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Abstract Nanoscale Al powder with thin layer of alumina was produced by Wire Electric
Explosion (WEE) process. Spark-Plasma Sintering (SPS) was performed for the produced powder
to confirm the effectiveness of SPS like so-called ‘surface-cleaning effect” and so on. Crystallite
size and alumina content of produced powder varied with the ratio of input energy to sublimation
energy of Al wire (¢/e,): Increase in (e/e ) resulted in the decrease of crystallite size and the increase
of alumina content. Shrinkage curve during SPS process showed that the oxide surface layer could
not be destroyed near the melting point of Al It implied that there was not enough or no spark-
plasma effect during SPS for Al/Alumina powder.
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I. Introduction

It is well known that nanoscale powder materials
show different properties from other conventional
bulk material. Development of new technologies for
the production of nanoscale powder has become
nowadays one of the most important topics.

The pulse energy technology has a number of
principal advantages for nanoscale powder produc-
tion: In the pulsed mode it is possible to provide
high density of energy to a substance with a
required dosage which can be controlled precisely.
The energy supplied in the pulsed mode is used with
higher efficiency. The process proceeds extremely fast.
All the process can be regarded as adiabatic. Parti-
cle formation with designed characteristics would
be possible.

In the High Voltage Research Institute (HVRI,
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Tomsk, Russia) ‘wire electric explosion (WEE) pro-
cess’ has been developed for the production of
nanoscale powder'™. In this paper a brief explana-
tion on this theory will be given in ‘II. Theoretical
Background.” Normally because of high affinity of
nanoscale metal powder to gas species like oxygen
it should be usually passivated to have surface oxide
layer for further handling. This oxide layer can
hinder the densification of nanoscale metal powder
produced in spite of its ultrafine size.
Spark-Plasma Sintering is recently well-known as
an effective densification process especially for hard-
to-sinter materials and nanoscale powder. Possible
reasons for the enhancement of densification are
summarized in Reference®: (a) Electrical breakdown
of surface oxide film and removal of contaminated
layer on particle surface by spark generation and
sputtering(surface cleaning effect), (b) destruction of
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surface oxide film and neck formation by local melt-
ing and evaporation of metallic region at the particle
inside/oxide film interface, (c) focused current and
Joule heat at the neck, (d) enhanced migration of
atom or ion by temperature difference between neck
and particle core (thermal diffusion effect) as well as
by electrical field (field diffusion effect), and (e)
plastic deformation by applied pressure.

In this study nanoscale Al/alumina powder was
produced by WEE process varying the ratio of input
energy to sublimation energy of Al wire (e/e,) in a
low vacuum chamber. Particle and crystallite size
was measured by various methods and compared.
Powder was observed by FE-SEM and analyzed
with use of XRD and EPMA. Spark-Plasma Sinter-
ing was performed to confirm ‘the plasma effect’
enhancing the densification.

I1. Theoretical Background

Wire Electric Explosion is a process which
destroys a metallic or electrically conductive wire by
passing a high density current (more than 10'° A/m?)
through it with use of LC-circuit. The main process
information during the explosion can be obtained
from waveforms of voltage and current (Fig. 1). Ini-
tially, the wire is heated-up and partly melted by
resistance heating where a slight increase in the volt-
age waveform is observed. Further heating until ¢,
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Fig. 1. Typical waveforms of current (I) and voltage (U) vs.
time for WEE.
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makes the wire liquid state. From this moment the
wire begins to expand intensively and thereby the
electrical resistance increases abruptly by several
orders. At t, the current in the circuit remains con-
stant and a pause phase is built. At t; the breakdown
of the explosion products takes place and the arc
stage (secondary discharge) begins. If the residual
voltage across the capacitor is smail or equal to zero,
the arc stage does not exist.

Three dimensionless complexes are proposed
from the theory. These complexes allow us to
describe many of characteristics both on the heating
stage and on the stage of wire demolition. When
exploding a wire made of single component metal,
the constants characterizing the metal can be omit-
ted and the following generalized variables can be
used:

2
. Cz‘ Uo. —18’ . J L= ! _10—6’ . 1
n-d'z m -Ohm n-d'z m -Ohm

v=ibCyp s
d m

where 1, d, n are the length, diameter and number of
exploding wire. C, L and Z are the capacity, induc-
tance and wave impedance of the circuit. Uo is the
charging voltage™?. As it was found before'”, the
average size of particles formed as a result of WEE
is determined for Al:

a=03x10" (e/e,)>;[e,=33//m’ (4])]

where e is energy liberated in the wire and e, subli-
mation energy of the exploding material. This depen-
dence is obtained for the terminal conditions of

0.7¢,<e<e;, ele,<l, 1077<tb< 107

where e, is the ionization energy, e, is the energy lib-
erated in the arc, t, is the time of energy transfer into
the wire.

