristic XRD patterns
from these two portions indicate that the particle is
mainly of Cu and the surrounding layer is of C. Infrared
absorption spectrum obtained on Cu particles prepared in
oleic acid vapor/fume is shown in Fig.15. This spectrum
was recorded using an attenuated total reflection prism
and indicated absorption in a surface layer of the sample.
All peaks correspond to those of Cu oleate. The XRD
patterns for the Cu particles are shown in Fig.16. Only
Cu peaks are found and no oxide peaks are seen after 2
months of exposure in air at room temperature. > These
results show that all Cu particles are evenly coated by Cu
oleate to prevent oxidation.

This method can be applied to other metal nanopar-
ticles and organic layers. Furthermore, by changing metal
wire and organic vapor fume to introduce in PWD
chamber, various combinations of passivated nanoparti-
cles can be easily obtained. This is the advantage of PWD
comparing to those thorough chemical condensation
methods, which require reaction process optimization in
each organic molecule and metal system. By using PWD in
organic vapor/fume, we can prepare passivated nanoparti-
cles for electromagnetic shields, conductive pastes and
other applications.

5 Development of high reproduction-
rate PWD apparatus

For mass production of nanosized powders, the big-
gest barrier is to feed wires between electrodes after a
discharge.””! Two wire supply methods are attempted to
overcome this barrier. One is to push wire through a hole
in an electrode until contacting the other electrode. The
other is to pull wire to contact electrodes. The pushing
wire feeder was developed by Tomsk group!'®! and have
been used and modified in many research facilities in the
world.?53% with pushing the wire feeder, the gap bet-
ween the wire and the latter electrode works as a gap
switch. The voltage between the electrodes can be constant
and, by pushing the wire and shortening the gap distance,
PWD automatically takes place at a certain distance.

As mentioned before, the volume fraction of submi-
crometer grains can be reduced by using a small diameter
wire. It is difficult to push the small diameter wire
through airtight seal in the PWD chamber. Thus, we have
beeﬁl(ge]veloping a pulling wire feeder for PWD appara-
tus 13!
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The demonstration apparatus with a pulling wire (b) After 2 months
feeder is shown in Fig.17. This apparatus can operate at a
repetition rate of 1.4 Hz. In test operations, we obtained . . .
passivated Cu nanosized powders of 2g in 90s. The en- Fig.16 XRDp att.ems of passivated Cu nanosized 6]
ergy conversion efficiency was 360 g/(kW-h).["! . powders in as-prepared and after exposure
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Fig. 17 PWD apparatus with a pulling wire feeder capable of
supplying wire at 1.4 Hz!!'*!)

6 Summary

In this review, history of development of PWD was
briefly listed. From the experimental results, mechanism
in the PWD process is drawn to reduce grain size and to
minimize volume fraction of submicrometer grains. Fi-
nally, an example of pulling wire feeder for large scale
production of nanosized powders by PWD is presented to
show effectiveness of PWD for preparation of passivated
metal nanosized powders.
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