111. Experimental Procedure

WEE facility designed and constructed by HVRI
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Table 1. Experimental conditions used in this study

Capacitance 2.2~3.2 pF
Circuit Charging voltage 18~30 kV
R/Z ~0.2
Materials Al
Wire Diameter 0.2~0.45 mm
Length 100£50 mm
Feeding speed 100 mm/s
Ambient Species Ar
Gas Pressure 2 atm
gt R
ele 091, 1.59, 1.96

s

was used for production of nanoscale Al powder.
After setting up the facility the chamber was evac-
uated to 0.1Pa range, purged with Ar gas three
times and then filled with Ar + O, gas. All experi-
mental conditions used in this study were deter-
mined from the pre-experiments designed using the
standard model theory, which are given in Table 1.
As a process variable the ratio of the input energy
(e) to sublimation energy of the exploding Al (e)
was chosen finally. Particle size of obtained powder
was measured by various methods like BET specific
surface area, Hall-Williamson method (X-ray line
broadening) and laser-diffraction particle size ana-
lyzer. Powder morphology was observed with FE-

SEM. Phase analysis was carried out with use of
XRD. The amount of oxygen in produced powder
was determined by electron probe microanalysis
(EPMA). To confirm the effectiveness of SPS pro-
duced Al/alumina powder was sintered at various
temperatures with the heating rate of 100°C/min and
the applied pressure of 50 MPa in vacuum.

1V. Results and Discussion

Table 2 shows the calculated and measured parti-
cle size. The expected particle size from the model
theory (a) is given together with the calculated par-
ticle size from the X-ray line broadening and the
BET specific area (d), and the avg. particle size
measured by laser-diffraction. Powder | which was

Table 2. Particle Size Data Obtained from Theoretical
Calculation and Various Measurements for alumina/Al
Composite Powder Produced by Wire Explosion

oe a XRD d BET PSA
s nm nm nm m¥%g nm

Powder 1 0.91 395 127 56 40 499
Powder 2 1.59 74 75 50 45 386
Powder 3 1.96 40 69 73 30 500

6
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Fig. 2. Particle size distribution of Powder 2.
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Fig. 3. FE-SEM images of Powder (a) 1, (b) 2 and (c) 3.

produced with the lowest e/e, value has a large devi-
ation from the expected value. Particle size of Pow-
der 2 and 3 seems to be better matched with the
calculated one compared to Powder 1. Fig. 2 shows
a particle size distribution curve of Powder 2 deter-
mined by laser diffraction particle size analysis,
which shows a unimodal size distribution with aver-
age size of 386 nm. This result seems to be resulted
from the fact that laser diffraction method for mea-
suring the particle size does not measure the sepa-
rate crystallite. Agglomerates can be considered as
one particle. FE-SEM images of powder produced
are given in Fig. 3. All powder have spherical
shape. Especially in Powder 1 large particles can
be easily found. As given also in Table 2, it is evi-
dent that with increase in e/e; value the particle
size is finer and its distribution more homoge-
neous. It can be related with the difference in time
and temperature for the given explosion by the
electric energy pulse. In case of high energy input
the wire can be heated faster to higher tempera-
ture in comparison with low energy. Stronger

Intensity (A.U)
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Fig. 4. XRD pattern of Powder 1-3.

Journal of Korean Powder Metallurgy Institute

Table 3. Content of A/, O and A/,0, content determined
from EPMA result

Al (0] Al ALO;
* (mol %) (mol %) (vol %) (vol %)
Powder 1 091 64.6 354 71.8 28.2
Powder 2 1.59  75.8 242 84.7 153
Powder 3 1.96  86.6 13.4 92.8 7.2

ele

explosion could happen in shorter period for high
e/e, value than low e/e..

Fig. 4 shows the result of XRD phase analysis. In
addition to Al peaks alumina peaks were detected
which implies that the oxide layer was formed on
the powder surface. This could be confirmed from
the result of electron probe microanalysis for the
green compact of Powder 1-3 (Table 3). Oxygen
content decreased with increase of e/e. Supposed
that all oxygen were converted to Al,O;, the volume
percent of Al,O,in Powder 1-3 would be 28, 15 and
7%, respectively. Change in Al O, content as a func-
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Fig. 5. Change in alumina content as a function of specific
energy e/e,.
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Fig. 6. Densification curve of Powder 1-3 during SPS pro-
cess.

tion of e/e; value is given in Fig. 5. ALO, content
decreased almost linearly with increase of the efe,
value, which can be related with short period during
explosion process in case of high e/e, value. From
these results it could be concluded that a production
of ultra-fine alumina/Al composite powder with a
size of <100 nm and a controlled amount of alumina
would be possible.

Fig. 6 is the densification curve of Powder 1-3
during spark-plasma sintering. Irrespective of alu-
mina content the shrinkage started at nearly same
temperature of 580°C. Increase in the amount of
alumina led to a slow shrinkage rate. Powder 2

2. e,
SEl 100KV X50000 100mm Wi

reached full density at 800°C and Powder 3 could
not be fully densified even at 1000°C. SEM images
of Powder 3 compact sintered at 580 and 600°C are
given in Fig. 7. From this microstructural observa-
tion result the alumina layer on the particle surface
keeps its form during the heating stage of sintering
and is abruptly destroyed by melting -of Al inside
the individual particles. With increase of e/e, value
the thickness of oxide layer can be increased and
the densification will be retarded. The alumina layer
seems to be too stable and dense for the ‘spark-
plasma effect for surface cleaning’ to enhance the
densification.

V. Conclusion

Wire Electric Explosion (WEE) method was
briefly introduced, which was developed for the
production of ultra-fine powder in the High Voltage
Research Institute, TPU. Using this theory nanos-
cale Al/alumina powder with avg. size of <100 nm
and a controlled amount of alumina phase was pro-
duced by varying e/e, value. Powder with high con-
tent of alumina could not be densified even at
1000°C because the alumina layer keep unchaneged
stable. The so-called ‘surface cleaning effect’ during
SPS process could not be confirmed for nanoscale
Al/alumina powder.

Fig. 7. SEM images of Powder3 compact sintered at 580°C(left) and 600°C(right) for 0 min,
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